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KONA has been issued annually by the Party of
Powder Technology, Japan since 1983. According to
the decision by the Editorial Board, some alterations
to the editorial policy of KONA have been made for
further strengthening of its international character with
this issue No. 8 (1990) as follows.

The editorial board will 1) ensure not only the re-
publication of the English version of selected research
reports or general comments originally published in
Japanese but also the publication of original monographs
or articles written in English for the advancement of
powder science and technology in the world through
KONA. The articles would cover recent notable results
or technical reports dealing with powder science and
technology which are to be collected from all over the
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I am writing this letter just in the season of Christmas and New Year greetings, the
time of looking back the passing year of 1990, This year might have a special meaning
for Japanese powder scientists and also for this KONA journal.

We have organized the Second World Congress PARTICLE TECHNOLOGY in
Kyoto, and it was, I believe, very successful by attracting over seven hundred attend-
ants, including one hundred sixty from oversea countries, all with excellent scientific
contributions. In that Congress the word of KONA also played an important role by
naming a newly launched academic award as KONA award, which was presented by
Mr. M. Hosokawa. The celebrating meeting of its presentation to Dr. C.S. Campbell of
Southern California University organized by Hosokawa Micron Corp. was also very suc-
cessful with the attendance of nearly almost all world-widely famed powder scientists.

I was very much impressed by these facts, which, I believe, clearly reveal the new
phase of internationalization of Japanese powder science and technology. KONA
journal can not stay out of such a big flow.

The first general meeting of the newly organized editorial committee of this
journal, which is announced in this issue, was held on the occasion of the World
Congress with the attendance of many foreign members. It was confirmed there that

three editorial committees had already been established in three regions and the new
system had smoothly started, the fruit of which you can see in this issue.

Indeed this journal still keeps its original function of introducing annually research
achievement of Japanese powder technology to foreign countries. But at the same
time, this journal now has added a new function of introducing the tendencies of this
field of technology of all over the world both with reviews and original papers.

I hope these new criterion and character of this journal will be accepted widely in
the new phase of internationalization of Japanese powder science and technology,
which was revealed in 1990 and will be revealed more clearly in the coming new year.

Genji Jimbo
Editor in chief
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1. Introduction

Preparation of Fine Particles of Superconducting Oxide
by Aerosol Reactor

Kikuo Okuyama

Faculty of Engineering

Hiroshima University *

Kouji Arai and Yasuo Kousaka
Department of Chemical Engineering
University of Osaka Prefecture**

Noboru Tohge, Masahiro Tatsumisago
and Tsutomu Minami

Department of Applied Chemistry
University of Osaka Prefecture**

Motoaki Adachi

Osaka Prefectural Radiation Research Institute***

Abstract

A new process for preparing particles of superconducting oxides was developed by
using an aerosol flow reactor in which aqueous solutions of corresponding metal
nitrates are atomized and their droplets are evaporated and thermally decomposed.
The particles obtained from this process are spherical and their size can be controlled
by changing the concentration of the aqueous solutions. For the Y-Ba-Cu-O system,
the particles having an orthorhombic YBa,Cu;0,_, phase can be formed directly at
the decomposition temperatures from 900 to 1000°C. The bodies sintered from these
particles show the offset temperature of the superconducting transition at 87 K. For
the Bi-Ca-Sr-Cu-O system, the superconducting particles of the Bi,Ca,Sr,Cu;0, and
Bi, §Pbo,CaySryCus O, compounds were prepared directly. The crystalline phases of
the particles were found to be very sensitive to oxygen pressure in the carrier gas as
well as to the decomposition temperature. The sintered bodies from the powders of
Bi, sPbo,Ca,Sr,Cus O, had onset temperature of 110 K and offset temperature of
S0K.

tion of the corresponding metal oxides, hy-

Oxide ceramic preparations have been studied
intensively ever since the high critical transition
temperatures 7, were reported in the La-M-Cu-
O (M=Ba, Sr, Ca) (T, =40 K)"?  the Y-Ba-Cu-
O (T, =90 K)>* and the Bi-Ca-Sr-Cu-O (T, =
110 K)® systems. The sintering powders are
usually prepared through the solid-state reac-

* 1-4-1, Kagamiyama, Higashi-hiroshima, 724
TEL. 0824-22-7111

** Mozu-umemachi 4-804, Sakai 591
TEL. 0722-52-1161

#** Shinke-cho 174-16, Sakai 593
TEL. 0722-36-2221

+ This report was originally printed inJ. Soc. Powder Tech-
nology, Japan, 26, 146-150 (1989) in Japanese, before
being translated into English with the permission of the
editorial committee of the Soc. Powder Technology, Japan.

droxides and/or carbonates?™®. To achieve their
homogeneity, however, the calcination and
grinding processes must be repeated several
times.

The authors have shown that the aerosol
flow reactor is an excellent process to produce
fine oxide powders, such as TiO,, SiO,, AL, O,
and a-Fe, 0, 7%, This technique has the follow-
ing advantages: (1) the particles produced are
ultrafine, several hundreds of a nm or less, (2)
the distribution of their diameters is uniform
and easy to control, and (3) highly pure oxide
particles can be synthesized directly from ap-
propriate vapors in a short time. In this study,
the aerosol flow reactor using spray pyrolysis
technique was applied to the preparation of
fine powders of high T, superconductors in Y-

KONA No. 8 (1990)
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2. Experimental Procedure
2. 1 Aqueous solution preparation

In the Y-Ba-Cu-O system, the aqueous solu-
tion to be sprayed is prepared by dissolving ap-
propriate amounts of the corresponding metal
nitrates in ultrapure water; the ratio of nitrates
is Y(NO3)3-6H,0:Ba(NO3), : Cu(NO;), - 2H,0
= 1:2:3. The concentrations of the solution
vary from 0.0072 to 0.36 mol/l.

In the Bi-Ca-Sr-Cu-O system, the correspond-
ing metal nitrates are dissolved in water contain-
ing nitric acid (14%) at the ratio of Bi(NO;);-
SH,O: Ca(NO;3),-4H,0:Sr(NO3), : Cu(NO, ), -
3H,0 = 2:2:2:3. And another Bi-Pb-Ca-Sr-Cu-
O sample is also prepared by adding Pb(NO,), -
SH,0 to the above nitrate mixture with the
cation ratio of Bi:Pb:Ca:Sr:Cu=1.8:0.2:2:
2:3. The concentrations of the selution vary
from 0.006 to 0.48 mol/l.
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Fig. 1 Experimental system for producing fine
particles of superconducting oxides.
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Figure 1 is a schematic diagram of the aero-
sol flow reactor system used in this study®+'9,
The system consists of an ultrasonic nebulizer,
a reaction furnace and an electrostatic precipi-
tator. The aqueous solution was atomized with
the ultrasonic nebulizer, which was operated at
1.7 MHz. The droplets generated were led to
the reaction furnace (30 mm in inner diameter
and 940 mm long) with carrier gas, and ther-
mally decomposed at various temperatures.
The flow rate of the carrier gas varied from 0.7
to 2.6 l/min. The powders produced were col-
lected using an electrostatic precipitator. In the
Y-Ba-Cu-O system, air was used as the carrier
gas. In the Bi-Ca-Sr-Cu-O system, a mixture gas
of the nitrogen and oxygen at various mixing
ratios was used as the carrier gas to examine
the effect of oxygen pressure on the particles’
crystal structure.

The crystalline phase and shape of the pow-
ders obtained were examined using an x-ray
diffraction (CuK,) and a scanning electron
microscope(SEM), respectively. The tempera-
ture dependence of the resistivity of the sin-
tered bodies was measured using the conven-
tional four-probe method where silver paste
was used for the electrodes.

3. Experimental Results and Discussion

3. 1 Y-Ba-Cu-O system

Figure 2 shows the x-ray diffraction patterns
of the powders obtained at various decomposi-
tion temperatures. In the pattern of the pow-
ders obtained at 800°C, most of the peaks can
be assigned to BaCO; and Y,Cu,Os, indicating
that the temperature is insufficient to form the
compound YBa,Cu;0,_, ; the formation of the
carbonate is possible when air is the carrier gas.
However, the patterns of the powders prepared

Cold trap
at 900° and 1000°C show that the compound
D(v:o‘ht‘agge YBa,Cu;0,_, is produced. Moreover, it was

noted that the crystallinity of these powders
develops with an increasing decomposition
temperature; the powders obtained at 1000°C
are indeed of the orthorhombic single phase, as
can be seen from the shape of the peak at 26 =
32° and the relative intensity of the two peaks
at around 26 =47°'D_On the other hand, when
the decomposition temperature exceeds 1000°C,
the BaCu,0; and Y,BaCuO; phases appear
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Fig. 2 X-ray diffraction patterns of YBa;Cu304_4
particles obtained at various decomposition
temperatures: 800°C, 900°C, 1000°C, and
1100°C

with the other minor phases: YBa,Cu,;0O,_,
and CuQ. This means that the decomposition
temperature in this range is too high to pro-
duce the compound YBa,Cu;0,_,, since these
phases have been reported for ceramics sintered
above 950°C and in the samples quenched
from the melts at 1400°C!'%>'3_ The results
show that the YBa,Cu;0,_, powders, even in
an orthorhombic form, can be synthesized di-
rectly by the thermal decomposition of the ap-
propriate metal nitrates from 900° to 1000°C,
using air as the carrier gas.

The flow rate of the carrier gas was changed
from 0.65 to 2.6 1/min to examine the effect
of the flow rate on the crystal structure at
900° and 1000°C. The x-ray diffraction pat-
terns of the particles generated under these
conditions showed the YBa,Cu;0,_, single
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phase. It was found that the crystalline phase
was greatly affected by the decomposition tem-
perature, but not by the retention time in the
furnace.

Figure 3 shows the SEM photographs of the
YBa,Cu;O,_, powders prepared at 1000°C
and flow rate of 1.3 1/min, where concentra-

(a)

Fig. 3 SEM photographs of the YBa;Cu304_,
particles generated from solutions of three
different concentrations: 0.36 mol/l(a),
0.036 mol/l(b), and 0.0072 mol/l(c)

tions of the solution are 0.36,0.036 and 0.0072
mol/l. Their size distribution measured from
the photographs are shown in Fig. 4. The geo-
metric mean diameters of these particles are
0.57, 0.36 and 0.15 um and the geometric
standard deviations are 1.36, 1.60 and 1.99,
respectively. The mean size and the width of
distribution increases and decreases, respective-
ly, with the concentration of the solution. It

KONA No. 8 (1990)



was found that the particles obtained were
spherical and their size can be controlled by
changing the concentration of the aqueous
solution.

95 1 —————

9 |

0 0.0072mol/1

80+ \D 1
70F 0.036mol/1 4

80 b
50t
40t
30+
20}

0.36mol/1

Cumulative undersize [%)

dy (pm)

Fig. 4 Size distribution of YBa;Cu304._4 particles
obtained from SEM photographs

The powders which were obtained from the
solution of 0.36 mol/l at 1000°C were pressed
into a pellet mold 13 mm in diameter and 0.5
mm in depth. The obtained pellet was sintered
at 900°C for 4 h in air, followed by annealing
at 500°C for 5 h in O,. Figure 5 shows the x-
ray diffraction pattern of the sintered body.
The shapes of the peaks at 26 = 32° and 47°
show that the sintered body is the orthorhombic
single phase of YBa,Cu;0,_,.

Figure 6 shows the typical temperature de-
pendence of the resistivity for the sintered
body. The resistivity of the sample shows me-
tallic behavior down to around 90 K and it be-
gins to drop abruptly at 88 K, with the offset
temperature of 84 K.

. 123

sintering

123

intensity

b b bvav g b es v b e liegg
20 30 40

26 /degree (CuKa)

Fig. 5 X-ray diffraction pattern of the sintered body
from YBa,Cu304_, particles
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Fig. 6 Temperature dependence of the resistivity for
the sintered body; YBa,Cu30,_4 powder as
produced at 1000°C, sintered at 900°C for 4 h
in air and annealed at 500°C for 5 h in 0,

3. 2 Bi-Ca-Sr-Cu-O system

The Bi-Ca-Sr-Cu-O system discovered by
Maeda et al.® has three main superconducting
phases with different transition temperatures
around 10, 80, and 110 K, which have the re-
spective c-axis values of 24, 39 and 37 A. It was
found that the crystalline phase of the particles
obtained in this system is greatly affected by
the oxygen partial pressure in the carrier gas
as well as the decomposition temperature.

Figure 7 shows the SEM photograph of syn-
thesized particles of Bi,Ca, Sr,Cu; O, prepared
at 800°C in a nitrogen gas stream, where con-
centrations of the solution are 0.48, 0.06 and
0.06 mol/l. The average diameters of the parti-
cles were about 1.4, 0.8 and 0.4 um, respective-
ly. It was found that the particles obtained are
spherical and their sizes increase with the con-
centration of the aqueous solution which is the
same as the case of YBa,Cu;O,_; particles.
These features meet the requirements needed
not only for the standard samples of supercon-
ductive particles but also for the starting pow-
ders used in sintering.

Figure 8 shows the x-ray diffraction patterns
of the particles obtained at various decomposi-
tion temperatures in the nitrogen gas stream.
In the pattern, the 770° and 780°C, peaks can
be assigned to both the 80 and 10 K phases, in-
dicating that the temperature is not sufficient
to form the superconducting compound. How-
ever, the patterns of the particles prepared at

A‘} )
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Fig. 7 SEM photographs of Biy,CaySryCuzOy particles
generated from solutions of three different
concentrations: 0.48 mol/l(a), 0.06 mol/1(b),
and 0.006 mol/l(c)

800°C show that the 80 K phase superconduct-
ing oxide particles are produced directly in the
Bi-Ca-Sr-Cu-O system. The SEM photograph of
Fig. 7 shows particles prepared under these
conditions. On the other hand, when the de-
composition temperature exceeds 800°C, the
10 K phase (c-axis 24 A) appears again with
other minor phases. This means that the de-
composition temperature in this range is too
high to produce the compound in the 80 K
phase, and the particles have melted as discussed
in the previous study!?,

Figure 9 shows the x-ray diffraction patterns
of particles obtained using the nitrogen carrier
gas with the oxygen gas pressure of 1/13 atm.
The 80 K superconducting phase can be seen
under the decomposition temperature of 840°C,

Wy
L or g
X 10K phase x X X 830°C
X
H X X
o]
O 80K phase 800°C

Z 1o
@
&
= o}
(e} .
(o] 780°C
0 o9
fo) 770°C
o oYx}t X o} 00
| 1 I L 1 L | ) i s
3 10 20 30 40 50 60

2#/deg (CuKa)

Fig. 8 X-ray diffraction patterns of Bi;Ca,Sr,Cu304
particles obtained at different temperatures in
a nitrogen stream

X
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X 10K phase
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E ° oo
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3 10 20 30 40 50 60

28/deg (CuKa)
Fig. 9 X-ray diffraction patterns of Bi;Ca,Sr,Cu3 0y

particles obtained at different temperatures in
oxygen at a partial pressure of 1/13 atm

which is higher than that in the case of nitrogen
gas only as shown in Fig. 8. Under oxygen par-

KONA No.8(1990)



<Q© o

tial pressures above 1/5 atm, the particles pro-
duced were found to have only the 10 K phase,
irrespective of any decomposition temperatures.

The above results show that the 80 K phase
particles can be synthesized directly under the
limited conditions according to the decomposi-
tion temperature and oxygen pressure. Figure 10
shows the crystal structure’s dependence on
the decomposition temperature and oxygen
pressure. In the figure, the circles indicate that
the 80 K superconductive phase can only be
formed, the triangles; the mixture of 80 K and
10 K phase, and crosses; the 10 K phase only.
When the oxygen pressure in the carrier gas is
increased, the decomposition temperature
where the 80 K phase can be obtained was seen
to increase as well. This figure indicates the
necessary operating condition to directly ob-

T 1T T T
900 -
L X X
L X J
L A o i
850 — Ay AN X 4
© X i
e N

@

5 o X h
E -
g 800 X X X
= 1/13 1/5 0.
750 X .

] ISR P RN P |

01 1

Oxygen partial pressure/atm

Fig. 10 Relationship of the crystalline phase of
Bi; Ca,; SryCu3 O, particles to the oxygen
partial pressure and decomposition
temperature

tain the 80 K phase particles. As a result, the
110 K phase has not appeared over a wide
range of oxygen pressures and decomposition
temperatures. The result is similar to that ob-
tained for the preparation of BiCaSrCu, O, par-
ticles'®

Figure 11 shows the x-ray diffraction
patterns of the particles obtained in the
Bi, s Pb,, Ca,Sr,Cu; O, compound at various
decomposition temperatures in a nitrogen
stream. In the patterns of the particles ob-
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Fig. 11 X-ray diffraction patterns of
Bi; gPbg 4 CaySr,Cus Oy particles obtained
at different temperatures in a nitrogen gas
stream
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Fig, 12 X-ray diffraction patterns of
Bi; gPbg 2Ca,Sr,Cu3Oy particles obtained at
different temperatures in oxygen at a partial

pressure of 1/13 atm

tained at 800°C, the peaks can be assigned to
the 80 and 10 K phases. When 10% of Bi is re-



placed by Pb, it was seen that the 10 K phase
appears. The x-ray diffraction patterns of par-
ticles obtained at an oxygen partial pressure of
1/13 atm are shown in Fig. 12. In the patterns,
the 10 K phase appears as well. As seen from
the comparison of these results with those for
the Bi,Ca,Sr,Cu;0O, compound, the 80K
superconductive phase tends to weaken with
the addition of Pb, which will be explained
after additional research.

The Bi,Ca,Sr,Cu; O, and Bi, ¢ Pby, Ca,Sr,
Cu;0, particles obtained at 840°C in the car-
rier gas with an oxygen partial pressure of 1/13
atm, followed by annealing at 845°C for 1 hin
air, were pressed into pellets by same method
as described in the Y-Ba-Cu-O system. After
the pellets were sintered at 845°C for 20 h in
air, the resistivity of the samples was measured.
Figure 13 shows the temperature dependence
of the resistivity for the sintered body. It was
seen that the resistivities of both sintered bodies
of Bi,Ca,Sr,Cu;0, and Bi, s Pb,,Ca,Sr,Cu,0,
particles show metallic behavior, and that the
sample with Pb indicates the transition with an
onset temperature of 100 K and an offset tem-
perature of 80 K. Since the optimum condition
for sintering has not yet been determined, it
can be expected that the superconductive prop-
erties of the sintered bodies may be further im-
proved by examining the sintering and subse-
quent annealing processes in detail.

3
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Fig. 13 Temperature dependence of the resistivity for
sintered bodies of Bi;Ca,Sr,Cuz0y and
Bil.ng0.2CaZSr2Cu3Ox particles

Conclusions

A new process using the aerosol flow reactor
was developed to prepare superconducting par-
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ticles in the Y-Ba-Cu-O and Bi-Ca-Sr-Cu-O sys-
tems. In the process, aqueous solutions of the
corresponding metal nitrates are atomized and
their droplets are evaporated and thermally de-
composed. The particles generated are spherical
and their size can be controlled by the concen-
tration of the aqueous solutions. In the Y-Ba-
Cu-O system, the uniformly-distributed fine
powders of the YBa,Cu;0,_, compound, even
in an orthorhombic single phase, are directly
produced by the process. The powders give the
superconducting ceramics with offset 7, at
around 84 K, For Bi-Ca-Sr-Cu-O system, the
superconducting particles of Bi,Ca,Sr,Cu;0O,
and Bi; gPby,Ca,Sr,Cu; O, compounds are
prepared directly. The crystalline phases of the
particles are found to be very sensitive to the
oxygen pressure in the carrier gas as well as the
decomposition temperature. The sintered bodies
from the powders of Bi; gPby,Ca,Sr,Cus;Oy
show the superconducting phase with an onset
temperature of 110 K and an offset tempera-
ture of 80 K.
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Explanation of the cover photograph

The partial melting state of the Bi-
based superconducting oxide (Bi,Sr,Ca,
Cu, O, ) has been directly observed using
a microscope high temperature heating
system (ULVAC MS-E1R). The sample
was prepared by the conventional solid
state reaction and packed into an alumina
cell. The sample was heated up to 1000°C
in a gold image furnace with an infrared
heater. The melting and crystallization
behavior during the heating and cooling
process were observed by means of the
optical microscope.

The cover photographs are optical
microscope images of the partial melting
state and crystallization from the molten
oxide during the cooling process. The
growth of the needlelike crystals are ob-
served. These crystals are (Ca, Sr)CuQO,
which is not superconducting phase.
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Electrostatic Formation of a Ceramic Membrane with Fine PoresT

Hideo Yamamoto, Tsuyoshi Nomura
and Senichi Masuda

Institute of Industrial Science,
University of Tokyo*

Abstract

A new method for forming a ceramic membrane was devised. Ultra-fine particles
synthesized by thermally activated CVD (Chemical Vapor Deposition) were deposited
on the surface of a porous ceramic supporter by electrostatic force and sintered in an
inert gas atmosphere. The ceramic membrane made by this method is available for
ultrafiltration because it has very fine pores of about 0.04 micro-meter in diameter

but a large porosity.

1. Introduction

A new process for producing ceramic mem-
branes with fine pores, using ultra-fine particles
prepared by a vapor-phase reaction (thermal
CVD process) has been developed, with studies
on its effectiveness being carried out'~ ¥,

The principle of this method is as follows:
CVD ultra-fine particles are electrically charged
directly after being produced, deposited onto a
surface of a porous ceramic substrate in the DC-
field to form a particle layer, and are sintered
to form a membrane with fine pores. This new
method was named “Electrostatic Formation

of a Ceramic Membrane (EFCM)”, and it is.

being investigated further.

It is very important to successfully develop
this method of forming ceramic membranes
with fine pores because of its extensive applica-
tions, including water treatment under high
pressure and high temperature, separation or
condensation of organic solutions, cleaning of
high temperature gases containing corrosive
components, etc., while the present polymer
membranes are not always suited to these spe-
cific processes.

This paper describes the principle of the

* Roppongi, Minato-ku, Tokyo 106, Japan
TEL. 03-402-6231

1t This report was originally printed in J, Soc. Powder Tech-
nology, Japan, 26, 169-173 (1989) in Japanese, before
being translated into English with the permission of the
editorial Committee of the Soc. Powder Technology, Japan.

12

Electrostatic Formation of a Ceramic Mem-
brane (EFCM), the structure and results of
basic performance tests of the membrane as a
separation membrane in the case of forming a
membrane from silicon nitride ultra-fine
particle coating on the outside of porous
ceramic tubes.

2. Experimental Apparatus and Principles of
Electrostatic Formation of a Ceramic Mem-
brane (EFCM)

Figure 1 shows a schematic diagram of the

——
N N

‘l‘

l

1. guartz tube

2. heater

discharging electrode

/3

N 5 AC high voltage

4. DC electrode

—— |

6. DC high voltage

7. porous substrate tube

8 substrate guide E_

Fig. 1 Schematic diagram of experimental apparatus

— O trap
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experimental apparatus for producing a mem-
brane from ultra-fine silicon nitride particles.
It consists of a reactor and membrane-forming
section, with a quartz tube (1) contained with-
in (42mm ID). The reactor consists of four co-
axial quartz tubes within a quartz tube (1).
In a membrane-forming section, a corona-
discharging electrode (3) and a DC electrode
(4) are installed to charge the ultra-fine parti-
cles from the reactor and make them migrate.
Power supplies(5)and (6)supply high-frequency
high voltage (about 20 kHz, 20 kV) and high
DC voltage (about 5 kV), respectively. An AC-
corona discharging system is adopted for stable
corona generation even under high temperature
and in a complex gas composition, and mono-
polar ions are produced by supplying the DC
voltage to this system.

The ultra-fine particles prepared in the re-
actor are carried down like a thin cylinder with
sheath gas (inert gas such as nitrogen or argon)
which flows from the inner and outer inlet.
Reaching the forming section, they are charged
with the same polarity in the corona area close
to the discharging electrode, migrate toward
the center electrostatically in the supplied DC-
field, deposit on the outer wall of the substrate
(a porous ceramic tube) installed on the central
axis and form a layer of the accumulated parti-
cles. The substrate can be moved up or down
and rotating slowly to be coated with a uni-
form layer. The particle layer is then sintered

The ultra-fine particles of silicon nitride pre-
pared at 1200°C are considered to be amor-
phous like? .

3. Membrane Formation

3. 1 Size and size distribution of the particles
prepared by CVD

It is expected that the pore size of the mem-
brane prepared by sintering the deposited par-
ticle layer would depend on the size of the con-
stituent silicon nitride particles, and it is neces-
sary to prepare particles as fine as possible for
forming a membrane with fine pores. The size
of the particles prepared by thermal CVD proc-
ess depends on the concentration of the reac-
tive gases and the reaction temperature essen-
tially; therefore, it is necessary to select the
optimum condition for preparing particles.

Fig. 2 TE photograph of Si3N4 particles synthesized
by thermally activated CVD(temperature;1200°C
concentration of SiCls; 1.4%, NH3/SiCly = 6)

»

directly into an asymmetric ceramic membrane 100 ————— 50
without being taken out of the apparatus. The ?T"'"_— =
porous substrate used in this study is sintered 80 - 140 3
alumina tubes with an outer and inner diame- 2 S
ter of 10 and 7 mm, respectively, and its nomi- - 60F -3 2
nal mean pore size is 10 um. = s
For preparing the ultra-fine particles of sili- £ oor 120 =
con nitride as the forming material of the mem- z z
brane, silicon-tetrachloride and ammonia gas E or 10 z
are used. This reaction is carried under excess . T T do 2

ammonia; therefore, ammonium-chloride de-
posits as the by-product following the reactions:
3SiCl; + 4NH; — SizN, + 1ZHCl
12HCl + 12NH; — 12NH,Cl1
Ammonium-chloride, however, does not de-
posit on the substrate surface when the mem-

brane forming section is kept above its sublima-
tion temperature of 340°C?¥.

KONA No. 8 (1990)
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Fig. 3 Size distribution of the particles of Fig. 2
measured with centrifugal photo extinction
method

Figures 2 and 3 show a TEM photo of the sili-
con nitride particles prepared in these experi-
ments and the size distribution of these parti-
cles measured by the photo extinction centrifu-
gal sedimentation method, respectively. These
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$?~Q N\ particles were synthesized under the following
O reactive conditions: the concentration of

silicon-tetrachloride in the reactor was 1.4%
by volume, the ratio of ammonia to silicon-

tetrachloride was 6 and the reaction tempera-

ture was 1200°C. As being observed in Fig. 2,
the particles are of uniform diameter of several
tens of nm, and the weight medium diameter is
0.07 um according to Fig. 3. It should be noted
that the photo extinction centrifugal sedimen-
tation method does not give an absolutely
correct size distribution, because it has some
problems remaining to be solved including
several factors such as the extinction coeffi-
cient, but we can get a significant information
regarding the relative size distributions of the

0.50

temperature . 1200°C

= 010 b~

3 — 0

5 L

£ 005H0

* Pl Lt 11l
05 1 5 10

sich-concentration (%)
Fig. 4 Effect of SiCl4 concentration at reaction zone
on average particle size (NH3/SiCly = 6)

other particle groups. Figure 4 shows the ef-
fects of the silicon-tetrachloride concentration
on the average particle size determined by the
photo extinction centrifugal sedimentation
method, where the weight-average particle size
is plotted against the silicon-tetrachloride con-
centration in the reaction zone (the ratio of
ammonia to silicon-tetrachloride was fixed at
6). It is shown that the average particle size de-
creases as the silicon-tetrachloride concentra-
tion decreases.

3. 2 Electrostatic deposition

Figure 5 presents a photo of the substrate
coated with the electrostatically deposited par-
ticles before sintering. The upper photo is the
alumina substrate coated with the particles; it
is difficult to be observed because both the par-
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Fig. 5 Photograph of ceramic tubes with particle
deposits

ticles and substrate were white in color. To
avoid this difficulty, the middle one shows the
particles which are deposited on a quartz tube.
The lower one shows the test pieces for the
electromicroscope. The white part is the de-
posit layer in the middle one. It is observed
that the particles are deposited uniformly over
the tube’s surface. The length and thickness of
the deposited particle layer can be controlled
by the movement distance of the substrate, and
the velocity of movement of the substrate and
the concentration of the particles prepared,
respectively.

Fig. 6 SEM photograph of particle deposits on a
ceramic tube by electrostatic force (before
being sintered)

Figure 6 shows a SEM photo of the surface of
the particle layer deposited by electrophoresis.
It shows a structure peculiar to the electrostatic
deposit, and this structure is supposed to re-
flect the membrane structure as discussed in
the following section. The deposit structures
expected to be controlled by the intensity of
the DC-field and quantity of charge on each
particle.

3. 3 Structure of the sintered membrane

To form a better membrane, it is necessary
to sinter the particle layer to provide as a

KONA No. 8 (1990)



porous layer as possible, with larger voids. In
sintering ceramic materials, the temperature,
time of reaction, rate of temperature rise, the
atmosphere and the sintering aids must be con-
trolled. In these experiments, the deposits were
sintered under various trial and error condi-
tions and the membrane structures examined
by SEM analysis mainly. The silicon nitride
particles prepared in these experiments could
be sintered at 1200 ~ 1300°C in nitrogen. This
is a much lower temperature than that normal-
ly associated with production of the structural
silicon nitride materials. For this reason, these
particles are considered very small and amor-
phous, or the deposit layer is very thin. As this
is a very interesting phenomenon, it is neces-
sary to study it in more depth in future.

Fig. 7 Sectional photograph (SEM) of the ceramic
membrane

Figure 7 presents a cross-sectional SEM
photo of the membrane. It is an asymmetric,
dense membrane with a thickness of approxi-
mately 20 um, covering the 1.5 mm thick alu-
mina substrate. Figure 8 shows a SEM photo
of the membrane with its surface structures.
This membrane was sintered at 1200°C for 2 hr
in nitrogen. A very peculiar membrane with a
three-dimensional network is observed. Such
structures have resulted presumably from the
characteristic structures of the electrostatically
deposited particle layer shown in Fig. 6. A
membrane with this structure has a large po-
rosity similar to a fiber filter; therefore, is ad-
vantageous in keeping the pressure drop very
low when it is utilized as the separation mem-
brane.

The pore size of the membrane shown in
Fig. 8 is several micrometers, determined from
the photo, and can be directly applied for vari-
ous industrial purposes including microfiltra-

KONA No. 8 (19%0)
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Fig. 8 SEM photograph of ceramic membrane surface

tion (MF). On the other hand, there is also a
strong need for a membrane with smaller pores.
To control the size of the ultra-fine particles
synthesized as the material for the membrane
is one of the major factors that can be used to
control the pore size in this membrane forming
method. One of the factors to control the par-
ticle size is the reactant gas concentration as
shown in Fig. 4. The membrane shown in Fig. 8
is made from the particles prepared with a
silicon-tetrachloride concentration of 1.4%,
while with a fairly reduced concentration of
0.21% in Fig. 9. The pore size of the membrane

z

Fig. 9 SEM photograph of ceramic membrane surface

shown in Fig. 9, determined from the micro-
photo, is 1 um or less, and it is about one-
tenth of the membrane shown in Fig. 8. Al-
though the size of these particles is not meas-
ured, it is considered to be much smaller than
that of the particles in Fig. 8, and estimated to
be 0.04 um from Fig. 4. (It has to be noted
that this particle size is characterized using the
photo extinction centrifugal sedimentation
method.) These results have indicated that the
pore size of the membrane can be controlled
to some extent by controlling the size of the
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deposited (or prepared) particles. On the other
hand, in these experiments, decreasing the re-
actant gas concentration with change the num-
ber concentrations of the produced particles;
therefore, the concentration of the depositing
particles is expected to be one of the factors to
control the pore size of the membrane. It is,
however, not known how the structures of the
deposited particle layer are affected by these
factors, nor how the structures of the sintered
membrane are affected by that of the deposited
particle layer. At present, the effects of re-
actant gas concentration, reaction temperature,
electrostatic depositing conditions and sinter-
ing conditions are being quantitatively investi-
gated.

4, Basic Characteristics of the Membranes

The membranes prepared by the method
“Electrostatic Formation of a Ceramic Mem-
brane (EFCM)”’ have characteristic structures;
therefore, they are expected to be used for a
wide variety of industrial applications. These
ceramic membranes are highly heat- and
chemical-resistant, and they are sufficiently
porous to allow fluids to pass at a very low
pressure drop. Some of the expected applica-
tions of these membrane are, therefore, utiliz-
ing them as the filters for high-temperature gas
cleaning and for the separation of organic
solutions.

500

r

T

{

substrate + membrane

106

substrate

T TTTTTI

T

pressure drop (mmH.0)
v
e}

N. gas. room temp

=)
TTTIT

|
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05 1 5 10

0

Gas velocity (cm/s)

Fig. 10 Gas pressure drop of the ceramic membrane

Figure 10 shows the gas pressure drops
across the substrate and that coated with the
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membrane shown in Fig. 8. They have almost
the same magnitude of resistance to gas per-
meation, though the pore size of the membrane
is about 1/10th the size of the alumina sub-
strate (nominal pore size is 10 um). This is due
to the fact that the ceramic membrane layer is
much thinner than the substrate (20 to 1500
um), and the membrane has a porous and three-
dimensional network structure.

1.5

substrate

09—

substrate+membrane

water flux (m*/m?«hr)

06
ion exchange water
P=1kPa

03 | | | 1
0 20 40 60 80

100

temperature ['C)

Fig. 11 Water flux of the'ceramic membrane

Figure 11 shows similar experimental results
in case of water flow at various temperatures,
The decrease in the water flux caused by form-
ing the membrane is about 10%, and its resist-
ance may be seen to be very low. It is also
noted that water flux increases with tempera-
ture, these membranes are suitable for treat-
ment of water as well as for separation of
organic solutions at high temperatures.

100 Ay
semprane memorane
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Fig. 12 Rejection of the ceramic membrane
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Figure 12 shows the results of the separa-
tion tests of the membranes shown in Figs. 8
and 9 using the mono-dispersed polystyrene
latex systems of various particle sizes (latex
concentration is 100 ppm or less). The separa-
tion capacity corresponds to the pore size dis-
tribution of each membrane and agrees well
with the results of observing by SEM photos.
Both membranes have a sharp separation effi-
ciency; in particular, the efficiency of the mem-
brane shown in Fig. 9 is 0.04 um at a 50% re-
jection, and this is high enough to be used for
ultrafiltration (UF).

4. Conclusions

This paper has discussed the principle of the
Electrostatic Formation of a Ceramic Mem-
brane (EFCM), and the characteristics and
basic properties of the ceramic membranes pre-
pared by this method.

The membranes prepared by this newly de-
veloped process are characterized by a three-
dimensional network structure and very high
porosity; therefore, they allow various fluids
to pass through them at a very low pressure
drop. These characteristics are unique for these
membranes.

The pore size of the membrane can be con-
trolled to some extent by controlling the size
of the ultra-fine particles used as the material
of the membrane. One membrane prepared in
this study has micropores of 0.04 um on the

KONA No.8 (1990)

average.

The separation efficiency of the membrane
(this corresponds to its micropore distribution)
is fairly sharp, it is suitable for various applica-
tions including ultra-filtration (UF), and now
other application areas are under studying. We
are also investigating the effectiveness of the
electrostatic formation of a ceramic membrane
applying for ultra-fine particles of materials
other than silicon nitride, such as titanium di-
oxide and alumina.
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The Relationship between the Flocculation State of Particles
and the Packing Structure on the Surface of Gypsum Mold7L

Masafumi Arakawa, Hideki Kobayashi,
Kei-ichiro Hirado and Keikichi Inoue
Faculty of Engineering and Design,

Kyoto Institute of Technology*

Abstract

Generally a slip-casting process is closely related to the flocculation state of parti-
cles. The present investigation was undertaken in order to understand the relationship
between the flocculation state of the particles and the packing structure on the sur-

face of gypsum mold.

The flocculation state of particles in an Al,Os-slurry was discussed on the basis of
rheological and sedimentation behavior as a function of dispersant concentration. It
was found that these properties could be classified into three modes.

On the slurries, the rate and pressure in the absorption of water, the increase in the
packing layer thickness, and the porosity and permeability of the packing layer were
measured in order to explain the packing structure on the surface of mold.

From these measurements, the relationship between the flocculation state of the
particles and the packing structure could be modelled.

1. Introduction

Slip casting process is the method for obtain-
ing a green body by pouring a slurry into a
gypsum mold and making the water absorb
into the mold. In this molding, the slurry should
be sufficiently fluid to permit complicated
shape to be formed and have a densely packed
casting layer.

The present study investigated the floccula-
tion state of particles in a slurry consisting of
an sinterable alumina water system using the
rheological properties and the sedimentation
behaviors by adding dispersants. In addition,
the casting mechanism of particles in the slurry
was considered from the solvent absorbing rate
of the gypsum mold, water absorbing pressures,
the thicknesses of casting layer, the variation of
the porosity and permeability of casting layers.

2. Experimental Methods
2. 1 Samples

* Goshokaido-cho, Matsugasaki, Sakyo-ku, Kyoto 606

TEL. 075-791-3211

This report was originally printed in J. Soc. Powder Tech-
nology, Japan, 25, 585-590 (1988) in Japanese, before
being translated into English with the permission of the
editorial committee of the Soc. Powder Technology, Japan.
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The powder sample used in the experiment is
sinterable low sodium alumina powder (density
3.93 g/cm?®, mean particle size 0.4 ym, specific
surface area 5.5 m?/g), the same as the sample
used in the previous report?, An ammonium
polycarbonate is used the dispersion agent. The
slurry was prepared by the solution comprising
35g of jon-exchanged water to which the dis-
persant added, and by adding 100g of alumina.

2. 2 Experiments
2. 2. 1 Measurements of slurry characteristics

The apparent viscosity and flow curves of
the prepared slurry were measured using a rota-
tional viscometer.

¢-potential was calculated from measured
results using the microscopic electrophoresis
method.

As the high concentrated slurry used in the
experiment is required for a natural sedimenta-
tion for a long hour, here the changes in sedi-
mentation volume in the field of the same cen-
trifugal force (1.19 X 10°N) were measured by
a centrifugal particle size distribution measur-
ing method?® using a balancing machine. Also,
the sedimentation process in this apparatus is
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\ﬂ“ﬂable to continuously detect the movement of
gravity in the slurry according to sedimenta-
tion. With the measurement of sedimentation
volume at the time where the moving quantity
of gravity becomes constant, this was defined
as the sedimentation volume of flocculated par-
ticle layer.

2. 2. 2 Measurements of characteristics of
gypsum mold

The measurement of the water absorbing
pressure of gypsum is carried out in the equip-
ment the same as that in the previous report?

layers are measured instantaneously.

After they were dried, their weights were
measured and their porosities were calculated
from initial volumes and the density of alumina.

Next, the permeability of casting layers were
measured using the device shown Fig. 1. Initial-
ly, with the gypsum mold sealed its side surface
dipped in the slurry, the casting layer is pro-
duced by picking out the mold after a setting
time. After that, this is dipped quickly into the
water, the water volume permeating the casting
layer was measured and the permeability was
calculated from the result obtained.

Furthermore, a SEM observation was carried

T N out on the drain sides of dried plastic solid ob-
L tained.
3. Experiment Results and Consideration
Soap flow meter ‘ '
1 i
L = 100 : :
= 1
a = 801 | 7
= 1
£ 6or P
l A 2 aof ; |
= v
—(\ )= © 20 <-(a)->:<(b)>r<———>-(c)-<——-—>
1 i
Mold 1 ,
i l
16 | i
1 1
w 12f ' :
T [
Slurry or water & 08k I :
Fig. 1 Apparatus for measurement of water absorbing T oaf ] [
rate P S B L

The apparatus, shown in Fig. 1, is used for
the measurement of the water absorbing rate of
gypsum. With gypsum in the slurry dipping, the
air volume pushed out from the mold by the
absorbing water of gypsum is measured by a
soap film flow meter. The absorbing rate was
obtained from the water absorbing volume per
unit time.

2. 2. 3 Measurements of characteristics of
casting layers '

The changes in the thickness of the casting
layers were measured directly by a vernier cali-
per after dipping the gypsum mold into the
slurry.

The measurement of porosity was carried
out in following manner. With the gypsum
mold having a cross-sectional area of 4.0x 103
m? dipped in slurries which have different con-
ditions, and with the casting layers produced in
them after a setting time for picking out, the

KONA No. 8 (1990)
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Fig. 2 Relation between apparent viscosity (n;),
{-potential and concentration of dispersant

Figure 2 shows the relationship between the
added quantity of the dispersant, the viscosity
of slurry and the ¢{-potential. Here, the added
quantity of dispersant is represented by added
weight in g to 100g of alumina. The slurry can
be divided roughly into three ranges from the
figure. (a) is a system having a high viscosity,
reducing its viscosity abruptly by adding a
quantity of the dispersant, and its ¢-potential.
(b) is considered that the resiliency between par-
ticles is the largest in three systems. {-potential
is hardly changed in (c), though the viscosity
increases with the added quantity of the dis-
persant, Three representative kinds of slurry
were prepared with the added quantities of dis-
persant to alumina 100g; (a) 0.18¢g, (b) 0.30g
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and (c) 100g. Hereafter, in the experiment,
these are called as (a), (b) and (c).
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Fig. 3 Flow curves for sample slurries
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Fig. 4 Change of sedimentation volume as sedimen-
tation time

Figure 3 shows the flow curves of three
kinds of slurry, (@), (b) and (c¢). From Figs. 2
and 3, it is considered that slurry (b) has a be-
havior close to the Newtonian flow and its par-
ticles are well dispersed. In (a), it is presumed
that there is an aggregate structure having a
strong interparticle force, with a flow behavior
for a strong agitation. Slurry (¢) is considered
to have a medium structure between them.

The same results are obtained from the sedi-
mentation behavier in the centrifugal sedimen-
tation method. Figure 4 shows the relationship
between sedimentation times and the volume
compressibility obtained from the detected
moving quantity of gravity and actual sedimen-
tation volumes. Here, the volume compressibili-
ty is defined as follows.

Assuming the packing of particles by the
centrifugal force of concentrated slurry is the
same as the compaction of the powder, the re-
lationship between the aggregate state of the
particles and the packing mechanism? is to
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appear in the compressibility of particles added
by the centrifugal force. Copper® considered
that the compressive process of the powder
consists of the packing of particle groups and
the elimination of voids by deforming each par-
ticle, and be proposed Eq. (1).

Vo=V _ o ekiF

A =a,eF 4 o, efF ¢))

Vo and V are the apparent volume of the
powder before compression and at pressure P
respectively, and a, , a,, k; and k, are the con-
stants obtained experimentally. V., is the vol-
ume of the particles compacted and deformed
to a solid having no void, that is, a specific vol-
ume of the material. Since the deformation of
the particles is difficult to produce under gen-
eral conditions of compaction of inorganic
powder, here an apparent volume in the closest
packing of the uniform sphere particle group
(porosity = 0.26) was adopted.

In systems (b) and (c), the volume compres-
sibility at the acceleration is approximately
60% of the closest packing for each, and is ap-
proximately 50% for system (a). With the same
inclination of straight lines and different yield
values in (b) and (c), it appears that the pack-
ing structures are similar, but the aggregate
states are different in the two systems. It was
considered that differences between system (a)
and system (b), (c) are due to the aggregate
structures.

As described above, to explain the relation-
ship between rheological properties and sedi-
menting behaviors of the slurries, the yield
values of each system are obtained from the
flow curves in Fig. 3, and its values are con-
verted to the aggregating force per one contact
of particle is obtained with the assumption,
wherein the diameter of alumina is a uniform
globular particle of 0.4 um, dispersing uniform-
Iy on the surface of the rotor of the viscometer.
From the values in Table 1, it can be assumed
that system (a) has an apparent aggregating

Table 1 Flocculation state of particles in sample

slurries
Yield value [dyne/cm?] F;[N]
(a) 230.6 571X 1078
(b) 17.4 0.43X 10713
(c) 58.3 1.45 X 10713

KONA No. 8 (1990)
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force 13 times than that of system (b), and sys-
tem (c) has the apparent aggregating force three
times that of system (b). Then, for example,
assuming that there is hardly any difference in
the motive force of each particle, it is con-
sidered that the differences between the appa-
rent aggregating forces relate to the interacting
strength forming an aggregating body in the
slurries. Previous changing behaviors of volume
compressibility are considered to be derived
from both size of the aggregate and its struc-
tural strength.

3. 2 Casting mechanisms to gypsum mold

Generally, casting progress with the flow
generated by absorbing a solvent into gypsum
mold.

Also, it is known that the water absorption
is affected by two factors; the wettability of
the mold itself and the permeability of water
to the just formed casting layer®, and that
from the previous report? a factor relating to
the permeability of casting layer is more domi-
nant than a factor relating to the permeability
of gypsum mold. Figure 5 shows, as shown in
previous reportl), the relationship between the
reciprocals of the water absorbing rates meas-
ured in the three kinds of slurry and the square
roots of time. The intercept shows the factor
relating to the permeability of gypsum mold,
and the inclination shows the factor relating to
the permeability of casting layer. From Fig. 5,
it is also clear that the permeability of casting

301

N
O

Adt/dvx 10" (s/m)

O
T

Fig. 5 Flow resistance of the casting layer/gypsum
mold system as a function of the square root
of the casting time
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layer is more dominant than that of the gypsum
mold. Furthermore, the magnitude of the per-
meability of the particle packing layers formed
is ordered by its inclinations from large to
small; (b), (c), (a). This order shows the density
of the casting layers. The ratio between the
square of the thickness of the casting layers
and the casting time in the forming state of
casting layer in a uniform packing structure
is reported to be constant are depending on
time®7 ; but, as shown in Fig. 6, in this experi-
ment, the relationship was not always estab-
lished and its linear relationship did not occur
except for dispersoid (b). Namely, in systems

50

s (m3)

40f

30+

201

(Layer thickness)* x 10

t (s)

Fig. 6 Relation between the square of layer thickness
and the casting time

(a) and (c), initially with a porous casting layer
forming in the state of flocculating particles,
the packing layer is more densely compacted
disintegrating itself by the permeant pressure in

06+

Porosity (=)
o
()]
T

04f

-T: i L
0 10 20 30 40 50

Layer thicknessx10 * {(m)

1 1 1

Fig. 7 Relation between the porosity of casting layer
and the layer thickness

21

DN
5.8

-y
2y



between the layers. It suggests that there is a
periodical layer forming process repeating the
porous layer formation of the flocculating par-
ticles due to the reduction in the permeating
water quantity. In the mechanism, it is clearly
recognized that the first disintegrating compac-
tion has a decisive effect in Fig. 7, and the po-
rosity of the casting layer becomes almost con-
stant and its thickness is approximately 2 mm.
Against this, in sample (b), the porosity de-
creases and its particle packing structure den-
sifies with its thickness. In addition, in system
(b) a type of periodicity is recognized; hence, it
is presumed to be not a perfect dispersion, but
a type of flocculation forming structure. How-
ever, the packing of particles was deemed to be
a linearly and uniformly progressing change
due to its small change.

10.0

8.0

m”)

6.0

%10 "

40

20

40 80 120
t (s]

Fig. 8 Relation between the permeability (X) of
casting layer and the casting time

tems using SEM, there are few differences for
the drain sides of systems (b) and (c) as shown
in Fig. 9, but system (a) has a rough structure
and an uneven surface. It is considered that the
flat and dense states in systems (b) and (c)
were produced by the rearrangement of parti-
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Figure 8 shows the changes of permeability
of the casting layers in the three systems’™%).
In Fig. 8, the abscissa the casting time to the
gypsum mold, and the ordinate is the values of
permeability obtained from the D’arcy’s equa-

tion'® shown in Eq. (2).
dv  KAP
dt 0L 2)

dv/dr is the water absorbing rate per unit
cross-sectional area, K the permeability of cast-
ing layers, L the thickness of casting layers, AP
is water absorbing pressure and 7 is viscosity of
water.

Since in the previous report?) the permeabili-
ty of the gypsum mold is deemed to be suffi-
ciently negligible in comparison with that of
the casing layers, here the permeant pressure of
casting layers was set to be equal for the water
absorbing pressure of the gypsum mold. The
water absorbing pressure obtained from the
previous measurement was 0.046 MPa.

In Fig. 8, the permeability in system (a)
drops drastically after casting until ca. 10 sec,
but its change goes almost flat after that, and
in system (c) its change becomes constant after
ca. 60 sec. Against this, in system (b) the per-
meability of casting layer formed decreases
almost at a constant rate. Like the above-
described changes of porosity, it is presumed
that in systems (a) and (c) the packing struc-
ture of particles in the casting layer is changed
within the above-said time, and in system (b)
the packing progresses at a constant state.

In observing plastic solids of the three sys-

cles during the drying after draining. On the
other hand, system (a) had a considerably
strong aggregate state, because it had a rough
state.

3. 3 Models of casting mechanisms

KONA No. 8 (1990)
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) slurries as stated above and the casting mecha-

nisms having changes in porosity and permea-
bility of the formed casting layers are repre-
sented by models as shown in Fig. 10.
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(c)

Mold
Mold

Fig. 10 Schematic diagram of casting process

In the slurry of system (a), with a large floc-
culated body making, at the beginning the cast-
ing progresses with the disintegration of the
flocculated body by the water absorbing pres-
sure. The disintegration stops in the flocculated
body in a short time and after that the casting
in an aggregate state begins. In system (b), with
the porosity and permeability uniformly re-
ducing, hence, with the assumption that the
compression of casting layer and the packing
of particles are progressing uniformly, the cast-
ing layer grows slowly with a totally dense
structure. In system (c), beginning with a dis-
integrating structure of flocculated body prog-
ressing to casting like system (a), after that,
the casting progresses with the aggregate body.
The difference in the casting between system
(a) and (c) was considered that it depends on
the differences of aggregate size and its bending
strength.

4. Conclusion

The aggregate state of slurry and its casting
mechanism in the slip casting considered.

The characteristics of prepared slurries could
be divided roughly into three systems by meas-
uring ¢{-potential, apparent viscosity, flow curves
and centrifugal sedimentation, etc., that is;

(a) a system wherein particles has a large

size and comparatively strong aggregate

KONA No. 8 (1990)
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structure,

(b) an uniformly dispersed system, and

(c) a system forming a weak and network

aggregate structure,

The casting mechanism of three kinds of
slurries could by represented by the models as
shown in Fig. 10 from the measuring results of
casting thickness, permeability and porosity. In
dispersoid slurry, with each particle sequently
going to casting, the formed layers become
dense, and thereby, its growing speed slows
down. On the contrary, the casting forming an
aggregate structure in the slurry has a higher
casting speed than that of dispersoid due to its
casting with a large aggregate unit. With the
casting comparatively close to gypsum mold
disintegrating its aggregate body, after that, the
casting progresses gradually in the aggregate
state.

Nomenclature
K : permeability of casting layer [m?]
P : pressure [Pa]
AP : pressure drop of particle layer [Pa]

ki, k, : constants [-]
V . powder volume [m?]
V, : initial volume [m?]
V.. : volume of the most close packing [m?]
L : layer thickness [m]

ayp, &, @ constants (-]
n  viscosity [poise]
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Wear of Media during Ultra-fine GrindingT

Kazuo Suzuki, Yoshitaka Kuwahara
and Toshio Ishizuka

Government Industrial Research Institute, Nagoya
Agency of Industrial Science and Technology, M.I.T.I.*

Abstract

Contamination during fine grinding is an important problem for a raw powder of
newly developed materials. Wear behaviors of grinding media, which were made of
steel alumina and zirconia, were examined during fine grinding using a vibration ball
mill. Ball wear was nearly proportional to a specific surface area of ground products.
It was supposed that the wear in wet grinding is more than in dry grinding, because
wet grinding is more effective for fine grinding. Wear was effected by the materials of
the grinding media. Ball wear, which was made of zirconia, was the least of three
kinds of balls, that were used. Linear wear was not as much as ball wear.

Introduction

Powder is rarely a final product, but is han-
dled, much more frequently, as an intermediate
product, as is the case with starting material for
the newly developed materials. It is increasing-
ly required that powders be finer as the starting
material for the new materials, and its particle
and surface characteristics, chemical composi-
tion, crystalline phase have been attracting
more attention. Grinding is a common proce-
dure to reduce particle size in the production
of preparation of powders, which are increas-
ingly required to be finer,

In grinding operation, a physical and me-
chanical energy supplies to the powder. It de-
creases the particle size and, at the same time,
produces new surface. However, it wears down
the grinding media because of the frequently
applied contact force. The grinding procedure
is invariably accompanied by this type of prob-
lem and causes the powder to be contaminated
with fine solids from the grinding components.
The extent of contamination tends to increase
as the size of the grinding particle decreases.

* 1-1 Hirate-cho, Kita-ku, Nagoya 462 Japan
TEL. 052-911-2111

t This report was originally printed in J. Soc. Powder Tech-
nology, Japan, 26, 411-416 (1989) in Japanese, before
being translated into English with the permission of the
editorial committee of the Soc. Powder Technology, Japan.
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This problem is more pronounced in the fine
grinding operation.

It is accepted that the wear mechanisms fall
into four general categories?; (1) adhesive, (2)
abrasion, (3) corrosive wear and (4) surface
fatigue. Each mechanism rarely appears by
itself but in combination with the others. Fur-
thermore, the extent of the actual wear varies
greatly and depends on many factors, such as
the atmosphere and operating conditions to
which it is exposed.

Abrasive is one type of powder. Abrasion
is distinguished from wear, but these may be
regarded as the same phenomenon in that an
abrasive causes volume reduction (or dimen-
sional change) in materials it contacts. An
abrasive consists of hard particles of which ef-
ficiently grind something or remove foreign
matter therefrom. Extensive wear may result if
the ground particles are harder than the grind-
ing medium.

Wear caused by ball milling was extensively
studied in 1940’s, from the respective of con-
trolling operations?. As a result, the mecha-
nisms of the ball wear are considered to fall
into the three general categories®: The first
and the second are based on the concepts that
wear rate is proportional to the ball surface
area (d?) and the ball mass (d?), respectively,
and the third is intermediate between the two,
assuming that the wear rate is proportional to
d" (2<n<3),where d stands for the ball diame-
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) balls and mainly directed at controlling the

grinding speed to understand the relationships
between ball size reduction and the ball make-
up methods. The wear phenomena results were
analyzed in which abrasive wear played a pre-
dominant role yet contamination of the pow-
der was not discussed.

This study investigated the wear of media
both for dry and wet grinding using a vibration
ball mill, with emphasis on powder contamina-
tion. Silica sand served as the sample powder
and three different materials were used for the
grinding medium.,

2. Experimental Procedure and Sample

The grinding apparatus used in this study
was a high-vibration, high amplitude mill (nano-
VMILL with two containers, Chuo Kakoki Co.,
1td.), whose amplitude (total amplitude) (from
4 to 19 mm and whose frequency varied up to
3400 c.p.m. by an inverter. In this study, the
amplitude and frequency were set up at 10 mm
and 1200 c.p.m., respectively, and its vibration
strength was 8.06 relative to the acceleration of
gravity. The grinding media (balls) were of HD
alumina (3, 5 and 10 mm in diameter, Nippon
Kagaku Togyo Co., Ltd.), YTZ zirconia (3, 5
and 10 mm in diameter, Tosoh Co., Ltd. —
Nippon Kagaku Togyo Co., Ltd.), and carbon
steel (3 mm (1/8")and 5 mm (3/16") in diame-
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ter, Tsubakimoto Seiki Co., Ltd.). The charged
quantity of each grinding medium was set up
at J = 0.7. Two types of mill containers were
used; one was lined with HD alumina (Nippon
Kagaku Togyo Co., Ltd.) for the ceramic balls,
and the other was of steel for the steel balls.
These were 170 mmg¢ X 200 mm (4.5 ¢) and
200 mme¢ X 195.6 mm (6.1 2), respectively, in
size,

The sample powder was of silica sand (SiO,:
99.85%, #200, Kyoritsu Yougyo Genryo Co.,
Ltd.), ground by both the dry and wet proc-
esses, the latter was performed in the presence
of water. The charged quantity of the sample
powder was set at U = 1.14. For the wet grind-
ing, the concentration and charged quantity of
slurry were set at 40 wt% and 114%, respective-
ly. These conditions are summarized in Table 1.

The grinding time was as much as 100 hours
for wet grinding and 50 hours for dry grinding.
A small quantity was sampled at given time in-
tervals, to monitor the wear rate and specific
surface area changing with time. The same
quantity of water was made up in wet grinding.

The wear rate was followed in two ways;
chemical analysis of sampled powder and
weight loss of the grinding balls. The ball was
weighted before and after the test; it was
thoroughly washed with pure water to recover
the ground product and dried before being
measured after the test. The chemical analysis

Table 1 Experimental conditions

Mill container Ball

Powder

Dry grinding

Wet grinding

Alumina lining pot

Alumina or zirconia

Weight of powder

Weight of powder

Internal volume (3,5,10 mm) 1 1.70 kg :0.75 kg
14,58 Weight of ball (U=1.14) Weight of water
16,20 kg :1.12 kg
(Alumina) Concent. of slurry:
:10.50 kg 140 wt%
(Zirconia) (U=1.14 in slurry)
(/ =0.70)
Steel pot Steel (3, 5 mm) Weight of powder Weight of powder
Internal volume Weight of ball :2.30kg 1 1.00 kg
16,182 :19.70 kg (U=1.14) Weight of water
(J=0.70) 1 1.50 kg
Concent. of slurry
140wt %

(U=1.14 in slurry)

KONA No. 8 (1990)
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?\Q W was performed by means of an ICP lumines-
O$ cence analyzer (ICPA-100S, Nippon Jarrell Ash

Co., Ltd.), with Al as the trace element for the
alumina balls, Zr for the zirconia balls (Al was
used simultaneously for the liner), and Fe for
the steel balls. Figure 1 shows sample prepara-
tion procedure for ICP analysis. The analytical
conditions were: ICP output: 1.4 kW, carrier
gas rate: 0.52 ¢/min, plasma gas rate: 14 ¢/min,
auxiliary gas rate: 0.52 ¢/min, measurement
wavelength: All 396.15 nm for the alumina
balls. All 394.40 nm for alumina liner, Fell
238.20 nm and ZrIl 348.82 nm.

(a) Sample ground by (b) Sample ground by alumina

steel ball or zirconia ball
Sampie 0.5¢g Sample 0.5g
HF 5ml t— HF 10ml
— HNO; 5ml - (1+1)H.S0, 3m
Decomposition Evapolation
to Dryness
— H:B0, 3.2g
— KHSQO, 7g 6g
Constant volume
1000m
— (1+1)H.S0. 20ml
Inductively Coupled ( TH:
plasma atomic spectro-
metry analysis Constant volume
(Fe) 1000m|

Inductively Coupted
plasma atomic spectro-
metry analysis

(A1 and/or . Zr)

Fig. 1 Analytical procedures of Fe, Al and Zr in
ground SiO, powder

The specific surface area was determined by
the N, gas absorption type BET methods
(Carlo Elba, Sorptomatic 1800).

3. Results and Discussions

Figure 2 shows the parity plot, where the
wear debris fraction in SiO, powder deter-
mined by the chemical analysis is plotted
against that determined by the weight balance
of the ball on alog-log graph. The solid line re-
presents the 1:1 relationship between them. It
is only natural that the values for the zirconia
ball case are the same, because only the ZrO,

26

CADS
LS
\ Yoy 4
Lo 4
100
- Dry Wet
50 r A A Alumina Ball
L ® O Zirconia Ball
- . B [J Steel Ball
R
2
- 10 = o
s _ F
5 5 F
g L
T
Q -
&
o)
ey
O 1 vt
> =
a C
c 0.5k
o] —
= &
l®) —
©
= — Ball Dia. : 5mm
0.1 o] o g gl Lol
01 05 1 5 10 50 100

Fraction Caluculated by Ball Weigkt Loss {wt%]

Fig. 2 Comparison of measured wear debris fraction
in Si0, powder between two methods

concentration resulting from the balls was
chemically analyzed (concentration of alumina
as the wall material was analyzed separately).
For the steel and alumina ball case, however,
the chemically analyzed value should be high-
er, with respect to the wear debris from the
walls, Nevertheless, they coincided well with
each other, suggesting that the quantities of
debris from the walls were very small and, at
the same time, the chemical analysis results
were reliable.

5
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Fig. 3 Ball wear behaviors under dry grinding
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Figure 3 shows Fe, Al,O; and ZrO, concen-
trations in the ground powder over time for the
dry grinding case. The broken line presents the
Fe,0; concentration in the powder ground by
the steel balls. It serves as a comparison for the
later presented wet grinding results, which dis-
cuss Fe,O; concentration. The wear of the
balls, is presented by Fe quantity, which, how-
ever, is in all likelihood oxidized into Fe, O,
when present in the ground powder. Of the 5
mm-diameter balls tested, the steel ball pro-
duced the largest quantity of the wear debris,
followed by the alumina and then the zirconia
ball. Wear is often associated with relative hard-
ness of the materials involved. In general, hard-
ness of steel, alumina and zirconia are Hv 400,
2000 and 1300, respectively, while that of
silica sand is Hv 800. Thus, steel satisfies the
condition that causes abrasive wear by the
ground silica sand powder. It was observed,

wear rate and hardness was reversed for the re-
sults with the alumina and zirconia balls.

Figure 4 presents the wet grinding results,
where the balls had the same diameter as those
used for the dry grinding and where the debris
from the steel balls was represented by iron
oxide (Fe,0;), estimated from the elementary
Fe concentration in the powder, because Fe
was considered to be oxidized. As for the wet
grinding, the zirconia balls demonstrated the
smallest wear rate. Comparing the results
shown in Fig. 4 with those in Fig. 3 revealed
that the debris produced by the wet grinding
was approximately one order of magnitude
greater than that by the dry grinding.

As described earlier, grinding with the zir-
conia balls was performed in the alumina lined
container. Analysis of Zr and Al concentrations
in the ground powder, therefore, gave the

however, that the wear debris quantity was not
proportional to the grinding time, meaning that 0 D.W Womz .\ Sl
. . . — irconi
the wear, even if abrasive wear predominated, [ A 2 Alumina Liner ALO,
was affected by ground powder characteristics s L
(extent of size reduction during the process), in §
addition to the ball size (surface area or mass), - 210
. (8}
and that the wear could not be explained by 2
abrasive wear alone, because the vibration ball <
mill used in this study used impact force as s,
. . . . . o] -
grinding mechanism. The relationship between 3 L
° -
z 05 |
o Steel Ball L b
— Wet Grinding 5
E Ball Dia. : 5mm O u 7(0s
5 i Q i
§ Alumina Ball z
o) a1
. - o
:; 10 - 5 01 B
¢ f L a0
S 005 =
3 - rel
% - 1111111[ L 1:11:111
g - Zirconia Ball 5 10 50 100
O
) Grinding Time [h]
N
o} C Fig. 5 Wear behaviors of alumina vessel and zirconia
< C ball
Q os [~
i_) .
- quantities of the balls and the lining worn
S T S| during the grinding process. Figure 5 shows the
5 10 50 100 analytical results, indicating that the lining was

Grinding Time [h]

Fig. 4 Ball wear behaviors under wet grinding

KONA No. 8 (1990)

worn quite differently during the dry and wet
grinding process. During wet grinding impact of
the balls were directly applied continuously to

27



the alumina walls, because the powder was dis-
persed in the grinding fluids, with the result
that quantity of worn alumina increased with
grinding time. During dry grinding, on the
other hand, the extent of wear of the alumina
walls was limited, except during the first grind-
ing stage before the walls were coated with a
layer of ground powder. An increase in the
worn quantity with time was not observed. It is
possible that the ground powder coating the
walls greatly absorbed the impact of the balls
and protected the walls. The balls were also
coated with the powder, but the layer was
probably thin as it repeatedly exfoliated from,
and reattached to, the balls were continuously
worn, though their wear rate was approximate-
ly one order of magnitude lower than that ob-
served during wet grinding.

The wear of alumina and zirconia balls and
the alumina walls during wet grinding was fur-
ther investigated by the other test. It was con-
ducted for 50 hours under almost the same
conditions, except that no powder was used.
The same diameter (5 mm) balls, in 1.52 of
water were used to measured the wear of balls.
During the test, the slurry samples containing
the worn powder were collected after 5 and 20
hours. The quantity of worn balls during 50
hours was measured by balance. The quantity
of liner worn during the 50 hours grinding was
estimated from the measured slurry density
and the quantity of worn balls. The quantities
of the balls and liner worn by 5 and 20 hours
were also estimated.

Table 2 Results of wear test without powder in water

Materials | Ball wear | Liner wear | Total wear

Alu r;iina o } B
Sh 36.8 (48.5)116.9 (5.0) 53.7 (53.5)
20h 1147.0(155.5)| 24.6(16.0) 171.6(171.5)
50h 367.5 37.8 404.3

Zirconia :
5h 24 (2.7); 8.5 (8.2) 109 (10.9)
20h 9.6 (9.6)]29.5(29.6) 39.1 (39.2)
50h | 24.1 J74'1 | 98.2

€]

The results are shown in Table 2, where the
slurry concentrations estimates are based on
the assumption that the balls were worn at a
constant rate. The estimated results in paren-
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theses are based on the assumption that the
ratio of wear quantity between balls and liner
was constant. Densities of the alumina ball and
liner are described later. The specific surface
areas measured 26.1 (5 hours) to 45.1 (50
hours) m? /g with the powder from the worn
alumina balls, and 12.9 (5 hours) to 34.0 (50
hours) m? /g with the worn zirconia balls (in-
cluding the worn alumina powder from the
liner). This indicates that they were fairly fine.
It was therefore considered that all closed pores
in the sintered body surfaced in the worn pow-
ders and that their densities were slightly high-
er than those provided by manufacturer
(alumina: 3.60, zirconia: 6.00). The manufac-
turer’s values were used in the calculation how-
ever.

As shown in Table 2, the wear rate of the
liner was fairly low, approximately 10% the
anticipated results as shown in Fig. 2. This and
the results shown in Fig. 2 (except for the zir-
conia ball results), showed that the liner was
less worn than the ball, when similar materials
were used as the grinding media. When the balls
of dissimilar materials (zirconia balls and alu-
mina liner in this case) were used, on the other
hand, the alumina liner was worn significantly
more, and great care must be taken in such case,
It should be noted, however, that the wear rate
in the presence of ground powder (Alumina:
193.4 g, Zirconia: 21.6 g (Alumina: 56.6 g))
was lower in each case, as revealed by the 50
hours grinding tests. It is possible that the
ground powder dampened the balls’ impact on
the liner walls, even during the wet grinding.

50
e Dry Wet
2 A A 3mm /
= ® O 5mm 'd
: 10 —
jod o
T 5 L
g ! —_ Steel Ball
© -
(5 05 hlJlI i 11111:] I lllllll
& 1 5 10 50 100
Specific Surface Area by BET [m*/g]
Fig. 6 Relation between specific surface area and

contamination of powder ground by steel ball
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$?~Q \“““ The densities of the alumina ball and liner,
O provided by manufacturer were 3.60 and 3.50,

respectively, which are considerably lower than
well-densified alumina at 3.98. The alumina
ball consisted of sintered Al,O; (91%), SiO,
(7%) and unknowns (2%), and may have con-
tained 10% or more of glassy and spinel phases
in the grain boundaries and a number of pores.
Both the glassy and spinel phases were low in
hardness and strength, and the presence of
large quantities of the grain boundaries dimin-
ished the inherent characteristics of alumina
therefore aggravating the wear of the alumina
products. The zirconia ball had a density of
6.00, which was very close to the theoretical
density of 6.05. Zirconia, though not very
strong, its toughness helps reduce its wear.
Figure 6 through 8 show the relationships
between the specific surface area of ground
powder and contents of Fe,O;, AL, O; and
Z1O,, respectively, where the specific surface
area is the value of the ground powder contain-
ing the wear debris. Figure 6 shows the steel
ball results. The broken line represents the wet
grinding results (marked with o’s) with the
5 mm-diameter balls, where the samples were
treated with an acid to remove the Fe, O; wear
debris. The relationship with the wear debris-
containing powder is represented by a straight
line on a log-log plot, indicating that the wear
debris content was closely related to the spe-
cific surface of the ground powder and that the

50
i Dry Wet
B A A 3mm
[ J O Smm
10 - W [ 10mm
ER
3 L
&
S e
2 o5 | Iy
3 r e
S T
I """ Alumina Ball
01 1 i IIIJIJJ 4 o0 taald M S
0.1 05 1 5 10 50

Specific Surface Area by BET [m¥/g)

Fig. 7 Relation between specific surface area and con-
tamination of powder ground by alumina ball
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Fig. 8 Relation between specific surface area and con-
tamination of powder ground by zirconia ball

grinding methods whether dry or wet had no
effect on the relationship, though they pro-
duced very different amounts of wear debris.

The acid-treated powder had a significantly
reduced specific surface area, which means that
the wear debris of steel was somewhat finer.
Figure 7 and 8 present the results with the
alumina and zirconia balls, respectively. Unlike
the case with the steel balls, the dry grinding
produced smaller quantities of wear debris, and
caused the content to be less sensitive to the
specific surface of the powder than the wet
grinding. In any case, no significant increase
in specific surface area is expected from dry
grinding.

The effects of the ball size were hidden by
the effects of the mechanical properties of the
different materials. During wet grinding, the
wear debris quantity tended to increase as spe-
cific surface area of ground powder increased.
It is therefore believed that the ground powder
is somewhat contaminated with the wear debris
when making a very fine powder.

4. Conclusions

Three types of grinding media were used
both for dry and wet grinding in a vibration
ball mill, to investigate extent of wear debris
contamination in the ground powder.

(1) The extent of contamination was essential-
ly proportional to the specific surface area
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of the ground powder in any case of what

\[\O$ grinding medium material was used. Wet
grinding, which grinds powder at a higher
rate than dry grinding, will cause the ground
powder more contamination.

(2) Of the ball types used in the tests, the zir-
conia ball produced the least amount of
debris, followed by the alumina ball and
then the steel ball.

(3) The liner was generally less worn than the
balls. However, care must be taken if the
liner and the ball are of dissimilar materials.

(4) Wear of the grinding medium in the impact
mechanism seems to be more affected by
the materials’ strength than the ball size
(mass or surface area).
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Nomenclature

J : ball filling of mill (ratio of volume of
balls plus space between balls to volume
of mill) (-]
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U : powder fraction (ratio of volume of powder
particles plus space between particles to
volume of space between balls) [-]
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Abstract

Baker’s yeast suspended in pure water was disintegrated by the agitator bead mill
using glass beads having a diameter of 0.5 to 2.0 mm. ADH (alcohol dehydrogenase)
was released faster than protein and G-6-PDH (glucose-6-phosphate dehydrogenase),
and a concept of the selective release of enzyme was defined. The final weight of the
protein released and the activities of enzymes, the release rate constant for protein
and ADH, and the release selectivity between the protein and ADH were dependent
on the bead size, the weight of beads and the agitation speed. The optimum condition
for release existed for each operation parameter. The electrical conductivity of the
yeast slurry had good correlation with the amount of G-6-PDH and protein released.
This result indicated that the degree of release for these substances could be estimated

from the measurement of electric conductivity.

1. Introduction

The release of intracellular materials (such as
enzymes) after cells have been disrupted or
crushed is an important downstream process
that can be effected either chemically or
mechanically»?, Mass production schemes fre-
quently depend on the available mechanical
facilities, such as high-pressure homogenizers®
and bead mills®, the characteristics of which
have been previously compared®®

The high-speed agitator bead mill, which is
widely used to disrupt bacteria, quickly disinte-
grates cells into fine pieces. Disintegrating cells
into fine pieces is a good method for releasing
a sufficient quantity of intracellular materials.
At the same time, however, disintegration

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

*# 1.1-1, Wadasaki-cho, Hyogo-ku, Kobe 652
TEL. 078 (672) 3111
*#%% No.9, Shoudai Tajika 1-chome, Hirakata, Osaka 573
TEL. 0720 (5§5) 2220

This report was originally printed in J. Soc. Powder Tech-
nology, Japan, 26, 424-429 (1989) in Japanese, before
being translated into English with the permission of the
editorial committee of the Soc. Powder Technology, Japan.
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tends to cause various problems in post-treat-
ment processes, such as the separation of solids
from liquids in the disrupted bacteria materi-
als? | which increases the amount of impurities
present.

Overtreating is therefore unnecessary to de-
stroy cytoplasms if the target materials can be
sufficiently released by a milder disintegration
process that selectively disrupts cell walls. For
materials that cannot be sufficiently released
unless the cells are thoroughly disrupted, their
subsequent separation and purification may be
performed more efficiently in a two-stage
process. First the cells are mildly disrupted to
destroy cell walls selectively, and second, the
cells are disrupted thoroughly after releasing
and removing the separable materials produced
in the first stage.

Intracellular materials such as enzymes and
proteins can be selectively released depending
on the morphologies and locations of the target
materials. The similar concept of chemically
disrupting the cells is called “biochemical cell
refining” by Asenjo®. For mechanical disrup-
tion, the possibility of selectively releasing
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yeast enzymes has been demonstrated using a
high-speed agitator bead mill>'?,

A low-speed bead mill, which disrupts cells
at a lower rate than a high-speed bead mill, has
the following advantages: continuous cell dis-
ruption with a separation of released materials,
a lower rate of temperature increase, control-
led deactivation of the released enzymes caused
by a high shear rate'? and low levels of con-
tamination and impurities caused by wear.

In this study, the authors have investigated
the release characteristics (i.e., release quantity,
release rate and selectivity) of enzymes and
proteins that are separated in batches from
baker’s yeast by a low-speed agitator bead mill,
and the effects of the operating parameters
(i.e., bead size, bead quantity, and agitation
rate) on these characteristics.

2. Experimental Apparatus and Procedure
2. 1 Bead mill and beads

The bead mill used in this study was crusher
(Aquamizer AQ 5), equipped with a rotor and
six agitation rods (15 mm in diameter) vertical-
ly arranged on the same periphery. Each agita-
tion rod was 0.06 m away from the mill center.
The agitation tank was 0.20 m in diameter and
0.25 m high. Both the agitation rods and the
tank were made of stainless steel (SUS 304).

Three types of beads (glass spheres with a
density of 2.48 X 10> kg/cm?, Union Co., Ltd.)
were used with average diameters of 0.5, 1.0
and 2.0 mm, respectively.

2. 2 Experimental procedure

Ionized water was added to 0.5 kg of wet
baker’s yeast (S. cereviciae, Oriental Yeast Co.,
Ltd.) to 2 X 10~® cm?®, and the mixture was
charged into the agitation tank. As pretreat-
ment, it was agitated at 100 rpm, and then
agitated at a given speed after a given quantity
of the glass beads was added to the tank. A
small quantity of a silicon-base defoaming
agent was used when the agitation was accom-
panied by an excessive amount of foaming. The
defoaming agent produced no adverse effects
on the released yeast. The yeast slurry was kept
at approximately 297 K by circulating cooling
water through the jacket surrounding the agi-
tation tank.

The bead mill was stopped periodically to
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collect the samples (approximately 10~° m?

each). Each sample was then separated centri-
fugally (operating conditions: 15,000 rpm, 30
min) immediately after it was collected, and
the supernatant liquid was removed and ana-
lyzed for enzyme activity, water-soluble protein
content, pH level, and electric conductivity.
The enzymes analyzed for activity were ADH
(alcohol dehydrogenase) and G-6-PDH (glucose-
6-phosphate dehydrogenase), which were ana-
lyzed in accordance with the methods described
in the Oriental Yeast Co., Ltd.’s biochemicals
catalog (p. 9 and p. 45). The water-soluble pro-
teins were measured according to the Lowry
method, with bovine serum albumin as the
standard'?. The particle size distribution of
the disrupted yeast was determined by a Coulter
counter (aperture diameter: 30 um).

3. Results and Discussion

3. 1 Rate of release of ADH, G-6-PDH and
protein

Figure 1 shows the effects of agitation time
on the quantity of released ADH, G-6-PDH and
proteins. Most ADH was released during the

1000
800 |- d=2mm
W =23kg
N =230rpm
600
IS
z a
= fa
3 a0 b N s b
=) &b
=
-, o
a 200 A
A D ADH(R))
ozf
008 440
o ©O
O o 8
0.06 - a8 430
0 E
g 0.04 o g
- O 420 2
= m] . =
T 002 O 1 Protein(Ry) J410 &
) O : G-6-PDH(R.)
0 1 1 1 i 1 0
0 20 40 60 80 100 120
Time [min]

Fig. 1 Rate of release of ADH, G-6-PDH and protein
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\ﬁ““\lﬁnitial stage of agitation, as it is located close to

the cell walls'®, The quantity of released G-6-
PDH and proteins, mainly present in cytoplasm,
increased with time. The release curves for G-6-
PDH and proteins are quite similar, and the
selectivity characteristics are discussed mainly
with respect to ADH and proteins,

The results shown in Fig. 1 were replotted in
Fig. 2 to show the relationship between R,/
(R,, —R) and time. As shown, the released
quantity of both ADH and proteins correlates
fairly well with agitation time according to the

equation:'¥

In[Rpi/(Rmi — R)] = Kyt

i= A (for ADH) or P (for proteins)
where, R,, is the maximum released quantity,
K is a constant given by the inclination of the

curve shown in Fig. 2, and ¢ is the agitation
time,

(D

3. 2 Selectivity of enzyme release

As illustrated schematically in Fig. 3, R,
reaches a constant level in a shorter time than
Rp. The time at which the sharp increase in R,
stops is defined as 7, which corresponds to
the release rate of ADH. Figure 4 shows the
relationship between K, and 7. under various

100
r d:=2mm
[ Wi =3kg
T N =230rpm
o O
- o a
T OF A o o
S f o a o
< o © o
c 5
O : Protein
¥ A L ADH
; 1 ] ] _1 |
0 20 40 60 80 100 120
Time [min]

Fig. 2 Plot of In{R,,,/(R,, — R)] against ¢
conditions and indicates that K, is almost in-

versely proportional to 7.
Next, the ratios Ky /Ky and X, /Xp (X; =R;

KONA No.8(1990)

A‘} )

Rmi p=m—m—m—————— o
Ry 77
|
I
[ ADH
|
|
|
|
Il
|
|
I
1
< 2
|
{
{
|
|
|
I
|
|
Rp -
| Protein
|
|
|
i
1L

Tc
Time

Fig. 3 Definition of a release selectivity between
ADH and protein

at t = T¢/R,,;) were introduced as criteria to
assess the effects of each operating parameter
on the selectivity of enzyme release. K, /K,
and X, /Xp represent the ratio of the release
rate constant and the ADH release rate at ¢t =
T to those of proteins during the initial stage
of agitation. A higher ratio indicates a higher
selectivity of release.

The effects of each parameter on these selec-
tivity criteria are discussed below. It should be
noted, however, that the data was scattered fair-
ly widely, probably as a results of uneven yeast
production conditions, experimental condi-
tions, and the conditions under which the yeast
was preserved. The results reported herein are
the average values for 2 to 4 data items ob-
tained under the same conditions.

3. 3 Bead size

Table 1 (A) summarizes the effects of bead
size (diameter) on the release characteristics of
materials separated from yeast when using 3 kg
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O$?~ A\ Table 1 Characteristics of substances released from disrupted baker’s yeast
" RmaA Rmp Ka Kp Ka/Kp Xa/Xp !
Gerkg Gerrg) ) i) ) S
T amm) | 05 | 460 0.10 5.0 1.4 3.6 2.6
A [W=3 kg 10 660 0.12 18.3 3.3 5.5 2.6
N=230rpm 2.0 480 0.08 17.0 3.5 4.9 2.0
W kgl 2.5 470 0.08 14.0 2.8 5.0 1.8
B [d=2 mm 3.0 480 0.08 17.0 3.5 4.9 2.0
N=230 rpm 4.5 530 0.09 21.3 4.6 4.7 1.9
6.0 740 0.08 30.8 9.5 3.2 1.9
N{rpm] | 120 | 600 0.08 7.6 2.0 3.8 1.9 i
c | [d=2 mm ! 230 480 0.08 17.0 3.5 4.9 2.0 :
W=3 kg 320 . 600 0.08 23.2 4.3 5.4 2.4 ?
L { 5 460 \ 370 0.08 13.0 5.4 2.4 1.1
R,, attains a maximum at d = 1 mm for the
40 enzymes present near the cell walls and at d =
d=0 5~2mm 0.75 mm for those present in the cytoplasm?® .
W=2.5~6kg Their results also show optimum bead size for
N =120~460r.p.m . . .
producing a maximum R,, value varies de-
°© pending on the location of the target enzyme
in the cell.
o o The K, and Kp values agreed with each
o) other when beads of d = 1 to 2 mm, but the
beads of d = 0.5 mm produced the lowest K4
and Kp values used in this study. Currie, et al.,
° observe that the Kp value increases as bead size
= 20l 8 o diameter decreases from 0.5 to 3 mm (glass
£ 5 o beads for a Netzsch Molinex KE 5 unit)!®,
7 Marffy, et al., on the other hand, have tested
§ 8 glass beads of d = 0.1 to 1 mm in a Dyno-Mill
o unit and observed that the Kp value attains a
o maximum at d = 0.5 mm?®.
10 b o As discussed above, the effects of bead size
on the K, and Kp levels vary depending on the
o type of apparatus used. It is expected that in a
e closed-type mill, such as a horizontal bead mill,
the rate of bead collision necessary for disrup-
tion is not decreased much by using small
05 5 olz beads because their movement is restricted by
the surface of the walls. In an open-type bead
1/Tc [1/min]

Fig. 4 Relationship between K and I/T¢

of beads and an agitator speed of 230 rpm.
Both R,,» and R,,p attained their maximum
levels at a bead diameter (d) of 1 mm. Schutte,
et al, disrupted yeast with glass beads of d =
0.5 to 1.0 mm in a horizontal continuous bead
mill (Netzsch LME 20), and demonstrated that
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mill (such as the apparatus used in this study),
on the other hand, lightweight beads are af-
fected more by the flowing liquid, with the
result that the rate of bead collision decreases,
thus decreasing the K values.

Beads of d = 0.5 mm produced the highest
K, /Kp ratio, followed by those of d = 2 mm
and then d =1 mm. The X, /Xp ratio was almost
the same for beads of d = 0.5 and | mm, while
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We therefore conclude that beads of d =
I mm produce the optimum release results
under the conditions used in this study. How-
ever, it was still unknown whether these beads
would produce optimum release results under
different operating conditions. Therefore the
effects of bead quantity and agitation rate on
the release characteristics were investigated
using beads of d = 2 mm, which are heavy
enough to remain unaffected by the flowing
liquid.
3. 4 Bead quantity

Table 1 (B) summarizes the results of the
effects of bead quantity (W) on the release
characteristics at an agitator speed of 230 rpm.
A given quantity of beads was added to 2 X
10-3m?® of the slurry containing the yeast, and
hence the height of the liquid varied with the
quantity of beads. Before agitation, the height
of the liquid was approximately 0.11 mat W =
3 kg and 0.14 m at W = 6 kg, which corre-
sponds to the distance of approximately 0.05m
and 0.02 m between the bead surface and the
liquid surface.

The R,,» and R,,p values were constant

@ : Protein
s L O : ADH
i
£ 5|
=
ER
~
| =T § /
0 1 1 1 i
2.0 3.0 4.0 50 6.0
W [kgl

Fig. 5 Effect of the weight of glass beads on the
release rate constant of ADH and protein
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R, 4 level at W = 6 kg was slightly higher than
the others.

Figure 5 shows the effects of bead quantity
W on the K, /W and Kp/W ratios. As shown,
these ratios are almost independent of W, ex-
cept for Kp/W at W = 6 kg; i.e, Ko and Kp are
almost proportional to W. It was observed that
the release rate constant of proteins was almost
proportional to W? during the disintegrating of
yeast in a vertical bead mill'® .

The possible reasons cited for the higher
R, and Kp/W values at W = 6 kg than those at
lower W levels were (a) the increased apparent
density of those beads in the lower portion of
the tank and (b) the changed pattern of move-
ment of the beads that from the increased bead
load. The K4 /Kp and X, /Xp ratios were con-
stant with respect to bead quantity, except for
those at W = 6 kg.

3. 5 Agitation speed

Table 1 (C) summarizes the results on the
effects of agitator speed (N) on the release
characteristics. As shown, R, changed with
N, but R,,p was almost independent of N. The
reasons for the irregular changes in R,,, are
unknown.

Figure 6 shows the effects of agitator speed
N on the K5 /N and Kp/N ratios. The K /N
ratio is almost constant, irrespective of N in a
range from 100 to 320 rpm, but drops sharply
at N = 460 rpm. In contrast, the Kp/N ratio
decreases gradually with N. Therefore, each of
the K5 /Kp and X, /Xp ratios attains a maxi-

01

- O Ki/N
@ K,/N
= b=
=
E -
(o]
>
e -
£ 005 5
= - -10.02 T:)
~ >
= @
< L =
- 4001 £
N
0 I | I 1 0
0 100 200 300 400 500

N (rpm)

Fig. 6 Effect of the agitator speed on the release rate
constant of ADH and protein
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mum at around 320 rpm, and drops sharply at
around 460 rpm.

These result indicate that K, and Kp are
affected by N differently, and that there is
an optimum N level, above which release selec-
tivity decreases as a result of the decreased K, .

[mm] [r.p.m.]

——--—-
- - -

D;,” [/t m]
T

0 20 40 60 80
t [min]

100

Fig. 7 Relationship between t and Dso

3. 6 Size of disrupted yeast and release
characteristics

Figure 7 shows the relationship between the
disruption time and the 50% particle size (Ds, )
of yeast disrupted under varying conditions.
The attainable size of disrupted yeast is ap-
proximately 2.6 um, irrespective of the size
of the beads with which it was disrupted, al-
though disruption speed is fastest with 1 mm
beads. Figure 8 presents the SEM photographs
of intact and disrupted yeast, where yeast is
disrupted using the beads of 1 mm for 5 min.
(b) and 15 min. (¢). These photographs indi-
cate that the yeast was not disrupted by the
beads into small pieces; instead, the cell walls
were partially deformed and disrupted by the
beads, thus allowing the intracellular materials
(mainly cytoplasm) to escape through the
broken cell walls. Therefore, both partially dis-
rupted yeast and the released materials were
counted with a Coulter counter.

Figure 9 shows the relationship between the
protein release rate (r» = Rp/R,,p) and the size
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a) t=0[min]

b) t=5 [min]

c) t=15[mn]

Fig. 8 SEM photos of disrupted yeast using the
glass beads of d=1

of disrupted yeast (Ds,). As shown, almost 50%
of R,,p was attained by slightly decreasing the
yeast size by disruption. In other words, partial
disruption can cause the release of intracellular
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\(\O 3.7 Yeast sl H level and el . by measuring the A value. No correlation was
. east slurry pH level an electric con- observed with #4 (= Ra /Ryun).
ductivity

Schutte, er al., found that the electric con- 4. Conclusions

ductivity (A) of the yeast slurry, which was
disrupted in batches using a planetary mill, is
proportional to the amount of nucleic acids
released'®. They also observed in this study
that the slurry pH and electric conductivity

Baker’s yeast dispersed in pure water was
disrupted in batches by using glass beads in
order to investigate the release characteristics
of ADH, G-6-PDH and proteins. The follow-
ing results were obtained under the conditions

of this study:

(1) The maximum release rate and selective re-
lease characteristics of the materials pre-
sent in yeast were dependent on the agi-
tator speed on the size and quantity of the
beads with which yeast was disrupted.
There was an optimum set of operating
conditions for each parameter. The indices
that represent the release characteristics
tended to decrease when the bead size was
excessively small or when the agitator
speed was excessively high.

(2) The electric conductivity of the disrupted
yeast slurry was correlated with the re-
leased quantity of G-6-PDH or proteins,
allowing us to estimate the released quanti-
ties of these materials by measuring the
electric conductivity of the slurry.

1.0

05

Fig. 9 Relationship between Dso and rp

changed with the disruption time with electric

conductivity having a higher repeatability. Nomenclature
Figure 10 plots £ (= (A — Xo)/(Aee — X)) and d : diameter of glass beads [mm]
7o (= Rg/Rn,c) against rp, where Aoe and A, Dsy : 50% particle size of disrupted yeast [um]
are the X value at r = 0 and ¢ = 90 min, respec- E : reduced electric conductivity of
tively. As shown, E has a strong correlation yeast slurry (-]
with 75 and rp indicating that the extent of K release rate constant of enzyme or
protein [¢/min]
N : agitator speed [rpm]
10 g oa § 10 r : ratio of R to R,, [-]
a ® R : enzymes activity or weight of protein per
sl ag  © AN 408 unit weight of packed yeast at ¢
o [KIU/wet-kg or kg/wet-kg]
200 R R,, : final value of R [KIU/wet-kg or kg/wet-kg]
06+ O, PY N=230rpm 06 ¢t : disruption time [min]
20 W =3kg T¢ : time when the release rate of ADH
= o u — suddenly decreases [min]
T 04r —04% X : valueofratr=T¢ [-]
a© @ E G W : weight of glass beads [kg]
oo SUCEY A : electric conductivity of yeast slurry [S]
02k 05 A A =02
5 O n < Subscript >
20 O @ A : ADH (alcohol dehydrogenase)
o 012 014 Of6 0‘8 =, 0 G : G-6-PDH (glucose-6-phosphate dehydrogenase)
P : Protein

Fig. 10 Correlations among rp, 7g and £
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Abstract

Experimental and theoretical studies of particle deposition on a surface composed
of different materials (copper and polyethylene) were conducted. Deposition of
charged aerosol particles was affected by a localized electrostatic field created by the
contact potential difference between the metal (copper) and the dielectric material
(polyethylene), and the particles charged with positive polarity deposited mainly on
the polyethylene surface, which was charged with negative polarity. This fact suggests
that the deposition is caused by the Coulombic force between the surface and the par-
ticles. The deposition flux was larger for smaller particles because of the larger effect
of the electrostatic field.

Aerosol particles with negative polarity do not deposit on the polyethylene surface
because the surface charge is negative. The deposition is, however, enhanced on the
neighboring copper surface. This is explained by the fact that the electrostatic field
vector directs to the main stream.

It is found that the agreement between calculated results and experimental data
is better for the case of assuming intrusion of the electric charge into the polyethyl-

ene than for that of assuming fixed interface charge.

Introduction

Recently, reliable techniques to prevent the
deposition of fine particles on wafers in a
superclean room have been in increasing de-
mand to use in producing high-quality inte-
grated circuits during the LSI manufacturing
process. There are a number of dielectric (SiO,)
— metal (Cu or Al) contacts on a wafer con-
stituting an LSI, and even fine particles less
than 0.1 um, when deposited on the wafer sur-
face, may prove to be major cause of a defec-

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

** 1455, Nishioka, Uozumi-cho, Akashi, Hyogo 674
TEL. 078 (942) 2112

**%* Yoshida-honmachi, Sakyo-ku, Kyoto 724
TEL. 075 (753) 5565

1 This report was originally printed in Kagaku Kogaku
Ronbun-shu, 14, 655-661 (1988) in Japanese, before being
translated into English with the permission of the editorial
committee of the Soc. Chemical Engineers, Japan.
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tive product. It is essential, therefore, to ana-
lyze the quantity and distribution of aerosol
particles deposited on a surface consisting of
different kinds of materials and the deposition
mechanisms involved, in order to develop a
method for electively preventing the particle
deposition. Few studies, except for Rosinsky,
et al.®, Emi, er al?, and Ikumi, ef al. ¥, have
discussed the effects of the wall surface ma-
terials on the deposition of fine particles.
Rosinsky, e al.®, and Ikumi, et al.¥, have in-
vestigated the distribution of fine particles de-
posited on dielectric surfaces, concluding that
these particles are not distributed evenly, but
instead form particle-islands, because the di-
electric surfaces are not electrically uniform.
Emi, er al, have passed charged and non-
charged particles through pipes made of dif-
ferent materials to obtain the penetration ef-
ficiency. They concluded that the deposition of
particles on the inner dielectric walls was main-
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ly determined by the amount of electrostatic
force?.

The above results are related to the deposi-
tion of particles on relatively large surfaces,
and provide little information regarding deposi-
tion of a aerosol particles on surfaces com-
posed of dissimilar materials of fine patterns,
where the dissimilarity between the surface ma-
terials serves as a major driving force for the
deposition of particles onto the surfaces.

In this study, the authors have attempted to
numerically investigate and analyze where and
to what extent the aerosol particles are de-
posited on a surface composed of different
kinds of materials (copper and polyethylene).
1. Experimental Equipment and Procedure

Figure 1 illustrates the experimental equip-
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ment used in this study. The monodisperse

latex aerosol particles (D, : 0.17 um, 0.33 um

and 0.62 um) were used as test particles, which
were generated by a nebulizer.

The aerosol particles generated by the nebu-
lizer were electrically charged. In order to con-
trol the charge level of particle, the following
three types of particles were used:

(1) Particles which had not been controlled in
charge level.

(2) Particles which were neutralized, after pass-
ing through a charge neutralizer (using
americium oxide) and a charged particle
collector operating under a high voltage.

(3) Particles with a charge level controlled to +e
or —e (where, e means an elementary charge)
by passing through the charge neutralizer

Filter

Compressed
air

V| Flow meter
Diffusion

Pump

11

Pump "‘ Test
*
p\ece\f
A = —
ir -
Filter

Flow rectification
tube

Fig. 1 Experimental apparatus

and a differential mobility analyzer (DMA)?.

The air rate was set to a low level (U, = 6
cm/s), simulating the conditions of a clean room
or work room. The area of test space was 50cm
long and 30 mm X 120 mm. The test piece was
set on the upper wall 20 cm downstream of the
aerosol supply.

Figure 2 shows the test piece, which had a
0.3 mm thickness polyethylene sheet sand-
wiched by 1.5 mm thickness copper plates. The
surface on which the particles were to be de-
posited was polished, and the copper plates
were grounded for a long time before the test.
The test period lasted from 15 to 20 hr, and
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the particle distribution on the test piece was
determined by using a scanning electron micro-
scope (JSM-5200) to count the deposited par-
ticles.

2. Results and Discussion
2. 1 State of particle deposition

Figure 3 shows an SEM photograph of the
latex particles (D, : 0.33 um) deposited on the
dissimilar surface. The charge level of these
particles was not controlled. They deposited
more on the dielectric side than on the copper
side.

KONA No. 8 (1990)
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Q° \&““ In an attempt to clarify changes in the de-

posited quantity around the interface between
these dissimilar materials, the deposition flux
distributions were determined by counting the
latex particles on the SEM photographs in dif-
ferent positions.
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Test Piece

Fig. 2 Test piece composed of different materials

25k Y X7, %060 1#m 891277

CODDGT"L‘PO\/ethyeme
Dp=033um

Fig. 3 Photograph of particle deposition
(Dp =0.33 um)

Figure 4 shows the deposition flux distribu-
tion for the 0.33 um particles. As shown, the
deposition flux proved to be approximately 5
times greater on the dielectric than on copper,
and attained a maximum level at the dielectric
center while proving to be slightly lower on the
interfaces. We also observed that the deposition
flux was almost constant at a position about
1 mm or more from the dielectric.
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Fig. 4 Deposition flux distribution

The positively charged particles were de-
posited on the polyethylene surface, because
the polyethylene charged negatively due to the
contact potential difference between the cop-
per and polyethylene. It was therefore neces-
sary to understand the degree of the contact po-
tential difference between the polyethylene and

X10 T T T T T
3F Temperature 200°C -1
Humidity 50.0%
15X 15mm g
S 2F 205g
O
ot
=z
5
T I
8
< ~-r
_2_
1

Work function (eV)

Fig. 5 Relation between amount of charge and
work function

copper. The contact potential difference be-
tween dissimilar materials is well known, but
that between a dielectric and a metal is still
relatively unknown.

Tests were, therefore, performed, in which a
polyethylene sheet was placed into contact
with a variety of metals with different work
functions. Thereafter, the charge level differ-
ence between them could be measured after
they were separated, based on the concept that
the work function which indicated zero charge
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transfer was equivalent work function of the
dielectricV,

Figure 5 shows the results. The very small
charge generated was measured using a Faraday
cage (Advantest, TR-8031) and a vibration-
capacity electrometer (Advantest, TR-8411) in
a chamber in which temperature and humidity
were kept at constant levels. The polyethylene
sheet measured was 15 mm square. The results
were scattered, unless the sheet’s charge was
eliminated as far as possible. As Fig. 5 shows,
the equivalent work function of the dielectric
was 4.6 eV, and the contact potential differ-
ence between copper and polyethylene was ap-
proximately 0.3 V. Thus, the polyethylene
sheet would have a negative charge relative to
the copper plate, when these two came into
contact.

As a matter of course polyethylene will
become positively charged relative to platinum,
when these two come into contact, since the
work function of the platinum is larger than
the polyethylene.

2. 2 Theoretical analysis

A numerical analysis was carried out to
understand the contact potential difference
created as a result of the contact between poly-
ethylene and copper, and the resulting electri-
cal field generated around the interfaces. The
potential distribution in a space is provided by
the following equation:

a*v 'V P

ox oyt e )

where V represents the potential difference, p
represents the space-charge density and e re-
presents the dielectric constant. The equation
(1) may be reduced to adimensionless Laplace’s
differential equation (2) without dimensions
by use of the contact potential difference be-
tween the dissimilar materials, and assuming
that the aerosol concentration is sufficiently
low to create only a negligibly small space
charge (p = 0).

2V LV,
ax2 ay?
2)
rv > *TRYTR
where V = V/AV,X =x/R,¥ =y/R, AV is the
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Polyethylene Copper

Copper

Fig. 6 Calculated electric potential distribution

contact potential difference, and R is the width
of the rectangular area through which the aero-
sol particles pass.

Equation (2) was solved numerically by ap-
plying the relaxation method, with the bound-
ary conditions of the dimensionless potentials,
7 = -1 at the polyethylene surface and ¥ =0
at the grounded copper section.

Figure 6 shows the calculated equivalent
potential distributions, including those around
the polyethylene-copper interfacial area. It also
shows the detailed boundary conditions applied
in solving Equation (2). The results suggest that
the equivalent potential is synmetrically dis-
tributed, and that the potential abruptly
changes around the interfacial area, decreasing
sharply with the distance from the polyethylene
section.

Next, the potential distribution was used to
estimate the deposition flux on the wall sur-
faces. The convective diffusion equation (3)
could be applied, by neglecting the inertial
force acting on the particles, since the particle
size and flow rate were sufficiently small:

a(cvy) + a9 (cvy)
dx oy

9%c

e I
where v, and v, represent the particle velocity
components in the x, y directions, ¢ is the con-
centration, and D is the Brownian diffusion
coefficient.

We considered the following three compo-
nents of the electrostatic force applied to the
particles:

(1) Coulombic force
(2) force generated by image charge
(3) dielectric migration force
The particle velocity components in the x

d%c
=D +
( ax?
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$v~ W and y directions can be obtained by the follow-
O ing equations, considering the electrostatic

force, consisting of the above three compo-
nents as well as gravity as the external forces
applied to the particles:

LqEx 1 € ~ €0

Ux = Ux + 3nuD, * 4 DSGO(m)
X ( aalf + aan )( BWiDp )

vy =ty + 3:71[1;2 + 16;1:0 52 ( 37fpo )
* g Dieo e:p+— Zo aaEy)% ’ aaiyz )
X (371po )~ C’i”gg @)

where £, and E, represent the strength of the
electrical field in the x and y directions (£, =
-3V/ox, and E, = —3V/3y), ¢, and ¢, repre-
sent the dielectric constants of the particles
and the air, g represents the charge of the parti-
cle, C represents Canningham’s slip correction
factor, and u, and u, represent the fluid ve-
locity components in the x and y directions re-
spectively.

The particle velocity components, calculated
by Equation (4), were substituted into Equa-
tion (3), to determine the concentration field
by applying a numerical analysis with the re-
laxation method. The concentration at the wall
surface was assumed to be zero (perfect absorp-
tion wall), as the boundary condition. For the
differential expression of Equation (3), it is de-
sirable to use the central difference for assess-
ing the convection term near the wall and the
windward difference for assessing the convec-
tion term at the duct center. This will improve
the calculation accuracy because the particle
velocity components are sufficiently small in
the vicinity of the wall surface indicating that
the diffusion term is not longer negligible. The
exponential method® | automatically taking the
above into consideration, was used to carry out
a numerical calculation.

The following equation was used to deter-
mine the particle deposition flux at the wall
surface:

J=cu, - D25

35 (5)
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Fig. 7 Deposition flux distribution compared with
calculated result (D, = 0.62 um)

2. 3 Distribution of the deposited particles

a) When the particle charge is not controlled:

The following is a discussion of the experi-
mental results for the case in which the charge
on the particles, generated by the nebulizer, is
not controlled.

Figure 7 presents the results for 0.62 um
particles, in which the dimensionless deposi-
tion flux ratio represents the ratio of particles
deposited by diffusion only to the particles de-
posited by both diffusion and electrostatic
force. The following equation demonstrates

this ratio:
o+

J = A

(6)

The experimental data are well represented by
the calculated results (solid line) developed by

- 7 T T T

= 5 Dy=0.33um
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Fig. 8 Deposition flux distribution compared with
calculated result (D, = 0.33 um)
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?\Q X\ assuming that each particle is charged with
O$ electricity of ¢ = 6e. As shown, the amount of

particles deposited on the polyethylene surface
is higher than the amount deposited on the
copper surface. The figure also shows the calcu-
lated results by assuming that g = e (broken
line); the deposited amount is smaller because
of the reduced electrostatic effect.

Figure 8 presents similar results for the 0.33
um particles, the number of 0.33 um particles
deposited on the polyethylene surface greatly
increases compared with the 0.62 um particles.
This results are due to the increased electrostatic
effect for the smaller particles, and the experi-
mental results are well represented by the cal-
culated results developed by assuming g = 2e
(solid line).

8 T 3
7k 91*3017/Am
Us=6cm/s
6k . g =15e -
......... q =€

Dimensionless deposition flux ratio J(--)

Copper

Polyethylene

Distance(mm)

Fig. 9 Deposition flux distribution compared with
calculated result (Dp =0.17 um)

Figure 9 provides the results for the 0.17 um
particles, the number of particles deposited on
the polyethylene surface greatly increases in
this case as well. The calculated results follow
the same trend. The experimental results are
well represented by the calculated results de-
veloped by assuming g = 1.5e. This, however, is
not true for those particles around the inter-
faces. The calculated flux ratio decreases in the
copper section near the interface vicinity, which
is conceivably the result of the electrical field
vector being directed locally to the upstream
side, as illustrated in the equivalent potential
chart (Fig. 6). The sharp increase in deposition
flux at the dielectric surface near the interfaces
is the result of the sharply changing potential
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of these areas. There is a discrepancy between
the experimental and calculated results of the
copper surface in the vicinity of the interfaces
because the calculation assumes that all the
particles are positively charged, while some
particles are actually negatively charged. Sur-
face roughness was considered to somewhat
affect the deposition flux. The effects, how-
ever, are negligible, since the interface thick-
ness is sufficiently greater than the surface
roughness. The experimental results presented
by Shimada, ef al 7), support this proposition.

b) Non-charged particles:

The results shown in Fig, 7 through 9 indi-
cate that the electrostatic force, generated by
the particles’ electricity is the major cause
forcing them to deposit on the dielectric sur-
face. This means that the number of non-
charged particles deposited onto a surface
should be constant, irrespective of the surface
material. In order to confirm this, we con-
ducted experiments with non-charged particles,
in which the aerosol particles generated by the
nebulizer were passed through a charge neutra-
lizer and a high-voltage (3 kV) field between
two parallel plates, to remove the charged par-
ticles. The distance between the plates and the
size of the plates were designed to remove the
charged particles completely.

Figure 10 compares the results of the charged
0.17 um particles with the same size non-
charged particles. The deposition flux of the
non-charged particles is constant, irrespective
of the surface material. In principle, even the

~ 8 T - .
‘% @ Charged particles Dp=017um
o 7T O Non charged * Ur=6cm/s
= particles (g=0)
c sl
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=)
= gl ;
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o
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Fig. 10 Effect of particle charge on the deposition
flux distribution
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\ﬂ“ﬂnon-charged particles are affected by the di-

electric migration force. This effect, however,
proved to be very small under the conditions
of this study (as indicated by the solid line
representing the calculated results) because
there was a very low contact potential differ-
ence of 0.3V. These results have confirmed
that the particles’ electricity is the major cause
of the differences in the extent of the deposits,
depending on the surface material.

¢) Particles with a known charge level:

When copper makes contact with polyethyl-
ene, the latter is negatively charged, as indi-
cated by the work function relationship, which
is shown in Fig. 5. Using particles of a known
charge level, therefore, allows us to control the
amount deposited on the polyethylene surface.
In order to confirm the above proposition, we
attempted to control the charge level of the
particles by passing them through a differential
mobility analyzer (DMA)?. Figure 11 shows
the results of the 0.17 um particles, whose
charge level was controlled at ¢ = e. This figure
also presents the corresponding calculated re-
sults. The experimental results agree well with
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Fig. 11 Deposition flux distribution with particle
charge equal to e

the calculated results, except for those results
near the vicinity of the interfaces. Next, we
carried out experiments with negatively charged
particles (¢ = —e). The negatively charged parti-
cles are repulsed by the dielectric surface,
which is also negatively charged. Figure 12 pro-
vides the results. As shown, there are no parti-
cles on the dielectric surface. The increased
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Fig. 12 Deposition flux distribution with particle

charge equal to —e

deposition flux of the copper plates in the
vicinity of the interfaces results because the
electrical field vector around this region is di-
rected to the central axis of the air flow, judg-
ing from the equivalent potential distribution
shown in Fig. 6. This has the effect of repuls-
ing part of the negatively charged particles. The
experimental results generally match well with
the calculated ones, except for the experimen-
tal flux on the copper plates in the vicinity of
the interfaces, which slightly deviates from the
calculated flux. The reasons for the discrepancy
are not yet understood.

The next case considers the effect of the in-
trusion of an electrical charge into the dielec-
tric material in the numerical calculation. The
calculated deposition flux ratio shown in Fig. 11
increases sharply in the interfacial area on the
polyethylene surface, while the experimental
ratio attains its maximum at the polyethylene
center. For the calculation, the potential on
the dielectric surface was assumed to be con-
stant, thus causing the potential to rapidly
change in the vicinity of the interface. In actu-
ality, however, some charge seemingly intrudes
into the dielectric body?, with the result that
the potential is not evenly distributed over the
dielectric surface.

Assuming that the potential distribution on
the dielectric surface is represented by the
following equation?, the particle deposition
flux is calculated, where the intrusion of a
charge into the dielectric body is considered:

V=-a—a(1-exp(- )00 +ap =1 (7)

where x represents distance from the interface
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and & for the depth to which the charge in-
trudes. In the region of x >> §, the potential
(contact potential difference) is constant,

Figure 13 compares the calculated results to
the experimental ones, where the potential dis-
tribution determined by equation (7) in the
case of g = e. The calculated results still show
a maximum flux at the interface with a low &
level of 0.02 mm, but the maximum appears at
the dielectric center with a & level of 0.04 mm,
thus showing the same trend as the experi-
mental results.

Dpy=017p¢m
Ur=6cm/s |
q=e
® = with DMA

sl sza,—ag(TO—exp(—:T))
=03 2,=07 X

Polyethylene Copper

Dimensioniess deposition flux ratio J(-)
N

Distance(mm)

Fig. 13 Deposition flux distribution compared
with modified calculated result

Conclusion

The deposition of aerosol particles on a sur-
face composed of different kinds of materials
(copper and polyethylene) was investigated
both experimentally and theoretically, in order
to determine where and to what extent the par-
ticles were deposited.

(1) The electrically charged particles are af-
fected by the electrical field, which is
spontaneously generated when the metal
comes into contact with the dielectric; the
positively charged particles are deposited
extensively onto the polyethylene surface,
which is charged negatively in the copper-
polyethylene system.

(2) The extensive deposition of positively
charged particles onto the dielectric surface
is mainly caused by the coulombic force
generated as a result of the interaction be-
tween the particles and the electrical field.
Smaller particles are more affected by the
electrical field, and, therefore, deposited
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more extensively onto the surface.

(3) The negatively charged particles are rarcly
deposited on a negatively charged dielectric,
but are deposited extensively onto the
copper section in the vicinity of the inter-
faces. This occurs because the electrical
field vector is directed locally to the main
stream flow in the vicinity of the interfaces.

(4) The calculated results assuming that a
charge intrudes into the dielectric body
match better with the experimental results
than in the case in which no charge intru-
sion is considered.
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Nomenclature
C : Cunningham’s slip correction factor[—]
¢  particle concentration [kg/m3]
D, particle diameter {pm]
D : Brownian diffusion coefficient [m?/s]
EyE, : electric field component of x

and y directions, respectively  [V/m]

e : elementary charge [C]
J,J : particle deposition flux and

dimensionless deposition flux

defined by Eq. (6), respec-

tively [kg/m?s], [—]
q : particle charge [C]
R : width of two-dimensional test

section (3.0cm) [m]

[m]

s : distance from wall

Uy, uy : fluid velocity component of x
and y directions, respectively [m/s]
u, : average fluid velocity [m/s]
Ux, Uy © particle velocity component of
x and y directions, respectively  [m/s]
X(=x/R),
7(=y/R) : dimensionless co-ordiriates [-]
V,
V(=V/AY),
AV : voltage, dimensionless voltage
and contact potential difference,
respectively [vl, I-1, V]
p : space charge density [C/m3]
M gas viscosity [kg/m-s]
€, €, ! permittivities of air arfd particle,
respectively [F/m]
a;,a, : constants defined by Eq. (7) [—]
§ : effective Debye length [m]
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Controlling the Moisture Content within
a Product of the Continuous Dryer

Ikuro Shishido
Miyagi Prefectural Institute of Technology*

Tadashi Fujimoto
Nikkan Kogyo Shinbunsya®*

Shigeru Matsumoto and Shigemori Ohtani
Dept. of Bio-chemical Engineering,
Tohoku University ¥**

Abstract

The control characteristics of the moisture content within a product (dried sardine
powder called “fish meal”) are investigated for an in-direct heating continuous dryer.
The system is described by a state space model, and the controller is designed based
on the discrete I-PD control scheme. State variable is estimated by applying the steady
or extended Kalman filter because the moisture content measured by an infra-red
hygrometer contains a large amount of random noise due to the rough surface of the
powdery product. Satisfactory control performance is achieved for a pilot-scale con-

tinuous dryer.

Introduction

Most dryers used in various plants are in-
direct heating dryers which employ steam as
heat source. During operation, it is common
practice to control only the amount of steam
used and its pressure empirically without other
control methods. From the standpoint of a
dryer’s energy consumption and product quali-
ty, dryer control should be important, yet no
significant efforts have been made in this direc-
tion. One obstacle which may be preventing,
this movement could be the lack of high-per-
formance moisture content sensors to measure
the moisture content within a product.

One moisture content sensor currently in
use is the infra-red hygrometer. The infrared
hygrometer is strongly influenced by surface
conditions, in particular, of powdery products
for example, fishmeal. That is to say, the infra-
red hygrometer detects a large amount of noise

* 8-7-20, Nagamachi, Sendai 982
TEL. 022 (248) 4386

*% 1.8-10, Kudankita, Chiyoda-ku, Tokyo 102
TEL. 03 (222) 7111

Aoba, Aramaki, Sendai, Miyagi 980
TEL. 022 (222) 1800
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This report was originally printed in J. Soc. Powder Tech-
nology, Japan, 25, 654-659 (1988) in Japanese, before
being translated into English with the permission of the
editorial committee of the Soc. Powder Technology, Japan.
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due to surface irregularities of a product, and
indicates if there is a variation in the moisture
content. The use of this output to control a
dryer varies greatly and thus hinders stable
control. For these reasons, we researched one
method of moisture content control with a
continuous dryer in which a product’s mois-
ture content was estimated after noise removal
with a Kalman filterV. One of the digital filters
in addition to a simple I-PD control law?'? was
applfed.

1. Control Model
1. 1 System’s transfer function

A single input/output system with the input
being the flow rate of steam, which is the dry-
er’s heat source, and the output being the mois-
ture content at the outlet of the dryer. Since
most drying systems can be approximated by a
dead time plus a first order lag, the system’s
transfer function can be expressed as :

Kexp(—Ly)

Gps) = 1+ 7,

(D
where T = time constant (min)
L = dead time (min)

K = proportional gain factor (—).

1. 2 System’s space condition indication

The infra-red hygrometer output usually
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N\ W containes a large amount of noise. Therefore,
\(\O output feedback results in instability. Various

filtering or smoothing treatments can be con-
sidered. We used a digital Kalman filter to esti-
mate the space condition. A stochastic system
model was designed on the assumption that a
large amount of noise was added to the obser-
vation area. In this case, it was necessary to
present the system model with space condition.
However, because the dead time element is in-
cluded in Eq. (1), the space condition is ex-
pressed in infinite degrees if no changes is made,
So here approximation by the Taylor expan-
sion was done as:

Kexp(-Ly) K

YO = YO i ar

U(s)

(2)
Thus,
TLIY(s) + (L+ Ty sY(s)+ Y(s) = KU(s) (3)

From this, if the state variables are changes in
moisture content and time derivative

X, =Y X, =dY/dt,y=Y 4
the following equations are obtained
X=Ax + bu (5)
y=cx+w (6)
0 1
where A = [~1/(TL) - (T+L)/(TL)] (7)

(2 X 2 matrix)

_[X
x—[XJ (2 X 1 vector)

b } (2 X 1 vector)

0
{k/TL
¢=1[10]

and where u is the sum of u, definitive input
(dryer’s steam flow percentage) and v, model
error and other irregular elements (disturb-
ances), as
u=u-+vy

(1 X 2 vector)

(8)

and w is observation noise. Here an assumption
is made that the w and v noises are white
random noise. In other words, the following
equations are assumed

E) =u, E(V?)=0Q

E(w)=0, Ew?*)=R )
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P/
%.
This space condition model is a continuous-

time system. To express this with the discrete-
time system

X1 =Fxy + guy (10)
Yi =CX, + Wy (11
F and g in the equation are obtained as follows:
F =exp(A7), (2 X 2 matrix) (12)
g =f07exp(At)dt- b, (2 X 1 vector) (13)

where r = sampling time,
1. 3 Kalman filter designes
1. 3 1 Steady Kalman filter

Assuming expected values for uy, (uy — Uy )?,
wy and wi in Egs. (10) and (11) from Eq. (9)
as follows:

E(Uy) =ux, E{(Ux-u)*)=Q

E(Wi)=0, EMWZ)=R

the estimated condition vector X by the dis-
crete Kalman filter is obtained as follows:

Xp =%, +PcTR' (¥ — ¢X1),(2 X 1 vector)(14)

99

(15)

where P can be considered the convergent value
of the following equations.

Po=M '+ cTR '), (2 X 2 matrix)(16)
My =FP,_,FT + gQg”, (2 X 2 matrix) (17)
1. 3 2 Extended Kalman filter

X, =FX,_, +guy, (2 X | vector)

The above-mentioned steady Kalman filter is
considered especially effective when the sys-
tem’s transfer function is known, as shown in
Eq. (1), however, when the processing quantity
fluctuates or the material changes, the length
between the surface evaporation section and
the internal evaporation section within the dry-
er also changes. This causes the system to
change, thereby changing the values of K, L
and T in Eq. (1). Moreover, if this change
occurs while the dryer is in use, it is expected
that condition estimates with the steady
Kalman filter are no longer possible. In such
circumstances, the extended Kalman filter?
can be applied to estimate the condition by
making K, L and T unknown values. In other
words, the assumption is made that the system
can be expressed as:
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Xer1 = F(0)xx + g(0)ux (18)
Vi = X + Wy (19)

where 8 is the parameter when F and g in Eqgs.
(12) and (13) respectively are considered un-
known.

Xpry | _ | F(0)xi + 8(0)ux
ot R B
Vi =X + wi 2D

From this, extending the state variable z;, the
estimated value of the state variable zg.; is
obtained as follows:

Zp = {xk“}, (8 X 1 vector) (22)
0k+1
where
F(0)x, +
fi= [ ( )xgk gw)”"}, (8% 1 vector) (24)
S, = [HP,HT+R]™", (scalar) (25)
Ny =J P.HTS,, (8 X 1 vector) (26)

Pis1= S P JIE+0- N STENT (8 X 8 matrix)(27)

I, = {F(gk) IL"} (8 X 8 matrix) (28)
H=[c 0], Q{gb 8} (29)

(1 X 8 vector) (8 X 8 matrix)

Also, L, is given from the following equation.

L, - _af% [FO)%k + 8O unlpy,

(2X 6 matrix) 30)

1. 4 Design of I-PD control law
The I-PD control can be designed with par-

V.

7
Y

A GV 4

DA
Yan%a
s

tial knowledge of dynamic characteristics of
the process and that even a system which has
a relatively large dead time can be easily de-
signed. According to Kitamori®>*? with the
transfer function of the material under control,

bo + bls‘l" b2s2 +"'
ag +a,s+a,s* +-

Gp(s) = 3D

with the transfer function of the feedback
compensation element

Ge(s)=fo + 15+ (32)

and with the transfer function of the controller,

Gels) = (33)

the denominator series of the closed loop sys-
tem transfer functions from target value to
control amount is expressed as:

G(s) ' =ag + a's + a)’s* +ai’s® +--- (34)
then, k, fo and f; can be determined by corre-

sponding coefficients at as high a level as pos-
sible to the following reference model:

G’(S)_l :1+a15s+a25252 +a353S3 (35)
where
{ai}={1,0.5,0.15} (i=1,2,3) (36)

In practice, because of the discrete-time sys-
tem, it is considered that the rise time 3, (when
the PD action is used to compensate the dy-
namic characteristics), is obtained as the mini-
mum root of the positive of the following
equation (7: sampling time)

(a2l + 7'(11, + Tzaol)(x463 +

(_‘a3l + 7/1 27'2(11, + 1/47300’)(1362 +

(‘(13' - 7/127’(12' + 1/187’3(10,)7'025 +

(-1/3a; — 1/4ra, — 1/187%a,)r* =0 (37)

W

r. + + 0.
—_—C———] «/s

‘-LL
Piant

Steady-Kalman
Filter

or

> Extended
Kalman filter

fot+fis

Fig. 1 Scheme of control system

50

KONA No. 8 (1990)



and, k* (=k), fo* (=fo), and fi* (=f1 + 0.57f,)
are respectively given from:

(a, + ta; + 1/37%ay)

[
6(0(352 + TC(26 + 1/3T2) (38)
f& = k*a 8 —ay (39)
i = k¥*a,8% —a, + 1/27f§ 40

The block diagram of the entire system is
shown in Fig. 1. '

2. Simulation Results
2. 1 Influence of observation noise

Figure 2 shows the influence of noise on the
controllability with one-minute sampling item
when the Kalman filter was not used: (a) shows
the ideal state, free of noise, and (b) and (¢)
show the standard variations of noise o, of
0.1 and 0.5, respectively. It can be predicted
from the simulation result, as the figure indi-
cates, that as the noise increases, the control
input variation increases, and this system is
controllable if the noise level is less than 0.1,
however, a noise exceeding 0.1 would greatly
fluctuate the steam flow rate, thereby increas-

20 T ¥ T T T
(a) on=0
& 15
g nputisteam flow rate)x1/5
z 10
=
a

outputimoisture content)
0 + + t

4

(b) 6.=01

input/output (%]

input/output (%]

0 50 100 150 200 250 300

time [min]

Fig. 2 Simulation result (influence of noise)
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input/output [%]
IS

input/output [%]

ing the influence on the upstream side, for ex-
ample, of a boiler.
2. 2 Effect of the steady Kalman filter

Figure 3 shows the simulation result when

20

T T T T T

(@) 6n=05. =1 mmn

measured output

g

estimated output
0 + + + +

(b) on=1 r=10 min

+

measured output

estimatec output

O 1 1 A 1
0 50 100 150 200 250 300

time [min]

Fig. 3 Simulation result using Kalman Filter

20 Y T T T T
{a) R/Q=100
< 15F 4
=)
joR
= 10} input p
]
T~
35
[of
=
estimated output measured outpu!
0 t } $ + +
(b) R/Q=0.01
= 15}
= 1of
=
g
= 5
estimated
output measured output
0 } t t + }
fc) R/Q=0.0001
® 154 1
. estimated output
é input
> 10k
< e
=]
a A
= 5-
N
measured output
O 1 1 L
0 50 100 150 200 250 300
time {min]
Fig. 4 Simulation result using Kalman Filter
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the Kalman filter was used to remove noise: (a)
shows the case when the standard variation
of noise was 0.5 and a sampling time of one
minute; (b) when the standard variation of
noise was 1.0 and a sampling time of 10 min-
utes. Both cases indicate favorable controls,
and the condition estimation using the Kalman
filter produces satisfactory controls for rela-
tively large noise during the varying sampling
time from 0.5 to 60 minutes.

2. 3 Kalman filter R and Q

When designing the Kalman filter, it is neces-
sary to obtain information about the system
and noise to be observed. The values of R and
O were determined as a results of trial and
error. That is to say, R and Q were randomly
assumed as the change in the steam flow rate,
which is a control variable, was investigated by
simulation. Figure 4 shows this example. From
the figure, it is known that if the R/Q ratio is
more than 0.01, generally good control is pos-
sible. In the experiment, described later, R =
0.1 and Q = 1 were used, however, no further
studies have been made to test whether these
are optimal values,

2. 4 Effect of the extended Kalman filter

For system changes such as variation in
processing quantity, it is necessary to study
whether the extended Kalman filter can ap-
proximate the condition variable. Figure §
shows the simulation result when the system
started to change. For some reason, 30 minutes
after the start of control and one hour later the
system changed from its initial state (K and T
in Eq. (1) changed from 0.355 and 40.7 to 0.2
and 60.0, respectively). According to (a), it is
evident that the steady Kalman filter does not
estimate the condition favorably. The applica-
tion example (b) of the extended Kalman filter
under the same conditions, clearly indicates
favorable condition estimation. Here the sys-
tem’s information content was increased by
shortening the sampling time to carry out con-
dition estimation favorably and the controlling
time was set at appropriate time intervals to
suppress abrupt variations in the control input.
The figure shows an example of one minute
sampling time and 5-minute controlling time.
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g. 5 Simulation result with system parameter change

3. Experiment
3. 1 Experimental equipment and method

Figure 6 shows a schematic drawing of the
continuous dryer used in the experiment. The
convection type dryer employs an indirect
heating system which uses latent and sensible
heat of steam as the heat source. Inside the
dryer, there are five steam heated steel tubes,
a rotor with blades attached to feed the prod-
uct, and a steam heated jacket. The total length
of the dryer is 2 m, and the inside diameter of
the jacket is 20 cm. Samples are charged into
the dryer by a screw conveyor. The product
coming out of the dryer is transported outside
the system on the final conveyor and there its
final moisture content is measured by an infra-
red absorption colorimetric moisture meter
(model IR-M, made by Chino Seisakusho). The
sample in this case is the in-process product
produced during fishmeal production, used
mainly as stock feed from sardines and sardine
residue. Since the fishmeal also contains a little
oil, it is not possible to measure the moisture
content accurately by only observing the
strength of the absorption wave length on a
single wave length zone on a general purpose
infra-red adsorption hygrometer because infra-
red is also absorbed by oils. Therefore, the ab-
sorption rate on the dual wave length zone was
detected and two voltage outputs £, and £,
which are related to water and oil contents,

KONA No. 8 (1990)



o
£
NI
X o
< N
6@ \‘(\O
Q"
$?~ Wwere obtained. It was assumed that the rela-
\(\O tionship between these outputs and moisture

content can be expressed as follows from the
results of the preliminary experiments:

¥ =0.2328 + 2.653In(1250E,)
= 2.4539In(1250F,) 4D

feed

to condenser
air iniet

&\ jacket
i

rotor

IR hygrometer

drain |10 roter

Y
1
1
1
1
1
. |
1T | outlet (J i
1
} flow meter P’:
! [}
]
] control steam inlet 1
; valve !
]
personai data femmaaeoaoo S i
computer logger [FTTTT T T s s e

Fig6 Schematic drawing of experimental
continuous drying equipment

3. 2 Experimental result

In the preliminary experiment when no dig-
ital filter was used, no control was made be-
cause the control input varied because of the
noise. Also, in the preliminary experiment
when the steady Kalman filter was used, no
control was made because the system could not
follow the system parameter changes because
the processing quality varied or the heat trans-
fer surface of the experimental equipment was
dirty. The formal experiment used the ex-
tended Kalman filter from the start. Figure 7
shows the experimental result. Case (a) shows
the initial moisture content of the material as
66% of the wet basis, 0.1 minute sampling
time, 5 minute control cycle and 7% target
moisture content. The moisture content at

the dryer outlet shows the values per minute.
According to the figure, the target value was
obtained about one hour after the experiment
start, thereby indicating favorable control re-
gardless of the large amount of noise observed.
Case (b) shows the target moisture content
initially set at 5% but then changed to 7% 1.8
hours after the experiment started. As seen
from the figure, the moisture content was
slightly overshot at the outlet, however, it be-
comes steady 1.4 hours after resetting the tar-
get moisture content.

KONA No. 8 (1990)

20

input/output [%]

estimated output

O i i
0 60 120 180

time [min]

Fig. 7 Experimental result of controlled system
(a) constant target moisture content
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Fig. 7 Experimental result of controlled system
(b) step change target moisture content

Conclusion

In this report, in order to control the prod-
uct’s moisture content in a continuous dryer,
the system was first expressed in terms of the
condition space model. Next the control sys-
tem was constructed based on the I-PD con-
trol law. In this case, an observer is made up
by the steady or extended Kalman filter to
remove the influence of variations in product
moisture content, which is measured by the
infra-red absorption moisture meter. This
shows that a product’s moisture content can
be favorably controlled by applying the ex-
tended Kalman filter even if the quantity of
material to be processed varies to some extent.
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: system matrix at continuous-time system

b :

(-]
: measurement vector [-]
: output voltage from infra-red hygrometer [V]
: feedback gain factor of I-PD controller [-1]
. system matrix at discrete-time system [-]
: control distribution vector at discrete-

: transfer function

: gain factor of I-PD controller

: proportional gain factor

: dead time

. covariance of system disturbance [

: covariance of measurement disturbance [—
: the complex variable in Laplace domain |

(-]
control distribution vector at continuous-
time system

time system

N R e T ool N

O,
: sampling time [min]

T

: time constant

: input variable

: steady value of input variable

: system disturbance

: measurement disturbance

: state variable vector

: time differential vector of x

. estimated state vector

. state vector in Kalman filter theorem
. output variable

: extended state variable vector in extended

Kalman filter theorem
standard variation of noise
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An Assessment of the Mechanism of Particle Shape Separation

by a Rotating Conical Disk with a Spiral ScraperJr

Kenichi Yamamoto, Tatsuo Tsukada
and Masunori Sugimoto

Dept. of Chemical Engineering,

Toyama University*

Abstract

To study the shape separation mechanism of solid particles of differing shapes on
a rotating conical disk with a spiral scraper, the behaviors of particles travelling along
the scraper wall were discussed by using some cylindroid particles differing in cross-
sectional shape. In this paper, for the simulation of the particle’s motion along the
scraper, three types of the motion were proposed and combined each other,

Simulations were carried out under various operating conditions, and the values of
0, (: the vectorial angle at which a particle leaves the scraper wall) were calculated for

(1) 6, decreases with increase in the shape index k over a comparatively wide range
of k, where k is the ratio of the semi-minor axis b to semi-major axis a of an
ellipse ar cross section of a cylindroid. The correlation between 6 and k is con-
siderably affected by the rotating speed of the disk n and inclination angle of

(2) The particles of differing shapes could be effectively sorted along the scrape}

(3) 65 values estimated by the simulation agree approximately with the ones ob-
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each particle.
The following results were obtained.
the disk surface B.
on the disk,
served for various cylindroid particles.
Introduction

Various methods for continuously separating
solid particles of different shapes have been
proposed, such as the inclined rotating disk!™%,
the inclined vibrating plate®” and the inclined
rotating cylinder® methods.

The authors have developed a device, which
has a rotating conical disk with a spiral scraper
serving as the key component for continuously
separating solid particles of differing shapes.
The authors have also investigated its separa-
tion characteristics by using solid particles with
irregular shapes. As a result, it has been con-
firmed that the device is an effective solid shape
separator, because of its wide shape-separation

* 3190, Gofuku, Toyama 930
TEL. 0764 (41) 1271

+ This report was originally printed in J, Soc. Powder Tech-
nology, Japan, 26, 12-22 (1989) in Japanese, before being
translated into English with the permission of the editorial
committee of the Soc. Powder Technology, Japan.
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zone along the scraper and its relatively high
separation efficiency®!?.

In this study, attempts were made to simu-
late the motion of the cylindroid particles
along the scraper walls, in order to understand
the basic separation mechanisms of the device.
Using the results as a basis, we can discuss the
effects of the operating conditions based on
the relationship between the particle cross-
section and the separation position on the
scraper.

1. Separator

The previously described separator®'® was

used in this study. Figure 1 outlines the key
parts of the device consisting of a rotating coni-
cal disk (1) (surface inclination: 8, radius: R,
speed of rotation: n [min~' ], hereinafter re-
ferred to as the disk) and the spiral scraper (2)
set on the disk. The scraper was fixed by an-
other table, and was stationary. The Py to P;
section of the scraper (hereinafter referred to
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—t|

.| Rotating conical disk
2 Spiral scraper fixed to holder

Fig. 1 Experimental apparatus

as the scraper wall) is represented by the
following logarithmic spiral equation:

re =ape?? (p=tan « = const.) (D)

where, 0 [rad] is the amplitude in a clockwise
direction from point Py, and r; and a, are the
radius vectors [m] at § =6 and point Py, re-
spectively.

2. Particle-shape Separation Mechanisms Based
on the Simulated Motion of the Cylindroid
Particles

2. 1 Assumptions for a motion model of the
cylindroid particles

We assume that, as discussed previously!®,

the shape separation characteristics of the par-
ticles collected along the outer periphery of the
disk are greatly determined by the difference
of the particles in a motion along the scraper
wall, i.e., by the difference in mechanical sta-
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bility, during the separation of irregularly

shaped particles. In this subsection, the differ-

ence among these particles in the motion along
the scraper was, therefore, simulated and dis-
cussed.

In this study, the motion of the cylindroid
particles with different cross-sectional shapes
were investigated, as shown in Fig. 2, where
G-x', G-y’ and G-z' represent the axes of the
rectangular coordinates with the particle
centroid, G, serving as the origin, x' and z’ re-
presenting the minor axis (26) and the major
axis (2a) of the cylindroid cross-section and y'
representing the axis perpendicular to the G-x'z’
plane.

Assume that a cylindroid particle is supplied
in such a way that it slowly makes the outer
periphery of the G-x'z' plane contact with the
scraper wall at point P,, as shown in Fig, 1.
Furthermore, consider the motion of a particle
driven along the scraper by the rotating disk
until it is dropped from the scraper wall onto
the disk after losing its mechanical balance.

The analysis of the particle motion was sim-
plified by the following two assumptions:

(1) The y! axis of the cylindroid particle mov-
ing while making contact with the scraper
wall is approximately horizontal, and per-
pendicular to the radius vector of the
scraper.

(2) The angular velocity of the particle cen-
troid G around the disk center (point O) is
the same as the angular velocity of the disk,
w [rad/s].

The position of the particle centroid, G, is
therefore given the following equation:

0 = wt (2)
where, w = mn/30

Next, consider the particle motion on the
two rectangular coordinates, O-xz and O-rk
fixed to the rotating disk, as shown in Fig. 2.
At ¢ = ¢, the particle will make contact with the
scraper wall and the disk at points E and C, re-
spectively, on the outer periphery of the G-x'z’
(the elliptic plane) containing the centroid G.
At the same time, it will make a two-dimen-
sional motion parallel to the O-xz coordinates
plane (or O-rh plane) on the rotating disk,
while the scraper forces it to move in the r
direction, according to the above assumptions.
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QO \S 2 Basic equations for the position and at- satisfies the conditions of Eq.(3) should also
\(\Q titude of the cylindroid particle satisfy t.he relationships of Egs. (4) and (5) at
The angles of attitude ¢, A and & [rad], an amplitude 6 =6 (: 7=1) :
shown in Fig. 2, of the cylindroid particile that
h z
Scraper
t =t
6=4
Scraper
E.
A h=0 .
/ ’3 /E £ a
<0y
o=4a, |ri=r, Co V% F'
Disk
r M- FE
© T
l
Fig. 2 Geometry, co-ordinate systems, forces acting
on a cylindroid, and the motion of a cylindroid
on the rotating conical disk with a spiral scraper
x"2/b? + z'%/a? =1 (3) @ a*bh?
Se=f"—— 5 de  (1D)
§=¢+p8~-n/2 (4) oo (a®sin®¢ + b2 cos? o)
tan A = (@*/b?) tan ¢ (%) 5 a*b?
Sy = T + b7 co 50 dé (12)
where, ¢, A and & are the angles in the counter- 80 (@”sin cos*6)
clockwise direction from the standard line GB where, the subscript O stands for the value at ¢
to GD, GC and GF, respectively. Then, the dis- =0
tances GC, GD, GF, CD and EF are given by Based on these relations, the position of the
Egs. (6) through (10): particle centroid, G, in the x and y directions

P . 1 (x, z) and its speed and acceleration are given
GC=r, = (L8N 0% D7C0S ¢, (6) by Eas. (13) through (18). Also the rotary

o a’sin®¢ + b?cos’¢ motion of the particle around the 3’ axis is
GD =z, = (a®sin®¢ + b%cos?¢)"? (7) given by Egs. (19) and (20):
GF =r; = (a*sin?6 + b2cos?6)"? (&) x=(rg + r-)/cosB—ZG tang (13)
— (a® — b?)sing cos¢ dr
CD=x,p = 9 c= (=2 +
P (a*sin?¢ + b2 cos?¢)"? ©) x=( der d¢> (14)
== _ (b* —a?)sind cosd ., d?r dzr,
EF = hgp = (a*sin®s + b? 00525)1/2 (10) ¥=( dtzs t s de? 6> + —'——¢)/Cosﬁ
d ZG 2 ZG .
The peripheral lengths for which the cylin- (== dg? ¢ P ¢)tang (15)
droid particle makes contact with the disk and B
the scraper wall, S, (=C,C) and S, (=E, E), re- Z7 % (16)
spectively, at =0 to ¢ = ¢ are given by Egs. (11) 5= dzg é a7
and (12): d¢
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?\Q ®® d?z- . dze -
N ;- . (18)
. dh
A= To (19)
. A ., dh
A= e 2 + P s 20)

The r and 7 coordinates of the centroid, G,
are given by Eqgs. (21) and (22):

F=xcosf + zsinB=r; + r; @n
h=-—xsing + zcosp
=zg/cosp — (ry + r;)tanp (22)

Thus, Egs. (5) and (13) through (22) can
reveal the motion of the particle restricted by
the scraper and the disk, if ¢, ¢ and ¢ at an
arbitrary time ¢ = ¢ are known. The motion of
the particle will be discussed in detail in the
following subsection.

2. 3 Changes in position and attitude of the
particle over time

2.3 1 Forms and equations of particle motion

Assuming that the position and the attitude
angles of the particle change from ¢t =0to r = ¢,
as shown in Fig. 2, the slip velocity, v, at the
contact point, C, of the particle in the x direc-
tion (v > 0, when the particle slips in the posi-
tive x direction) and the slip velocity, v*, at the
contact point, E, in the / direction (v* > 0,
when the particle slips in the positive /4 direc-
tion) are given by Egs. (23) and (24), respec-
tively.

v = _Ei_.i dxCD _ de
dr dr d¢
Aopw ePer her -
= - + +
oy ( cosg Xeptanf + zg )¢
(23)
. % dhpr  dS,
dr dt dt
= —qopweP¥!. tang
Xch ;
+(r;+ +h
(r; cos g ertang)e (24)

In this study, the motion forms of the parti-
cle moving while it is making contact with the
scraper and disk surfaces are represented by the
positive, negative or zero values of the slip ve-
locities, v and v*. The particle motion may be
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classified into three general categories, case-1,
-2 and -3, as shown in Fig. 3, depending on the
characteristics of the device and the particle in
motion; (1) the inclination, 8, of the disk is re-
latively small, (2) the particle is slowly supplied
to point, Py, and (3) the particle is continuous-
ly forced out by the scraper in the positive
direction of the radius vector, », of the disk.
In Fig. 3, the v and v* values (positive, negative
or zero) are shown for each case, and at the
same time, the frictional forces, f and f*, at the
disk and scraper surfaces are marked with the
friction type (either stationary or dynamic),
and furthermore, at the direction, where f; and
Ju are the stationary and the dynamic frictional
forces at the disk surface and f* and fj are
those at the scraper surface.

As Fig. 3 suggests, Case 1 represents a case
in which the particle slips both on the disk and
the scraper surfaces.

In Case 2, on the other hand, the particle
moves without slipping on the disk surface, al-
though it slips on the scraper surface in the
positive / direction.

Case 3 represents a case in which the motion
of the particle in Case 2 is reversed; the particle
slips on the disk surface in the x direction and
moves without slipping on the scraper surface
in the / direction.

Case 1 will be further subdivided into Cases
1-1 and 1-2, depending on the direction of slip
velocity v* on the scraper surface, and Case 3
will be divided into Case 3-1 and 3-2, depend-
ing on the direction in which the stationary
frictional force, f*, works, where f;* is < 0 in
the former case and f;* > 0 in the latter case,

For all cases, the motion equations of the
particle centroid G in the x and z directions
and around the y' axis (the moment is positive
in the clockwise direction) are given by Eqgs.
(25) through (27), respectively, in which the
directions of the frictional forces, fand f*, are
positive in the positive x and /4 directions:

M3 = Mgsing + Mrw?cosg + f— f* sing

+ N*cosp (25)
Mz =—-Mgcosf + Mrw?sing + N + f*cosp

+ N*sing 26)
N =—z¢f—XcopN+Lf*+ hgp N* (27)
I=M(a? + b2)/4 (28)

where, M is mass of the particle, N and V* are
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\&““ normal reaction forces generated on the disk

and scraper surface, respectively, g is the ac-
celeration due to gravity, and [ is the moment
of inertia.

The dynamic frictional forces, f; and ff, are
provided by Eqgs. (29) and (30), respectively.

Ja = uaN (29)
Jd&* = uN* (30)

where, py; and wugf are the coefficients of the
dynamic friction between the particle and the
disk surface, and between the particle and the
scraper surface, respectively. These are con-
stant, irrespective of the slip velocity.

Next, let’s discuss the particle motion for
each case.

2. 3 2 Motion equations, Case 1

Referring to Fig. 3, the direction of the
dynamic frictional forces are f = ~f; and
f* = —fF in Case 1-1, and f = —fy and f* =
f& in Case 1-2. This is based on which the
Egs. (25), (26), (29) and (30), are solved
for the reaction and frictional forces in Case 1
(: subscript 1), as shown by Egs. (31) through
(34):

ﬁi* = fau’l< =
~ug M{(g+ ugrew > )sing+(rw’=ugg)cosp—X—ug 2}
(Ug * ug®)sinp + (1 ¥ pugug*) cosp

(31)

Ja = far = M (gsin+ rw? cosp—x)
* fa,*(sinf + cosf/ug*) (32)
N=N; =fa1/ua (33)
N* = N* = 3" ud* (34)

where, the upper side represents Case 1-1 and
the lower side represents Case 1-2. Different
signs (with respect to the positive and negative)
are used for a term. Substituting Eqgs. (31) and
(32) for Egs. (27), (29) and (30) will yield Eq.
(35):

- X -
I = (26 =22 ) ay 7 (0%

hE*F Vi
d
Substituting Eqs. (20), (15) and (18) for
the X, x and Z values of the above equations
will yield the following differential equation
(Eq. (36)), hereinafter referred to as the basic
motion equation:

0(0, ¢, )={¢* - /11 (8) + fi2 (¢, N} /f13(9) (36)

(35)
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where,
-a* + b? d*n
4 do?

Ay 1
de? cosp

fi1(e) = Uiy =(

dx dx
- d;D tang)Ui, = ng Uis

f12(9, 1) = 2p*w?ayerwt « Uy, [cosp
+ (Mazg —Xcp )€ F ud'rw?)
+ (ug i Fher) {(g+ uarw?)sing
+ (rw? ~ ugg) cosg}

a*+b* da h
fis(o)= 4 do Uiy i(C§§B+XCDtanﬁ)U12
¥ Xcep Uss

Uy = (g *ug")sing+ (1 F pgug™) cosg
Uiz = (Hazg —Xcp ) (ua* cosp ¥ sinB) —ug*r; + hgp
Uss = (gzg —Xcp ) (ua*sinf £ cosp) = uqug"r;
* ua hgr
The motion form of Case 1-1 will be trans-
ferred into the motion form of Case 2, when v

=0, and Cases 1-1and 1-2 into the Case 3 mo-
tion form, when v* =0 (refer to Fig. 3).

2. 3 3 Motion equations, Case 2

The reaction and frictional forces generated
on each surface are provided by the following
equations for Case 2 (: subscript 2) after sub-
stituting the relations, f = —f; and f* = —f;* into
Egs. (25) through (27):

N* =NjF=

(IX—M{zc (gsinB+ rw2cosf— i)

—Xcp (gcosf-rw?sing + )}/

26 (ug*sinf + cosp) —xcp (g *cosp—sinp)

—ud*ri+ hgp 37
N=N, =M (gcosp—rw?sing + %)

+ (ug*cosp—sinB)N,* (38)
fi = fin = M(gsing+ rw? cosp—x)

+ (ug*sing + cosp)N,* (39)
J& = fad" = ud* NS (40)

Assuming that the slip velocity, v, is zero on
the disk surface in the Case 2 motion form will
reduce Eq. (23) into Eq. (41):

L, = agpweP®?/cosp }
U, = hgr [ cosB+ xcptanf+ z¢
(41)

Differentiating Eq. (41) by ¢ will yield the

¢.>=L2/U2 {
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basic motion equation for Case 2:
89, 9, 1) = (3 sz dU2 )/ U2
+ B0 ang + T504) vy (42)

In the Case 2 motion form, the particle will
start to slip on the disk surface in the positive
x direction, when its stationary frictional force,
Js2, exceeds the maximum stationary frictional
force, uN,, (u, : stationary friction coefficient
on the disk surface), transferring itself into the
Case 1-1 motion form, and into the Case 3
motion form, when the start of the slippery
motion is accompanied by v* = 0 (refer to
Fig. 3).

[Case 1] [Case 2]
__________ ~ h
Iz h [Case 1—1]' <
| A
A \ ! > A\
»; |
' %
1 fa(iv>0) X}\l f Cv>0)
\ : [Case 3]
b [Case 1-2) : el — \
S = [Case 3-1]
| I
2 X N N
2 | 1> |
= | I+ |
| i l
fo (v>>0)
ISR r«\ ! fa (2v>0) x%
N_ T TiCase 3-7)!
1o |
] R J
| > |
- [
1 |
! ¥
L __ltr>0

Fig. 3 The modes of particle’s motion in the present
simulation

2. 3 4 Motion equations, Case 3

The direction in which f£* works depends on
the overall force balance acting on the particle,
and may change in the Case 3 motion form.
Assuming a negative f;* direction, the reaction
and frictional forces generated on each surface
are provided by the following equations for
Case 3(: subscript 3) by solving Egs. (25)
through (27) and (29) with the relations, f= —f;
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and f* = —f*.
N*= N =
31 —IX(sing = g cosp)

(Mgzo—xcp )1 (g sinf+cosf)—ler(sinf—ugcosB)
(43)

J31 =M gri(sinf— ug cosp)—rw*{(uazg ~xcp )
—1,(cosB + ugsing)} + X {(uqzg —xcp )cosp
= ri}+ £{(uaze —xcp )sinB—uat;} ]

[* = fis* = T35 [ (ug cosp — sinB) (44)
J32 =N3*(ugsing+ cosp) + M{g(sing
= HgcosB)+ rw?(cosp+ ugsing)

— X~ paZ}
fa=Fas =M(gsing + rw? cosf—x)
+ fi3*sing + Ni*cosp 45)
N=Ns = fus g (46)

Assuming that »* = 0 in the Case 3 motion
form will reduce Eq. (24) into Eq. (47):
¢3: La/Us
{ Ly =agpweP’. tang }

Us =r; + xcp /cosp + hpptang 47)

Differentiating Eq. (47) by ¢ will yield the basic
motion equation for Case 3.

66.4,0- (Ly,- 1,40 >/U3

= {(a0p2w2ep“” - tanp) U; —

dxCD 1 dhEp
d¢ cosB ds

tang)é} /U
(48)

When f;5* > 0, the motion form of the particle
will"be represented by Case 3-1, in which the
stationary frictional force works in the negative
A direction. When f;* < 0, it will be repre-
sented by Case 3-2, in which the stationary
frictional force works in the reverse direction.
When |f,5¥| > uFN5* (where, ug*: coefficient of
the stationary friction of the particle on the
scraper surface), the particle will start to slip
on the scraper wall surface, in both the positive
h direction in Case 3-1, and the negative £ di-
rection in Case 3-2. The Case 3-1 motion form
is transferred into Case 1-1, or from Case 3-2
into Case 1-2, when the slip velocity v > 0, and
from Case 3-1 into Case 2, when the start of
the slippery motion is accompanied by v =0
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$?~Q W (refer to Fig. 3). where, r, is ¥ (Eq. (21))at £ = 0.
\(\O The aforementioned ¢, is the value of ¢ suf-

2. 4 Simulation of the cylindroid particle
motion

2. 4. 1 Simmulation procedure

The motion of the cylindroid particle until
it leaves the scraper surface is simulated by the
method illustrated in Fig. 4.

START

Fig. 4 Flow chart of calculation

(1) Initial conditions

It is assumed that the angle of the attitude
of the particle at ¢t = 0, i.e., ¢ = ¢,, will equal
the angle of attitude, ¢, = ¢q, at which the
particle is stationarily balanced at 8 = 0, imme-
diately before it comes into contact with the
scraper wall surface at Point P, .

In other words, the conditions under which
the particle balanced on the assumption that
it does not slip on the disk surface are provided
by Eq. (49), which is derived from Egs. (25)
through (27) with N*, f* X 7 and X set at zero
and with the relation of f= —f,:

Y(¢) = z5 (gsinp + row?cosp)
—Xcp (g cos—row?sing) =0 49)
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ficiently close to zero that satisfies the condi-
tions given by Eq. (49), and is obtained by a
numerical calculation (the Newtonian method).

The initial angular velocity, ¢,, on the other
hand, is set to zero.
(2) The numerical analysis of basic motion

equations

The form of motion at t = 0 may be deter-
mined from the v and v* values, determined by
substituting the operating conditions and the
initial conditions (¢o = ¢, ¢, = 0) into Egs.
(23) and (24). The basic equations for the
motion forms (differential equations) are nu-
merically analyzed by the Adams-Moulton
method with increment Az =1 X 10735, to find
¢, dand ¢ at £ =, (= 1 X At). These¢, ¢ and
¢ values and the condition of ¢ = ¢, will give
the values of the reaction forces, N and N*, the
frictional forces, f and f*, and the slip veloci-
ties, v and v*. Determine the next form of the
motion, by the method described below, after
determining the signs of the slip velocities, v
and v*, (positive, negative or zero). Repeat the
above procedure to find ¢, ¢ and ¢ at r=1¢;, +
At to determine the next form of the motion,
until the particle comes off the scraper (i.e., N*
<0).

(3) Motion form transfer
1) Setting the slip velocity, when it changes its
direction

When the direction of the slip velocity at ¢ =
tiy (=t; +At), determined by the motion form
att=¢;,(i=0,1,2,...), is opposite to that at
t =t;, i.e., when it can be assumed that slip ve-
locity becomes zero at ¢; < ¢ < ¢t,,,, the slip ve-
locity at ¢ = 5, will be corrected by the meth-
od described later, and the corrected value will
be used as the criterion to determine the mo-
tion form at r =1t .

Assume that the slip velocities at ¢ = ¢; are
v* = v# in the & direction and v = v; in the x
direction, and that those at ¢ = ¢;;; , determined
by the motion form at ¢ =¢;, are v* = v;* and
v = vy, respectively,

Next, assume, for the sake of simplicity, that
the v*-t and v-¢ relationships are represented
by straight lines passing through points (¢;, v¥)
and (¢, vi1), and (points ¢;, v;) and (2341, Vi1 ),
respectively, Then, the estimated time, ¢ = ¢,;*
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and t = t,,, required for v* and v to become
zero is given by the following equations:

too' = Vi (tiy — 1) [ (s = 0) + 1;

tyo = ~vi(tsr — 1)t — ) + &

(50)
(5D

The conditions making the slip velocities zero
at t; < t < ty; are; [Condition 1]: ¢; <ty <
t41 on the scraper surface, and [Condition 2] :
t; < tyg < ti+1, based on a straight line approxi-
mation.

It can be assumed that, once the slip velocity
becomes zero at #; < t <ty , the particle will
not start to slip until the stationary frictional
force on the contact face exceeds the maxi-
mum stationary frictional force. Therefore, the
slip velocity at ¢t = ;4 is assumed to be zero,
when the slip velocity becomes zero at f; < ¢ <
ti1. In other words, the slip velocity at ¢ = 1,44
is corrected to vuf = 0 when only [Condi-
tion 1] is satisfied, and to v;; = 0 when only
[Condition 2] is satisfied.

When [Condition 1] and [Condition 2] are
satisfied simultaneously, the slip velocities at
t =ty are corrected in the following manner:
In the test device used in this study, v* and v
cannot become zero simultaneously, because
the particle is continuously forced to move in
the r direction. Because of this, the slip veloci-
ty, v* or v, is regarded as zero at t=¢;,, which-
ever becomes zero faster in the time between ¢,
and f;;. In such as case, the other slip velocity
at t = t;, is corrected to a level which is the
same in absolute value as the one at r = ¢,
cited in Eq. (50) or (51), and which has the
same sign (positive or negative) as the one
at t = t;.

2) Setting the slip velocity, when the particle
starts to slip

When f,, is greater than u,N, in the Case 2
motion form, the particle will start to slip on
the disk surface in the x direction. The slip ve-
locity when the particle starts to slip on the
disk surface in the x direction is set at vy, =
+e¥ (=1 X 10-5 m/s).

In the Case 3 motion form, on the other
hand, when [f;;*| is larger than u*N;*, the par-
ticle will start to slip on the scraper surface.
Assuming that the slip velocities in the Cases
3-1 and 3-2 motion forms are opposite to each
other in the direction in which slipping starts,
they are set at v, = +¢ and v, = —¢, respec-
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tively.

No correction of the slip velocity at r = ¢4
is made in any cases other than the above 1)
and 2), and the same motion form is assumed
at ¢+ = ¢; and ¢ = ¢;,. These criteria determine
the slip velocities, v;,;* and v;,, and, hence, the
motion form, at ¢ = ¢, (refer to Fig. 4).

2. 4 2 Simulation results and discussion

The particle motion was simulated under
various conditions in this study. Figure 5 pre-
sents some typical simulation results, showing
the motion of the particle over time until the
reaction force, N¥, is zero on the scraper sur-
face. The particle will undergo different mo-
tion forms until it leaves the scraper at ¢ = g
and ¢ = 6, (an amplitude determined by Egq.
(2)). Simulation results have confirmed that
the rotating motion of the particle in each
form has the direction described in Fig. 3.

04ac T T T T 6
SO [ H
-~ | '
\\ [ ) I
03 |
—.4 e
= ! l ) =
o2 | e | ! °
¢, ~ Case 1-2 M
= ! e Cass 1&‘ / q42 Z
0.1 Case 3 IC:;:;: 521 SN |
: S SR
| I \Tl )
0 1 1 1 IT\J 0
5w 8 8
B i ‘V_\U/i ]
;5‘ T 1 | l -~
[=Re] [ : -
XX 0 = — 0
=% LT 1 1! h
TT T 6
J— | 11 13
£ 10} . s %"' 6.
= T
25 = AR S
>><< 0 ll t lll \l 0
0 0.2 04 06 08 1.0
t [s]
a =1.0cm a =10"
b =07cm a. =4.75cm
n =40min * $. =0.176rad
3 =4 . =0rad/s
20=0.25 At=0.001s
#5=058 M =0.0683kg
#:=035
=088

Fig. 5 Representative result of calculation, A particle
leaves the scraper wall at § =0, (: N* = Q)
undergoing varieus modes of motion

%) It has been confirmed that the slip velocity immediately
before it becomes zero is of the order of 1X 10~° m/s with-
in the range of the conditions adopted by this simulation
work, serving as a basis for the slip velocity wheh the parti-
cle starts to slip.
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$v~ Next, the relationship between the position
O at which the particle leaves the scraper (9 =6;)

and the particle shape index, k& (= b/a), is dis-
cussed, on the basis of simulated results.

Figure 6 shows the relationship between 6
and k for the particles with the same density

15 T T T T T

n =30min *

3 =4
#‘1(:08,(“):0.7
us(=08u2)=07
a =10°

a, =4.75cm

pr =1x10%kg/cm’

Hurean [rad]

a=20cm

[N
oo o

1
07

06 08 09

x (=b/a) [-]

fig. 6 Relationship between 8 (cal) (calculated by
simulation) and shape index k (=b/a) for
various particle size a

but different sizes (a's). The 8, value varies
with the k value for each particle size under the
conditions used in the study, indicating that
the particle with different k values (: 0.5 < £ <
0.8) are possibly separated from each other
along the scraper surface. Furthermore, the 6,
varies for the particles with the same shape, but
different sizes (a's). It is therefore necessary to
make the size of the particles uniform before
they are separated according to shape.

The simulation results have also indicated
that the 6,-k relationship is unchanged for
the particles with different densities, when
they are the same size.

Figure 7 gives the typical results for the ef-
fects of the inclination of the disk (angle ) on
the 6,-k relationship, indicating that the 6,
value tends to decrease as the § value increases
for the particles with the same shape. It has
also been observed that there are three distinc-
tive regions with respect to the k value in the
6,-k curve for any g level; (1) the region in
which 0, = 0, (2) the region in which 6
increases as k decreases, and (3) the region in
which 6, is kept at a relatively high level (e.g.,
8, = 14 rad at g = 6°). The separation according
to the shape of the particles of differing shapes
is possible in region (2) but not in regions (1)
and (3). Notwithstanding separation according
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to particle shape is possible among different
regions.

Figure 7 also shows the motion form of the
particle leaving the scraper at ¢t = #,. At ¢ = ¢,
the motion form is represented only by Case 2,
in which the particle rolls over the disk surface,
in region (1), by Case 2 for high k values and
by Case 1-1 for low k values in region (2), and
only by Case 1-2, where the particle slips on
the disk surface while periodically changing its
angel of attitude, ¢, in region (3). This means
that a particle with a sufficiently large k value
(the cross-section is close to a circle) is rolling,
whereas the particle with a smaller £ value is
slipping on the disk surface as it leaves the
scraper wall. Based on these discussions, the
position, 6, at which the particle leaves the
scraper is mainly determined by its rolling or
slipping characteristics (or its resistance to
rolling or slipping) on the disk surface in re-
gions (1) and (3), respectively, whereas it is de-
termined by both characteristics in region (2).
The different characteristics of these regions
may distinguish them from each other in a
step-by-step (or discontinuous) manner.

Viewed from the point of view of the char-
acteristics of the device used in this study, it is
safe to assume, that once the amplitude,§ =6,
at which the scraper intersects the outer peri-
phery of the disk is determined, all particles of
6, > 6 will leave the disk at 85, =0¢.

Figure 8 shows the typical results for the ef-
fects of rotation speed of the disk (#) on the

[ I T

o)
1
: Key Casel:t=1.)
0 Case 1-1

) Case 1-2
O Case 2

—|a =1.0cm
n =30min
wA=08u:d=07
wi(=08ul)=07
a =10
a,=475cm

| 1 {

0 02

04 06
k (=b/a) [-]

Fig. 7 Effects of inclination angle of the disk surface
Bonbgvs. k
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6,-k relationship, indicating that ¢, decreases
as n increases for the particles with the same
shape within a k range of 0.4 < k < 0.9, and
the k range characterized by region (2) (refer
to Fig. 7) narrows as » increases.

2. 4 3 Simulated and measured 4

In an attempt to assess the adequacy of the
simulation results, the 8; values were actually
measured by the test device (R = 23 ¢cm, § =
4°, a, = 4.75 cm, and o = 10°), using cylin-
droid particles having various shapes and fric-
tion characteristics. Table 1 gives the measured
properties of the cylindroid particles used for
this study. These particles were slowly supplied
to the device at point P, (: 8 = 0) under the
given initial conditions, so that 8 values could
be measured 10 times for each run.

7
P | ] I T I
o6 n=10g

Key Casel(it=t:)
: O Case 1-1

] D Case 1-2.

: O Case 2

Fig. 8 Effects of rotating speed of disk n on 0, vs. k
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The simulated 6, values matched well with
the observed ones, as shown in Fig. 9. The ob-
servation of a cylindroid particle moving along
the scraper revealed that (1) the direction of
the y' axis almost coincided with the tangen-
tial line of the scraper wall, around which it
changed periodically to some extent, and that
(2) the particle was affected by a frictional
force in the direction of the tangential line, re-
sulting in that the angular speed of the particle
around the disk centroid (point Q) was smaller
than that of the disk (w). The observed 4, values
were, on the whole, larger than the simulated
ones, as shown in Fig. 9, conceivably because
of the differences between the assumptions of
particle motion ((1) and (2), discussed in
Section 2.1) and the above-mentioned, ob-
served characteristics (1) and (2).

Conclusions

We investigate the basic mechanism involved
in a rotating conical disk with a spiral scraper
for separating particles according to shapes by
considering the models of the particle motion
along the scraper, simulating the particle mo-
tion on its basis.

We obtained the following conclusions from
our investigations of the relationship between
the cross-sectional shape, k (= b/a), of the cylin-
droid particles and the position (amplitude),
6, at which each particle leaves the scraper:
(1) the 6, level tended to decrease as the k level
increased (approaching a cylindrical shape)
over a fairly wide k range, which suggested the
possibility of separating the particles according
to their shape along the scraper, and (2) the 6,
level tended to decrease as the rotation speed
of the disk (n) and the inclination (8) of the

Table 1 Properties of particles used in the experiments
Particle*) | 2 [cm] blem] *®[ecm] MX103[kgl o [~]  pal=] u* [=1 mg* (=]

OO R S e ]
A 1.0 0.8 4.0 78.3 0.19 0.15 0.29 0.19
B 1.0 0.7 4.0 68.2 0.19 0.16 0.35 0.21
C | 1.0 0.6 4.0 58.2 0.21 "0.15 0.38 0.21
A’ ! 1.0 0.8 4.0 78.3 0.35 0.25 0.88 0.58
B’ { 1.0 0.7 4.0 68.3 0.35 0.25 0.88 0.58
¢ | 10 0.6 4.0 58.3 0.35 0.25 0.88 0.58

%) A,B, : Cylindroids made of iron
A’, B’, C' : Cylindroids made of iron, and coated with high polymer film

*%) I . Longitudinal length of a cylindroid
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Fig. 9 Comparison of the experimental results 8; (obs)
with calculated ones 0 (cal)

disk surface increased, for a particle of a given
shape.

The simulated 6 values matched fairly well
with the observed ones for the cylindroid parti-
cles.

The shape-separation characteristics along
the scraper (the above-mentioned conclusion
(1)) qualitatively coincided with the previous-
ly discussed shape-separation characteristics of
the irregularly shaped particles observed along
the disk’s outer periphery of the same device
(the collection position, ¢,,, decreased as the
particle shape approached a sphere)!®. We,
therefore, conclude that the shape-separation
characteristics along the disk’s outer periphery
are greatly affected by those along the scraper.

Nomenclature

radii of an ellipse at cross section of a
cylindroid (see Fig, 2) [m]
ao : constant of spiral curve in Eq. (1)  [m]

’
a b r.

£, f* : friction force acting on a particle

by disk and scraper, respectively [N]
I f5F  static friction force by disk and

scraper, resp. [N]

fa, i ¢ kinetic friction force by disk and
scraper, resp. [N]
g : acceleration due to gravity [m/s?]

G-x',y' 7" : fixed rectangular co-ordinate system

located in a cylindroid [m]
h, r,x,z : co-ordinates of center of gravity [m]

KONA No. 8 (1990)

distance between point E and F

(see Fig. 2) [m
I : moment of inertia ?
k : shape index (=b/a) [—
! : longitudinal length of a cylindroid [m
M : mass of a cylindroid particle [kg
n : rotating speed of disk

]
[kg-m*]
]
]
]
]

[1/min

N, N* : normal reaction force by disk and
scraper, resp. [N]

O-r, h, : fixed rectangular co-ordinate systems

O-x, z located on the rotating conical disk,

respectively (see Fig. 2) [m]
p . constant of spiral curve in Eq. (1)  [~]
r; : distance between scraper and center

of gravity of a cylindroid [m]
ry @ radius vector of scraper [m]
R : radius of disk [m]
Sy,Sy : perimeter of a cylindroid calculated by
Eqgs. (12) and (11), resp. [m]
t @ time [s]
tg . time at which a particle leaves the
scraper wall [s]
Lyo, e ¢ time at v =0 and v* =0, resp. [s]
v, v* : sliding velocity of a particle on
the disk and scraper wall, resp. [m/s]
Xcop - distance between point C and D
(see Fig. 2) [m]
z; o distance between disk and center
of gravity of a cylindroid [m]
« : constant of spiral curve in Eq. (1) [rad]
g : inclination angle of surface of
the disk to the horizon [rad]

8,\, ¢ : counterclockwise angle from x’ axis

to each point of an ellipse

(see Fig. 2) [rad]
€ : set value of sliding velocity at
the time when a particle slipped in
simulation (=1 X 107°) [m/s]
6 : vectorial angle along the scraper  [rad]
0 : vectorial angle at point P3
(see Fig. 1) [rad]
0, : vectorial angle around the disk [rad]
8ms © 0, at which a particle is sampled  [rad]
f, : 0 at which a particle leaves the
scraper wall [rad]
Mg, ud o coefficient of kinetic friction be-
tween particle and disk or scraper,
resp. [-]
Ug, ¥ 1 coefficient of static friction beween
particle and disk or scraper, resp. [-]
pp : particle density [kg/m?]
$o : ¢ satisfying Eq. (49) at =0 [rad]
w : angular velocity of the disk [rad/s]
< Subscripts >
0 : initial
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$?~ N\ 1,2,3 : Casel,2and 3, resp.
i : number of iteration
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The Dynamic Measurement of the Physical Properties of Powders

Using Vibration — the Mixing Effect of a Small Amount of Fine PowderT

Munetake Satoh, Takashi Fujimoto,
Takashi Shigemura, Fumiaki Hamano
and Kei Miyanami

Department of Chemical Engineering
University of Osaka Prefecture®

Abstract

A vibrational tester for measuring the dynamic physical properties of powders has
been developed. The tester system consists of an electromagnetic vibrator with a
controller for frequency and acceleration, a solid sphere sensor attached to a load

transducer, and a microcomputer.

It has been shown that the characteristic curves, when measured as the relationship
between the frequency and the vertically transmitted force through the powder bed,
are sensitive to changes in the physical properties of the powders. The mixing effect
of a small amount of fine powder on the change in the peaks of the characteristic
frequency has been measured using two different mixers.

1. Introduction

Some physical properties of powders, such
as flowability and friction coefficients, are not
solely the result of the physical and chemical
properties of the particles thermselves, but are
also due to the dynamic conditions created by
external forces such as gravity, vibration or
electromagnetism. Vibration has been applied
in practical processes (e.g., conveying, packing
and distributing powders) and has also been
used to study the fundamental characteristics
of powder beds.

In previous work", whose objective was to
evaluate powder flowability as a function of
applied vibrations, an apparatus for measuring
the resistance acting on a solid sphere inserted
into the powder bed and horizontally displaced
while the bed is vibrated was developed and
tested. The influence of the vibration frequen-
cy on the fluidization and packing character-
istics of the powder bed was investigated, and,
as an application, the optimum frequency to
be used in vibration-aided mixers could be
selected. The same paper also considered the

*  4-804, Mozu-Umemachi, Sakai, Osaka 591
TEL. 0722 (52) 1161

This report was originally printed in J. Soc. Powder Tech-
nology, Japan, 25, 609-614 (1988) in Japanese, before
being translated into English with the permission of the
editorial committee of the Soc. Powder Technology, Japan.
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possibility of using this measuring apparatus to

detect slight changes in the flowability of the
powder by measuring simultaneously the pow-
der’s resistance to the horizontal movement of
the solid sphere, and the vertical force trans-
mitted through the vibrating bed onto the
sphere. For this purpose, another load cell (for
measuring the vertically transmitted force) has
been included in the system. The horizontal
motion of the sphere has also been improved
by using a sliding plate to effect displacement.
With this new measuring system, experiments
have been conducted first to obtain the rela-
tionship between the frequency of the applied
vibration and the vertically transmitted force
and, second, to study the effect that adding
small amounts of fine powders will have on the
peaks at the characteristic frequencies. For the
latter, two different mixers were used and the
resulting characteristic curves were compared.

2. Experimental Equipment and Method

Figure 1 is a schematic diagram of the vibra-
tory powder tester. Basically, the tester con-
sists of a cylindrical vessel (13) mounted on
an electromagnetic vibrator (14) and a solid
sphere sensor (11) suspended into the vessel by
a supporting rod (12) attached to the upper
part of the equipment. As described in the pre-
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1 acceleration pickup 13. cylindrical vessel
2. load transducer 14. vibrator
3. load transducer 15. strain ampiifier
4. differential transformer 16. strain amplifier
5 pressure sensor 17 strain amplifier
6 pressure sensor 18. strain amplifier
7. speed controller 19 displacement meter
8. reversible motor 20. charging ampltifier
9. transmitter & controller 21 power amplifier
10. frequency counter 22 data logger
11 sensing sphere 23. microcomputer
12 supporting rod 24 oscilloscope

Fig. 1 Schematic diagram of the vibrational tester

vious publication, the vibrating system also in-
cludes a transmitter and controller (9), an ac-
celeration sensor (10), and a power amplifier
21).

As the vibration frequency is varied, the ac-
celeration is maintained at the desired value by
controlling the vibration amplitude. The me-
chanical force exerted by the powder on the
sphere is converted into DC potential by means
of two load transducers placed under the slid-
ing plate. One load transducer measures the
vertical compression force and the other meas-
ures the horizontal compression force as the
sphere is displaced.

In a previous evaluation of the relationship
between the force and the corresponding out-
put voltage, the measuring system was found to
be able to follow up the frequency sweeping
rate. By means of a variable-speed motor (8),
the sphere can be moved along a distance of
0.05 m, and its displacement is measured by a
differential transformer (4).

Two pressure sensors are also included in
the equipment, one attached to the sphere, the
other to the bottom wall of the vessel contain-
ing the sample. The sphere can be initially
placed into the vessel at a depth of approxi-
mately 0.1 m. The data supplied by all the sen-
sors is collected by a multichannel data logger

68

(22) (Brain IV, 12 bit, 16 ch) and processed by
a microcomputer (23).

Some representative physical properties of
the powders tested in this work are shown in
Table 1. Before testing, the alumina powder
was washed with acetone and dried.

The tested mixtures were prepared using two

Table 1 Physical properties of powders used in

this work
e | { e
sym- average densit angle of
material bol diameter [kg/m®] repose
o) .
j - fum] true 'loose [deg]
Alumina ' WA 130 39701988 37.3
Silicon carbide SiC 130 3240 1482 37.0
Zircon sand Zr 130 4650 2850 33.0
Toyoura sand TS 200 2550 1590 34.1
Lactose LA 74 1430 798 443
Glass bead No.02 GB 250  2690:1498 23.5
Polyvinylchloride PVC 160 1540 494 37.0
Carnauba-wax wax | 2~5 997 590 473
Boron-Nitride | BN 1 2.5 L2260J 420i 51.2

different mixers, namely, (I) a high-speed stir-
ring mixer? (SFC-5, Kawata Ltd.) and (I) a ro-
tary drum with simultaneous rocking motion®
(RM-10G, Aichi Electric Co.). With mixer (I),
three different mixtures were prepared: i) a
wax with a low melting point was added to
alumina and stirred until the frictional heat
thus generated raised the temperature of the
mixture above the wax’s melting point, result-
ing in the adhesion of fine wax particles onto
the surface of the alumina particles?; ii) BN
(boron nitride) was added to the mixture ob-
tained in i); iii) BN was directly added to alu-
mina. All these mixtures were prepared with an
impeller agitation speed of 1500 rpm while the
mixer was vibrated at 41.7 Hz.

With mixer (II), mixtures (of two compo-
nents) were prepared by rotating the vessel at
63.3 rpm with a rocking speed of 10 min~*
(rocking angle 20°) for one hour,

Besides the measuring conditions, other
factors likely to influence the vibrating state of
the bed include the characteristics of the solid
sphere and the vessel itself. By fixing the meas-
urement conditions and using a reference pow-
der for comparison, the method for evaluating
the relative variation of the physical properties
of different powders was tested.

The measuring conditions used in these ex-
periments are listed in Table 2. For measure-
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‘(*O Diameter of cylinder 0.08{m]
Height of cylinder 0.19[m]
Height of powder bed 0.08[m]
Diameter of sphere 0.02[m]

0.035[m] from the bottom
center of the cross-section
Range of frequency 20 ~ 440 [Hz]

Sweeping rate 1.6 [Hz/s]

Magnitude of acceleration 1G

Position of sphere center

ments, a fixed ‘quantity of the sample is intro-
duced into the testing vessel, and the sensoring
sphere is inserted and placed at a prescribed
position within the bed. Then, to fix the initial
packing state for all samples, the particle bed is
vibrated sinusoidally at 60 Hz and at an accel-
eration of 1G for 10 minutes. Once this pre-
liminary conditioning of the bed is accom-
plished, the initial frequency is set, and the fre-
quency range is swept at a fixed acceleration of
1G. At the same time, the vertically transmit-
ted force F} at each frequency is measured
continuously.

3. Results and Discussion

3. 1 Relationship between the vertically trans-
mitted force F; and the frequency f

i L e i - " " i g
0 20 50 100 200 300 400

iHz)

Fig. 2 Effect of the sweeping rate of frequency on the
characteristics curve of vertically transmitted
force, Fy

KONA No. 8 (1990)

Figure 2 shows the output curves of the ver-
tically transmitted force as a function of the
frequency and the sweeping rate of the fre-
quencies obtained for alumina at frequencies
between 20 ~ 450 Hz. It can be seen that the
fine details of the output curves are lost as the
sweeping rate increases because it takes a finite
time for the powder bed to attain a steady
state when it is vibrating at a given frequency.
If the sweeping rate is high before the bed
reaches the steady motion corresponding to a
certain frequency, the next frequency is set,
and thus the response curve cannot exhibit the
characteristic peaks clearly, i.e., a low resolu-
tion is attained. Mitigating the effect of these
imbalanced stresses is just a matter of time.
Using 397 c¢cm?® samples, the output curves are
clear and detailed for sweeping rates below
2.15 Hz/s and the basic pattern of the response
curves is not affected by further decreases in
the sweeping rate. The same behavior was ex-
hibited by other powders and a sweeping rate
of 1.6 Hz/s was chosen for the rest of the ex-
periments.

Fig, 3 Characteristics curves of F-—f for various
powder samples (constant sweeping rate and
acceleration)

Figure 3 shows the F}, — f curves for various
powders using the same measuring conditions.
Each powder has a particular characteristics
curve. All the tested powders have common
peaks at specific frequencies, and this can there-
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fore be considered a feature of any solid par-
ticulate material under these measuring condi-
tions, regardless of its composition or physical
properties. The vibrational characteristics of
the measuring system and the physical proper-
ties of the powders intermingle in a complex
manner, as reflected in the value of the discrete
peaks appearing at given frequencies. At this
stage of the investigation, it remains impossible
to explain satisfactorily why the peaks and
valleys appear at specific vibration frequencies.
In spite of this difficulty, it is at least possible
to discuss the relative variations of the physi-
cal properties of different powder systems by
comparing their vibrational characteristics
curves.

3. 2 Vibrational characteristics of the powder
mix tures

Figure 4 shows the influence of adding small
amounts of a second component and the effect
that the mixing method has on the beds’ vibra-

Fig. 4 Effects of additions and mixing methods on the
patterns of the characteristics curve

tional characteristics. By comparing the Fy, — f

curve of pure alumina (1) to those of its mix-
tures (curves 2 ~ 8), it can be seen how the ad-
dition of the second component always modi-
fies the output curve, reflecting the adhesion of
the minor constituent onto the surface of the
alumina particles. The vibrational character-
istics of the minor component itself also af-
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fects the pattern of the mixtures characteristic
curves. Both wax and BN show very low Fy
values at almost every frequency, except for
those where peaks appear. Therefore, the gen-
eral tendency of the output curves for the mix-
tures alumina-wax and alumina-BN must be
very similar to that of pure alumina, except at
those frequencies where the minor component
exhibits peaks. This figure also permits the
comparison of the mixture properties as ob-
tained using the two different mixers men-
tioned above.

Such comparison shows that mixtures pre-
pared by mixer (I) (high speed mixer) have
more variable patterns, especially for the alu-
mina-wax mixture (curve 5) in which the coat-
ing effect is highly noticeable. For the mixture
preparsad by adding BN to the alumina-wax
mixture, the vertically transmitted force Fy is
smaller at every frequency than that of the
alumina-wax mixture and, moreover, new peaks
appear.

If only BN is added to alumina (4), the gen-
eral pattern is similar to that obtained with the
rotary-type mixer (discussed below); however,
some of the peaks below 120 Hz are lost when
using mixer (I).

For mixer (I) (rotary-type), although the
addition of wax (2) and BN (3) results in varia-
tions in the curve, the basic pattern of the pure
alumina curve (1) is preserved. The Fj values
are globally lower than they are for pure alu-
mina, but the peaks around 140 Hz, which cor-
respond to the pure minor components, remain
at the same value.

As mentioned above, both the addition of
different components and the differences be-
tween the mixers account for the variations in
the vibrational response curves.

3. 3 Influence of the concentration of additives

Figure 5 shows the F} — f curves of alumina-
wax mixtures of different concentrations, pre-
pared by the high-speed mixer. All these mix-
tures were obtained through 90-minutes of
mixing under fixed operating conditions. The
mixtures reached a temperature of 86°C and
were subsequently cooled to room tempera-
ture, after which their vibrational characteris-
tics were measured. Pure alumina was also agi-
tated under the same operating conditions, and
although the size distribution and the shape of

KONA No. 8 (1990)
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Fig. 5 Change in the patterns of the characteristics
curve with wax concentration

the alumina particles before and after agitation
were practically the same, the vibration charac-
teristics suffered slight modifications (compare
1 in Fig. 4 — pure alumina before agitation,
and Al,O; in Fig. 5 — pure alumina after agita-
tion). At low frequencies (below 80 Hz) F, in-
creased for agitated alumina, the peak at ap-
proximately 140 Hz was slightly modified, and
at frequencies above 330 Hz a new phenome-
non appeared — the oscillation of the [/, value.
The differences observed between alumina be-
fore and after agitation are due to the modifi-
cation of the particles’ surface characteristics as
a result of friction,

As the concentration of wax increases, the
peak intensity at 140 Hz decreases; on the con-
trary, the peak at 60 ~ 70 Hz becomes sharper
and more conspicuous. The above-mentioned
oscillating phenomenon at high frequencies dis-
appears for wax concentrations above 0.06%.
For concentrations of approximately 0.10%
the curve pattern clearly changes and preserves
its shape through the remaining concentration
ranges.

To investigate the extent to which the physi-
cal properties of alumina are modified as the
wax content increases, we studied the variation
in the difference between the transmitted verti-
cal force for mixtures, F},, and that correspond-
ing to the reference powder (alumina), Fyy:

KONA No.8(1990)
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F=Fy(f) — Fyo(f) (D

Figure 6 shows the relationship between F
and f for i) alumina-wax mixtures, ii) addition
of BN to 0.1% alumina-wax mixture, and iii)
alumina-BN mixtures. F as a function of f varies
depending on the minor component added and
its concentration.

Case 1) alumina-wax. As the wax concentra-
tion increases, the function F(f) tends toward
negative values. The value of F, however, is
positive at certain frequencies, which means
that the mixture’s packing condition was such
that the transmitted vertical force was greater
than it was for pure alumina as a result of the
reduced friction coefficiént.

Case ii). The addition of BN to alumina-wax
mixtures results in a further decrease in the
value of F, especially at frequencies below 100
Hz.

Case iii), In this case, the 0.02% alumina-BN
mixtures obtained by the two mixers are com-
pared. For mixer II (rotary-type), the F}, curve
of the mixture is slightly lower than for pure
alumina; however, the pattern is almost the
same. The patterns are clearly different when
the mixture is prepared with a high-speed mix-
er. It is thus obvious that for a given powder
system the type of mixer used exerts a strong
effect on the mixing state (coating) of the re-
sulting mixture. In other words, the state of ad-
hesion of the BN particles onto the surface of
the alumina particles depend on the shearing
forces acting upon the powder.

3. 4 Influence of the mixing method on the
variation ratio n

Next, we evaluated the relative variation n of
the vertically transmitted force for those peaks
(with large variation AF) as a function of the
minor component concentration. The variation
ratio is defined as

Fyo

AF
Fyy

n (2)
The relationship between n and wax concen-
tration is shown in Fig. 7. The n ratio decreases
as the concentration of wax increases and ap-
proaches a stable value at higher concentrations.
This suggests that fine particles of wax progres-
sively cover the surface of the alumina parti-
cles, and when the degree of coverage is high
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Fig. 7 Relative change of the vertically transmitted

force, i, with concentration of added powder
(mixer I)

enough or complete, n attains a stable value.
This fact is even more clear when the variation
ratio n is evaluated for the peaks appearing at
140 ~ 150 Hz, which seem to be more sensitive
to variations in the physical properties of this
particular powder system. For comparative
purposes, the sliding friction coefficients of the
alumina-wax mixtures were measured by the
tilting plate method. It was found that the
coefficient values were very close to each other
(0.76 = 0.03) and demonstrated no clear tend-
encies. When BN is added to wax-coated alu-
mina, n also decreases with increasing concen-
trations of BN, Finally, when only BN is added
to alumina, the tendency is similar, and the 5
values are close to those obtained for alumina-
wax mixtures.

Figure 8 shows the effect that the type of
mixer used has on the n—C relationship for
alumina-BN mixtures and uses the peaks at
140 ~ 150 Hz to evaluate n. For concentra-
tions larger than 0.004%. n decreases with in-
creasing concentrations of BN. When mixer II
(rotary-type) is used, n attains a minimum
value at a BN concentration of 0.02% and then
suddenly increases. Again, it is assumed that at
this point the alumina surface has been com-
pletely covered by the fine BN particles. For
higher concentrations, the excess fine particles
do not adhere to the coarser particles, but
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Fig. 8 Effect of the different mixing mechanisms on
the coating of fine powder onto coarse particles

rather remain free, thus modifying the packing
state of the powder bed. On the contrary, no
minimum value for n is observed when mixer I
(high-speed) is used. In this case, the shearing
conditions created within the mixer permit fur-
ther adhesion of the excess fine particles onto
the coarser material. In fact, a sample with a
concentration of 0.05% was withdrawn and
studied, and it was found that there were prac-
tically no free BN particles, which means that
almost all of them had adhered to alumina
particles.

4. Conclusions

An apparatus was tested for detecting the
force imparted by a vibrating powder bed onto
a sensoring sphere immersed in the bed, sweep-
ing continuously at a certain range of vibration
frequencies. The evaluation of this force for
different samples permitted the detection of
the relative variation of the physical properties
of the powders.

The pattern of the curve that relates the ver-
tically transmitted force to the vibration fre-
quency depends on the type of powder and the
mixing mechanism. The characteristics of the
measuring apparatus itself also influence the
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pattern of the output curve. It was shown that
variations in the physical characteristics of the
powder can be followed up by studying the
peaks appearing at specific frequencies.

By comparing the vibrational response curves
of the reference powder (alumina) to those of
the mixtures of the reference powder and a
minor component (wax and BN), it was shown
that the measuring system was highly sensitive
to changes in the curves’ pattern, and new
peaks appeared as a result of the presence of
the minor component.

The method also permits the detection of
differences existing in the mixing state (the
coating of coarse alumina by fine particles of
wax and/or BN) as a result of the type of mixer
used.

This paper has reported on a comparative
study on the peak intensities of a number of
mixtures. The investigation is now being fo-
cused on how the characteristics curves are re-
lated to the physical properties of the powder.

Nomenclature

C : concentration of fine powder [wt%]
[+ frequency [Hz]

Fy ¢ vertically transmitted force for the testing
powder [N]

Fyp  vertical transmitted force for the reference
powder N}
Ng : rotary speed of vessel or impeller [s7']
Ny rocking speed of mixer [s7']
AF : difference of the transmitted force [N]
1 : ratio of the force defined by Eq. (2) [-]
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Current Status of the Mechanofusion Process for
Producing Composite Particles

1. Need for Composite Particles

This article reviews the current status and
future prospects of the mechanofusion process
as an approach to producing composite parti-
cles. This article places special emphasis on the
process used for particle formation.

Composite particles have been studied as a
way to allow each component to express its
inherent functions. These particles are used
mainly in cosmetics, foods, and medicines, and
some have already found commercial applica-
tions. However, other applications have re-
ceived scant attention. In the area of character-
istics of single-phase industrial materials, in-
cluding structural and functional materials have
been fully developed, and many researchers are
interested in composite materials in which dis-
similar materials are combined or joined to
realize new functions or to improve character-
istics of known materials!™®, Powder mixing is
a common way to develop composite powders;
but the process is inevitably accompanied by
segregation during manufacturing, when parti-
cles of different powder characteristics are
mixed. This makes it difficult to secure a uni-
form composition, one of the essential prere-
quisites for improved composite characteristics.
Segregation is particularly noted in composite
systems, such as metal-ceramics, where the
components differ greatly in their respective
powder characteristics. On the other hand,
composite particles are characterized by each
particle being a composite of dissimilar materi-
als. Recently, composite particles have been
studied extensively in view of their potential
for realizing ordered mixtures” that consist of

components of different particle size, shape,.

and density that are difficult to mix without
causing segregation or to dissolve in each other

+ Received June 7, 1990
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by the ordinary method. The other potential
advantages are improved spraying in the nozzles
improved sprayed structures, when spraying is
adopted to handle them.

In addition, CVD- or PVD-based hard facing
and other surface modification techniques have
recently been developed to a stage where parti-
cles can be coated directly.

A variety of techniques have been studied to
realize composite particles, including mechani-
cal methods (such as mechanical blending),
moving beds, and CVD- or PVD-based ap-
proaches!” . Of these, mechanofusion has been
attracting special attention because of it poten-
tial for producing composite particles relative-
ly easily and in large quantity'®~'® Mechano-
fusion compresses mixed particles, and the re-
sulting heat energy is used to coat the core par-
ticles with added particles (hereinafter referred
to as ‘“‘guest particles’) to form the composite
particles. The process has been applied mainly
to metal-ceramic systems and in some cases
has been developed to a commercial stage.
The process by which composite particles are
formed, however, is not fully understood.

The authors have demonstrated that me-
chanofusion works well when producing metal-
ceramic composite particles. The coating layer
is sufficiently dense and adheres quickly to the
nucleus particles'’~!®_ For the composite par-
ticles to be commercially viable, the coating
layers must have uniform thickness, and the
joining characteristics of the heterogeneous
interfaces must be improved, by efficiently re-
moving gases remaining in the void spaces in
the particles that constitute the coating layers.
Finally particles sinterability must be high. It is
therefore essential to produce composite parti-
cles that satisfy these requirements. The authors
have been working to develop such composite
particles.

This article discusses the characteristics of
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\“‘“composite-forming, with special emphasis on

the effects of the properties of the core parti-
cles, mechanofusion duration and rotation
speed on the changes in the coating layer
phases, such as these by agglomeration, con-
densation and solidification, and on the pro-
posed composite particle forming process based
on our results to-date. This article also gives an
overview on devices that adapt to different
atmospheres, including vacuums.

2. Requirements of Composite Particles

For composite particles to produce high-
performance and highly reliable composite ma-
terials, they must satisfy the following require-
ments.

1) The components must be compounded at a
specific ratio.

2) The structure of the coating layer, which
significantly affects the sintering character-
istics of the composite, must be accurately
controlled.

3) There must be no void spaces in the inter-
faces between the core particles (guest par-
ticles) and the coating layer, and between
the host particles that constitute the coat-
ing layers. These spaces contain gases that
may degrade mechanical and electrical
properties of the composite material.

4) Composite forming must be done using an
apparatus that is free of impurities. This is
particularly important when producing
composite particles that contain metal.

In addition to the above requirements, it is
necessary to keep the composite highly pure
during forming. Most high-performance com-
posite materials require high purity.

3. How Mechanofusion Works

Figure 1 illustrates the basic stages of mecha-
nofusion. A mechanofusion apparatus consists
essentially of a rotary vessel that supplies the
starting powders for the composite particles,
and the semi-cylindrical inner pieces and the
scrapers provided in the rotary vessel. The
starting powder is forced outward towards the
vessel walls, and when the vessel begins to ro-
tate, the powder remains along the walls and
rotates.

Providing a sufficiently narrow gap between
the inner piece and the inner wall of the rotary
vessel allows the particles passing through this
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FORCIBLE IMPINGING
ROLLING EFFECT

inner piece !

Fig. 1 Principles of mechanofusion

gap to violently collide against each other,
thereby generating enough heat energy to fuse
the particles together. The fused and condensed
particles are coated on and adhered to the core
particles by the rotary motion of the nucleus
particles and by strong compressive forces act-
ing on them. (The rotary motion is generated
by friction between the particles.) This is the
current explanation on how composite parti-
cles form.

The types of particles and the processing
conditions used in this study are summarized
below:

Core particles;

water-atomized stainless steel

particles (SUS 316L) 3.0 um
gas-atomized stainless steel
particles (SUS 316L) : 350 um
gas-atomized Cu particles : 35.0 um
gas-atomized Pb-Sn particles : 350 um
Coating layer particles
(guest particles);
PSZ (containing 3 mol% of Y,05): 0.3 um
a-SizNy 0.3 um
Al,O; particles 0.3 um

Processing conditions;
rotating speed of the
processing vessel
processing time

: 250 to 1500 r.p.m
5to 300 min
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4, Basic Parameters Affecting Formation of
the Composite Particles

Ceramic Powder

Metal Particle

Adheston

J Adhesion+ Primary Shell

Secondaly Shell

Mechanofusion processing

Fig.2 Mechanofusion model

As shown in Fig. 2, mechanofusion adheres
mechanically fine particles to core particles to
form composite particles. This process makes it
relatively easy to produce composite particles.
However, the structure of the coating layers
produced widely vary depending on the rota-
tion speed of the compounding vessel, treat-
ment time, atmosphere, and other processing
conditions. This means that these conditions
can be modified to produce composite particles
of varying structures. The important processing
parameters are summarized below,

4. 1 Effect of treatment time on composite
forming

Figure 3 shows the effects of the mechano-
fusion treatment time on temperature at a
depth of approximately 1 mm in from the inner

76

without cooling
Ar atm

130
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110
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Temperature/°C

Water cooling
Vacuum atm

SUS/10wt% PSZ
0 L Y 1

0 10 20 30 40

Treatment time/min

Fig. 3 Temperature change in the vicinity of the inner
piece during mechanofusion

surface for cases with and without water cool-
ing. The rotation speed was set at 16.6 Hz.

Temperature varied with rotation speed.
When not water-cooled, temperature attained
the highest level approximately 5 min. after the
apparatus was started at the above rotation
speed. The measured temperature represents a
rough average, and actual local temperature on
the particle surfaces was significantly higher
when taking into account the effects of thermal
conduction. It was observed that the core parti-
cles of Pb-Sn and Pb were fused in a short time
of approximately 5 min. Indicating that local
temperature was fairly high. Significant water-
cooling effects were noted, because little tem-
perature rise was observed at the measurement
point in the water-cooled case.

Figure 4 presents the composite particles
changing in outer appearance with treatment
time. As shown, morphologies of the guest
particles attached to the core particles were re-
presented at first by irregular agglomerates.
These particles then interacted gradually over
the core particles, and were condensed through
a sintering-like phenomenon. They finally
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300min

10um

60min [ 120min

Fig. 4 Morphological changes of the composite
particles with time, SUS 316L/PSZ, Rotating
speed 16.6 Hz, Ar atmosphere

[ 35min 60min 300min

SUS/Si3N4 20wt.Z(Si3N4), 1,000rpm

Fig. 5 Magnified SEM images of the coating layer
surfaces

Fig. 6 Corss-sectional structures of particles constitut-
ing the condensed phase (SUS316L/PSZ)

formed the solidified coating layers covering
the entire surfaces of core particles. Figure 5
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presents the magnified SEM photographs of the
coating layer surfaces, showing the conditions
of the guest particles changing with time. Fig-
ure 6 presents the optical microscopic photo-
graphs of the composite particle cross-sections,
showing that the condensed phase was partly
formed in the coating layers. These results in-
dicated that the changed phases by agglomera-
tion, condensation, and solidification started
not from the coating layer surfaces or the inter-
faces with the core particles, but from unspe-
cified points within the coating layers, and
from there propagated throughout the layers,

Fig. 7 Compositional analysis of composite particle
cross-sections(Si-Ka analyzed line of SUS/SizNy)

Figure 7 presents photographs produced by
line- and surface-analysis with the aid of Si-Ka-
rays for the cross-sections of the SUS/Si;N,-
base composite particles. As shown, solid coat-
ing layers were formed in this system. X-ray
diffraction analysis also indicated that the com-
posite system became amorphous as treatment
time increased.

4. 2 Effect of rotation speed on composite
forming

Increasing the rotation speed increases the
particles’ kinetic energy producing more heat
by particle-particle bombardment and com-
pression. This naturally accelerates fusion. Fig-
ure 8 shows the morphological changes of the
composite particles treated for 1.8 ks in a ro-
tary vessel which was cooled with water to con-
trol fusion. No fusion was observed in the sam-
ples rotated at 8.3 Hz or less, and the particles
remained dispersed. Irregular agglomeration
was observed sporadically in the samples ro-
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Fig. 8 Morphological changes of the composite
particles under a vacuum during cooling,
SUS316L/PSZ. 1.8 ks

tated at 16.6 Hz, indicating that weak agglom-
eration started between the guest particles at
this rotation speed. However, SEM images did
not clearly indicate interparticle condensation.
The solidified phase was apparently formed at
26.6 Hz, though the system was cooled with
water.

4. 3 Effect of the compounding ratio

Mechanofusion can potentially handle a
wide range of compounding ratios, from 0 wt%
to 100 wt%, though the conditions differ to
some extent depending on specific gravity of
the guest particles. A typical example is shown
in Fig. 9. However, some guest particles were

found to be agglomerated with each other
when their proportion exceeded 50 wt%. It is
therefore necessary to develop compounding
techniques further to handle agglomerated par-
ticles in such cases. Removing the agglomerated
particles would be one approach.

4, 4 Effect of materials

Mechanofusion has been shown to work well
with metal-ceramic and metal-metal composite
systems, though success has not been achieved
with ceramic-ceramic systems. It should be
noted, however, that the coating layer condi-
tions varied depending on the way the particles

| Pb=Sn/Si3N, |
20wt.2(5i3N4). 500rpm, 60min

Sum

60wt 15wtZ

Fig. 9 Morphological changes of composite particles of
different compositions, SUS316L(Water at.)/
PSZ
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Fig. 10 Composite particles with core particles of
different hardness
(a) SUS316L/SizNy
(b) Cu/Si3N4
(c) Pb-Sn/Si3N4

interacted. Figure 10 shows sample results for
core particles of different hardnesses (a) SUS/
SizNg, (b) Cu/SizN,, and (¢) Pb-Sn/SizN, . The
coating layers solidified quickly on hard core
particles, but remained lightly agglomerated
and did not solidify when the core particles
were soft. This is suggested by Fig. 11, which
shows particle cross-sections. The extent of ag-
glomeration of the coating layer over the core
particle of Pb-Sn was too weak to permit a
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| 120min |

Fig. 11 Cross-sections of the composite particles
shown in Fig.10

Table 1 summarizes how composite condi-
tions vary with treatment time using different
combinations of core and guest materials for
cases with and without water cooling. Coating
layers varied significantly depending on the
hardness of the core particles. It was also found
that fusion was efficiently controlled when the
vessel was cooled with water. These results in-

Table 1

r ' Treatment time/min |
~ ] samples 5 '10!30!60120'180300°
: SUS/SisNa Alc si s s s s
Cu/SisN¢ A A CC C S S
Argas  PbSn/Si;Ng A A C C CIiC C .

SUS/PSZ A C S S S S S
SUS/ALO; A C C!C C+SC+SC+S
"Vacuum  SUS/PSZ A A C C C C C+S
Water-cool SUS/SiNs | A | A, CJ Cx <. Cé

A: Agglomeration  C: Coagulation  S: Shell structure

KONA No. 8 (1990)

dicate that the coating layer of the composite
particles can be greatly modified by selecting
the right combination of rotation speed, treat-
ment time, and treatment temperature.
Mechanofusion also works for producing

3

Fig. 12 Example of metal-metal (Fe/Cu) composite
particles

metal-metal composite particles. Figure 12
shows an Fe/Cu composite particle as one ex-
ample.

4. 5 Composite forming

Based on our current understanding, compo-
site forming consists of the following steps:

(1) First, a strong shear stress created in front
of the inner piece acts on the agglomerated
guest particles to divide them into mono-
dispersed of smaller agglomerated particles.

(2) The strong compressive and impact forces
created in a narrow space between the inner
piece and the rotary vessel force the guest
particles to adhere to the core particle sur-
faces by mechanochemical reactions'® at
the interfaces. These reactions include the
embedding of guest particles into the core
particle surfaces (Fig. 13) and the resulting
deformation of the core particle surfaces
(Fig. 14).

(3) The heat energy generated by the collision
of particles against each other increases the
temperature of the minute surfaces of the
guest particles. This, coupled with the com-
pressive force acting on the particles, causes
reagglomeration of the particles. At the
same time, friction between the particles
causes the core particles to rotate, rolling
the reagglomerated particles onto them
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Fig. 13 Guest particles embedded in the core
particle surfaces

Fig. 14 Core particle surfaces deformed by the
collision of guest particles

Fig. 15 Coating of the core particles using agglomer-
ated guest particles

(Fig. 15) to form a coating layer of guest
particles on each of the core particles.

(4) The guest particles are bonded to each
other by sintering, and the sintering accel-

80

erates, spreading throughout the agglomer-
ated guest particles through plastic defor-
mation.

(5) The solidified layer propagates throughout
the coating layer to form a shell encasing
each of the core particles.

5. Mechanofusion Apparatus Working under a
Vacuum

The authors have developed a new apparatus
capable of satisfying the requirements described
in Section 2 to produce composite particles
suited for the development of new materials.
This apparatus is characterized by its ability
to adapt to different processing atmospheres,

Hopper Sieve
= =
Moter
Moter
Vacuum P
l@}

7

Inner plece—‘:"
(water cooling)

Rotating chamber

Magnetic seal - (water cooling)

Water jacket

Fig. 16 Cutaway view of a mechanofusion apparatus
that works under a variety of processing
atmospheres

including vacuums. Figure 16 shows the appa-
ratus.

The main mechanofusion devices for form-
ing composite particles such as the rotating
chamber and the powder feeder, are encased in
a sealed vessel. The processing atmosphere —
whether a vacuum, inert gas, or reducing gas —
can be selected at will. The powder supply rate
can be also freely controlled for both the core
and guest particles.

Figure 17 shows the change in the pressure
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Fig. 17 Desorption of the absorbed gases during
mechanofusion

of the sealed vessel with time, where the vessel
containing the mixed powders was evacuated
to 5 X 10~° Torr to remove the residual gases
between the particles. Mechanofusion was then
started. The vacuum became sharply lower im-
mediately after the treatment started because
of desorption of the gases adsorbed on the par-
ticle surfaces. The newly developed apparatus
allows you to remove the gases remaining in
the interfaces between the nucleus particle and
coating layer and between the guest particles
that constitute the coating layer. When used in
a vacuum, it also allows you to remove gases
adsorbed on the particles that are desorbed as
mechanofusion proceeds. Furthermore, if the
atmosphere is switched to a reducing gas, the
apparatus forms composite particles by com-
pounding the nucleus and guest particles while
keeping intact the new surfaces formed on the
particle surfaces. Other processing atmospheres
can be used as needed.

Operating under a vacuum greatly reduces
the turbulence of the processing atmosphere by
changing the gas flow within the processing
vessel from one governed by viscous flow to a
flow that is nearly molecular.

This makes it relatively easy to coat the core
particles with guest particles. Figure 18 gives

KONA No. 8 (1990)

Fig. 18 Morphologies of composite particles not water-
cooled in an Ar atmosphere versus those that
have been water-cooled under a vacuum

SEM images of composite particles surfaces
prepared in varying processing atmospheres,
As can be seen from the results, the newly de-
veloped apparatus produces very pure, adhesive
composite particles and will be useful for pro-
ducing new materials.

The authors are now assessing sintering prop-
erties. Our results will be presented separately.
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Fundamentals of Aerosol FiltrationT

1. Introduction

Collection of dust by filtering air using cloth
or filter paper is a very simple operation and
has been used for a long period of time. It
dates back to the ancient Roman era, when
miners applied this concept to their masks, It is
only recently, however, that filtration has be-
come a branch of engineering; it started in the
early 1920’s after World War I, and the basis of
aerosol filtration was founded by Langmuir in
the 1940%s",

Air filtration is characterized by a wide
selection of collection performance, i.e., filter
media are available in a variety of shapes and
sizes with specific properties depending on
the particles to be removed. However, unlike
electrostatic precipitator, filtration requires
special attention on the pressure drop across
filter medium and filter clogging, which inevita-

Hitoshi Emi
Department of Chemistry and Chemical Engineering,
Kanazawa University *

bly occurs when the filter is in service for a
long time.

This article reports on the current research
status of filtration technology. Not only fiber-
packed beds but also granular beds which have
been attracting much attention recently as a
high-temperature dust collector, are reviewed
with emphasis on their filtration mechanisms
and efficiency.

2. Filter Structures and Filtration Mechanisms

Table 1 compares structures, characteristics
and usage of various filter media, which are
used in industrial process or for environmental
protection purposes. Among them, air and bag
filters are in high demand. The former is used
for purifying air in a closed space, while the
Jatter is widely used in industrial processes and
to clean-up waste gases. Moving-bed filters and
membrane filters, on the other hand, are used

Table 1 Structures of various filters

Filter Structure ‘ Void fraction| Thickness

© Filter
medium shape 1 Usage/purpose

_ [SURUT [ S
‘ ‘
Fiber bed >95%

=

Woven fabric = g£2%5%%  70~95% 1~ Smm
Granular bed SN 35~50%  5~200mm
Membrane | EWYRRY = 5~90% | 57200 um

under extreme conditions, such as high tem-
peratures and/or high pressure.

Common filter media, as shown in Table 1,
include packed fibers, «granular beds, cloths
such as woven fabrics and felt, wire screens,

* 40-20, Kodatsuno 2-chome, Kanazawa 920
TEL. 0762-61-2101

+ Received September 20, 1990

This review was originally printed in Journal of Aerosol
Research, Japan, 4, 246-255 in Japanese, before being
translated into English with the permission of the editorial
committee of Japan Association of Aerosol Science and
Technology.
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}0.5"’ 50mm

porous mediai Sampling

CAir filtration

Fiber Clean room
) Filtration in industrial processes
Fiber/yarn High-concentration dust
High-
Granule 1 1g .temperature exhaust gas
- Moving bed
Fiber/ i High-pressure process gases

and porous metals or ceramics. Filtration types
are classified into two general categories; sur-
face filtration in which particles are captured
on a filter surface and depth filtration in which
particles are collected in a filter. Typical media
with surface filtration mechanisms are bag
filters and those with the latter are packed beds
of fibers and granules.

In surface filtration, inflowing particles are
captured by interception or sieving effects, as
illustrated in Fig. 1. The filtration efficiency
by these mechanisms is very close to 100%. In
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Accumulated
particles

(a) Sieving effect (b) Interception effect

Fig. 1 Sieving and interception effects

depth filtration, on the other hand, the particle
concentration decreases exponentially with bed
thickness, as illustrated in Fig. 2. The material
balance for the incremental thickness Ax is
given by the following equation (see Fig. 2):

UuAC—-uA[C+(dC/dx) Ax]=S.n,u, CAAx

(1)
N
Single collector T—j Ce
dC
Se / UA(C+d—xA;()
Co4c©
O O

—

l/ s/ / //
Stream /‘690;9/0//9/ ay

Limiting 'e) Oﬁ O O
particle
uAC OO

trajectory O
fre
! uo.C

Fig. 2 Change of aerosol concentration in a packed
bed and collection efficiency of single collector

Integrating Eq. (1) with C = (; at x =0, and
C=C, at x = L, yields:

In(C,/C)) = —S. Ln./(1 —a) (2)

where, u is the superficial velocity (m/s), u,

LN

o

«“as

the interstitial velocity {u = u, (1 — )], « the
packing fraction (—), A the cross-section of the
packed bed (m?), S, the sum of the projection
areas of the single collector in a unit volume of
the packed bed toward the flow direction (m?/
m?):

4a/nd, for fibrous packed beds

Se = { 3a/2d,. for granular beds

(3)
and 7. is the efficiency of a single collector,
which is defined by:

(d./d.)* : sphere, disc

N, =8,/S, = {de/dc : cylinder, ribbon

4)
when all the particles flowing upstream into
the cross-section S, are completely swept away
by the collector, as illustrated in Fig. 2.

For a given flow field around a collector,
when inertial force and an external force (gravi-
ty, electrostatic force and so on) are the collec-
tion mechanisms, n, can be obtained from
limiting trajectory of particles which is calcu-
lated by integrating equation of particle mo-
tion, whereas for the particles in small size
range (d, < 0.5 um) characterized by Brownian
motion?, n, is obtained by solving the convec-
tive diffusional equation. n, is generally a func-
tion of the dimensionless parameters listed in
Table 2. These parameters, which appear as the
coefficients in the dimensionless equation of
motion and diffusional equation, are deter-
mined by the filtration conditions. An increase
in these parameters leads to an increase in 7.

3. Fibrous Packed Bed Filter

Fibrous filters have been used mainly to pu-
rify air closed spaces, e.g., living or working

Table 2 Dimensionless parameters governing collection efficiency of single collector

Name Dimensionless numbers

Physical implication

Reynolds number Re = pugyd, [u
Packing fraction «

Stokes number

Diffusional parameter
(Reciprocal of Peclet number)

Gravitational parameter
Electrostatic parameter

Interceptional parameter R =dpjd,

¢ Fluid inertial force/viscous force

| Packing volume/bed volume

LSt = CL.PI,dp2 ug/(9ud,) | Inertial force/viscous resistance
D =Dg/[(ued,) = 1/Pe j Diffused quantity/convective quantity

G= Ccppdng/(ISuuo) ' Gravitation/viscous resistance
Ky = Fp| 3mudpic)

| Electrostatic force/viscous drag

Particle size/collector size

p: fluid density (kg/m?), Pp: particle density (kg/m®), u: fluid viscosity (Pa-s), u,: interstitical velocity (m/s),
d.: collector size (m), dp: particle size (m), Fg: electrostatic force (N), Dg: Brownian diffusivity (CckT[3mudp), (m?/s)
C,: Cunningham slip correction factor (~), k: Boltzmann constant (J/K), T': temperature (K)
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$?~QO \“““ spaces. They have also been used to produce fiber distance is at least 8 times the fiber radius
) highly purified air in clean rooms, and to com- (at a void fraction of 95%). This configuration

pletely remove traces of radioactive aerosols in
nuclear facilities,

3. 1 Estimation of single fiber collection effi-
ciency

The filter media of air filters are mostly glass
fibers. The void fraction of fibrous filters is
much higher (above 95%) than that for granular
beds (discussed later), and the average inter-

. each filtration mechanism?®

allows particles to flow deep into the packed
bed, where they collide on the fiber surface
under the influence of various forces, such as
inertia, Brownian diffusion, interception and
gravitation. Several researchers have proposed
theoretical and empirical correlations to esti-
mate the single-fiber collection efficiency for
Table 3 summa-
rizes the most reliable correlations for the

Table 3 Correlations for single fiber collection efficiency

Collect} on Single fiber collection efficiency Researchers Remarks
mechanisms
Diffusion Np =2.9hg 3 Pe ¥ +0.624Pe™ | Stechkina® Regular array, Theoretical <
Re<1
np =2.7Pe™2? Kirsch-Fuchs?? Random and uniform packing pe > |
Semi-empirical correlation
Diffusionand | npp =Np +Ng +f(Pe, R) Correlation of numerical results
nterception - _ (290 PP+ 0.624P" | KirschFuchs™
Dy 7pe??
Mg = 1/2hx [2(1+R)In(1+R) ;
—(1+R)+1/(1 +R)]
f(Pe, R)=1.24hg" P Pe? R?? |
Gravity N =G/V1+G? _ Yoshioka eral.? | Horizontal flow
Ng =G/(1+G) Downward flow
Inertia n;=5t3/(St3+1.545t2+1.76) Landahl-Hermann®? | Re=10
Inertia and N = Qhg') 21+ St+10g Stechkina®® St<1, Re<l
Interception | - (79,6 —28a%?)R?_27.5R>*

hg=—1/2Ina+a—a*/4—3/4, hg'=—1/2Ina—0.5

single fiber efficiency.

Each correlation listed in Table 3 is a func-
tion of the dimensionless parameters in Table 2.
Among the aerosol properties (0,, d,, p, and
u), filter properties (dr and o) and operating
conditions (u, and T) which determine these
dimensionless parameters, the essential ones are
the particle size d,, filtration velocity u (or
interstitial velocity u,), fiber size dy and filter
packing fraction «. In particular, it is very im-
portant to assess the influence of d, and u on
n.. The authors have drawn the n, contours on
the uy-d, coordinates as shown in Fig. 3. These
diagrams, drawn for a given combination of dj
and «, are practically very useful in estimating
n. for various operating conditions®,

KONA No. 8 (1990)
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Fig. 3 The regions governed by individual collection
mechanisms and contours of single fiber
collection efficiency
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QO N 3. 2 Relationship between filtration mecha-
\(\O nisms and minimum collection efficiency

Figure 3 illustrates the regions governed by
each filtration mechanism in d,-u, coordinate
system. This figure indicates that minimum
efficiency exists at a certain d, for a given u,,
or vice versa. Figure 4 shows the experimental
single fiber efficiency with the minimum effi-

5 I l
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R \I A Blle
€,
022 adad”
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10 \ Minimumetficiency
\‘/curve
5 ~ 0\ }
N,
- \\. P
= A
=
2 N\ \‘ i
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- \A, s[’ /
5 Key i e iprny —_— —
[0 > [ o466 \A\A\ 4z
© | O 486
&) 0740 s “/
N 390
10 3 & | A0
10 ¢ 5 10 * 5 10° 3
Jp ()

Fig. 4 Experimental single fiber collection efficiency
of air filters with different sized fibers

ciency®. These results are obtained for fibrous
filters with the fiber size d ranging from 0.5 to
40 um. The efficiency decreases as the fiber
size increases. Each efficiency curve is concave
against d,-axis and the particle size d, i, With
the minimum efficiency increases as the fiber
size dy increases. This is because an increase in
fiber size brings a smaller decrease in diffusion
efficiency n, than that in interception effi-
ciency ng . The efficiency curves A, Band Cin
Fig. 4 are those of HEPA or ULPA filters.
Curve D corresponds to medium-performance
filters, and curves E and F to filters for coarse
particles.

The dp min also depends on the filtration ve-
locity u; the most penetrating particle size,
dp, min decreases as the filtration velocity u
increases, for the same reason, as illustrated in
Fig. 5, which plots the particle penetration P of
a HEPA filter against the particle size.
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Fig. 5 Dependence of particle penetration of an ultra
high performance filter on the filtration velocity

(df: 0.76 pym, L: 0.395 mm, a: 0.075)

3. 3 Adhesion and bounce-off of particles

The aerosol filtration theory by inertia, dif-
fusion and interception is based on the assump-
tion that all the particles colliding with the
fibers are retained on the fiber surface. This as-
sumption, though almost valid for fine parti-
cles of several um or less, is not valid for larger

osk Landahl-Herrman

! Particle ’ :1";17‘;1 w(m/s)
0 aa’ 3318 7]

23-80 -1
08-20

7. (=)

Fig. 6 Bounce-off of fly ash particles from stainless
steel fiber surfaces

solid particles because probability of particle
bounce-off increases with particle size. Figure 6
presents the experimental results of the particle
represents the experimental results of the parti-
cle bounce-off on the fiber surface®, where the
number, showing how the filtration efficiency

KONA No, 8 (1990)
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Q%M‘Fy ash (solid particles) and DOP (liquid par-
ticles) on stainless steel fibers of 8 um changes
with particle size d,, and filtration velocity u.
The DOP mists which do not bounce-off on the
fiber surfaces, the collection efficiency are well
represented by the theoretical correlation for
inertial efficiency (refer to Table 3). For the
fly ash particles, however, the observed effi-
ciency deviates from the theoretical correlation
at a large particle size or high filtration velocity
(at a large Stokes number), and filtration effi-
ciency n decreases with the Stokes number in
large Stokes number region. In general, the
filtration efficiency n is represented by the
product of the impaction efficiency n, and ad-
hesion efficiency n,, i.e.,n =n.* n,,and n =7,
when n, = 1. Referring to Fig. 6,7, =1 orn =
n. for the DOP mists, whereas n, = n/n, < 1
for the fly ash particles.

The major forces responsible for the adhe-
sion of fine particles on the walls are van der
Waals, electrostatic and capillary forces. In sys-
tems which are not electrically charged and
free of capillary van der Waals force (intermo-
lecular force) is a dominant adhesion force.
The theoretical report by Loffler eral.” studied
the critical velocity of the particles at which
they start bouncing off fiber surface, from the
energy balances during the collision. Table 4
compares the critical bounce-off velocity esti-
mated by Loffler et al with the experimental
velocity v = u, at n, = 0.5 which are deter-
mined by plotting n, against kinetic energy of
particle Ex =(1/2) (nd,’p,/6)v* for the data by
Loffler ef al. and other researchers®, This table
indicates that 1-um particle bounce-off does
not occur unless the flow velocity exceeds
several m/s, although there is some uncertainty
in both the experiment and the estimation.

Table 4 Estimated and observed bounce-off

charged, electrostatic force is exerted between
them. These electrostatic forces improve the
filtration efficiency so much that it cannot be
achieved by the previously mentioned mechani-
cal mechanisms alone. These filters, which are
referred to as electrostatic air filters, fall into
two general categories; electrically charged and
dielectric filters, depending on whether the
filter medium is electrically charged or not.
Table 5 outlines the five representative types of
electrostatic air filters. Also shown in Table 5
are the correlations between the single fiber ef-
ficiency and the dimensionless electrostatic
parameters.

Electret filters, which consist of permanent-
ly polarized fibers in particular, have been at-
tracting much attention recently. The charged
fibers are prepared by splitting an electret of
polypropylene films into fibers or by making
polypropylene fibers into an electret. The
electret fibers made by the former method is
characterized by a rectangular cross-section
with a high charge density, but it is difficult to
make fine fibers of 10 um or less. The latter

10°

5 0, Interception
< (]
/
.
10— / .
5 | g =25um
.
u =10cm/s
cnarging State
10 i ‘ { Xey Fioer Partie
5 Y ‘Uncharges | Jncharged
\|/ Browhian * Chargec | Jncrargec
o diffusion
a 10 o | Crarges Charges

10— \—— Induced force
5 -
Coulombic

A‘} )

V,.l

force ‘

i

10—
T
|

1

|

velocity (u,)

d, (um) : uc (em/s)
Estimated ! Observed
1 20~200 | 200~900
5 4~ 40 | 20~ 80
10 2~ 20 ‘ 6~ 30

4. Electrostatic Air Filters

When particles and/or fibers are e
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Fig. 7 Particle penetration of electret filters and
uncharged filters

method can produce fibers with diameter of
about 1 um, but the charge density is not as
high as that of the former method.

Figure 7 compares the penetrations of the

“same filter before and after the treatment to
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ficiency, which is 50% in the absence of an
electrostatic force, is markedly improved to
99.9%, when singly charged particles are passed
through an electret filter.

An electret filter can capture ultrafine parti-
cles at a very high filtration efficiency, but its
efficiency tends to decrease as the particles ac-
cumulate on the surface, because the electro-
static charge is gradually reduced. This trend is
more noticeable with organic mists, such as
tobacco smoke and DOP particles. In the case
of solid particles, on the other hand, the filtra-
tion efficiency tends to increase with dust load,
because an increase in the mechanical efficiency
by the accumulated particles prevails the de-
crease in electrostatic collection efficiency®?

5. Granular Bed Filters

Granular beds have a higher packing fraction
(around 60%) than that of fiber-packed beds.
They are, however, inferior to fiber-packed
beds in both filtration efficiency and pressure
loss, because of large granule size (0.5 mm or
more). These disadvantages left granular beds
undesirable for a long period of time until a
series of oil crises and the resurgence of coal-
fired boilers in power plants brought them into
the limelight as high-temperature dust collec-
tors. The major advantages of granular beds are
(1) durability at high temperatures, which
stems from use of heat-resistant materials, such
as sand, ceramics and a variety of metals as the
filter media, (2) clogging of filter can be avoided
by the use of moving-bed concept, and (3)
granules can be recycled and reused, after re-
moving the accumulated particles by sieve or
fluidized bed. It is therefore possible for a mov-
ing bed to maintain stable operation with con-
stant filtration efficiency and pressure loss.

Granules in a packed bed are in contact or
very close to each other, thus making it very
difficult to analyze the flow field, unlike in the
case of fiber-packed beds. There are two models
to describe the flow field in the granular bed,
namely external flow model in which the flow
passes around a single sphere and internal flow
model (channel model) in which a variety of
flow passages are assumed, as shown in Fig. 8.
Most of the theoretical works on the granular
bed filtration are based on the former model.
Tardos et al. '® assumed that the filtration effi-

KONA No. 8 (1990)
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(a) Exter flow model (b) Internal flow model

Fig. 8 Internal and external flow models for granular
bed filter

ciency np of a single sphere in granular bed can
be given by the product of the filtration effi-
ciency nop of isolated sphere and the correc-
tion factor g(a) which is a function of packing
density19;

np =ga)nep &)

g(a) in the above equation is given in Table 6
for various cases. Table 7 summarizes the theo-
retical correlations for n,,'?.

For the inertial impaction of particles,
D’Ottavio and Goren'?, Gal et al'® and
Pendse and Tien!'® obtained single sphere col-
lection efficiency. These were recently reviewed
by Jung et al '¥.

Table 6 Theoretical correlations for diffusional
single sphere collection efficiencyz)

Researchers Flow Diffusion efficiency Np
Levich Creeping flow | 4.03Pe~??
Lochiel Boundary 3.36Pe V6 pe=23
etal. | layer flow
Suneja Potential flow | 3,.027Pe 2 +2.0R
(interception
effect included)
Watts Potential flow | 4.624 Pe™*+4.74 Pe™!

»ﬁ |'=‘~
W=l

The authors have measured the initial filtra-
tion efficiency of the granular packed beds.
The experiments covered the conditions of par-
ticle size d,: 0.02 to 2.02 ym, filtration veloci-
ty: 0.4 to 120 cm/s, granule size dg: 0.5 to
2.0 mm, packing fraction a: 0.574 to 0.667,
and bed height L: 3.0 to 15.0. As a result, the
following semiempirical correlations were ob-
tained as a function of dimensionless parame-
ters governing the filtration mechanisms. The
correlation is based on the assumption that the
filtration efficiencies by inertia, diffusion, gravi-
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tation and interception are additive. They have
proven to be applicable for various conditions.
conditions.

n=np +ng +n, +ng (6)

np = ASc’/i + Rel 7N

£, =23+ Re*/6(Re* +2.0 X 10°)
A=80, f,=-2/3 :Re<30
A=400, f,=-1.15:30< Re< 100
A=21, f,=-1/2 :100< Re

e =G/(1 +G) (8)

Ny = St /(Stess +0.014) )
Stess=[1.0+1.75(1 —a)Re/150a}St

Ng = 16R27Re/(Re“3+1)3 (10)

where, subscripts D, G, I and R stand for dif-
fusion, gravitation, inertia and interception.
As shown by Eq. (7), the diffusion efficien-
¢y mnp is relatively insensitive to «, and it de-
pends more on Re; np = 8.0Pe"*? with Re
— 0 (creeping flow) and np = 2.1Pe"'? with
Re — = (potential flow). Therefore, the expo-
nents of the Peclet number coincide with those
of the theoretical correlations shown in Table 6.
Equation (8) is a purely theoretical correlation,
and Eq. (9) is a correlation with the effective
Stokes number proposed by Gal et al.'¥. Sc
(= u/pDg) in Eq. (7)is a dimensionless number,
known as the Schmidt number. Refer ta Table
2 for the other dimensionless numbers in Eq.
(6) to (10).

The authors have recently conducted experi-
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$?~ Table 7 Packing fraction functions g{a)
© Researchers Flow g(o) Applicable Remarks
ranges !
Pfeffer et al. | Viscous flow i 2(1 —a)™? 13 Re<0.01 ] Theo1etical correlation
| (Happel flow) | 2 3aB 13057 — 202 | Pe21000
i ' i
Tardos et al. | Viscous flow : -« 13 Re<0.01 " Theoretical correlation
| (Kuwabara flow) N T4a—(9/5)0%(1/5)a? f Pe21000 !
Sirkar ! Low-Reynolds number 2+1.5a+1.5(8a—3a)? " ReL] i Theoretical correlation
| flow (Tam flow) (1—a)(2—3a) - Pe21000 |
P a<0.67 ‘
Tardos et al. = Viscous flow . 1.0743.43« Re<0.01 | Numerical solution
' (Kuwabara flow) \ Pe 21000 ;
Tan et al. \ } 1.1/(1 —@) Re<1 Empirical correlation
| 1 1 0.3<a<0.65 |
Wilson and l 1 1.09/(1 —a) . Re<10 ‘ Empirical correlation
Geankoplis } 1 | 0.3<a<0.65

ments at elevated temperatures of up to 300°C,
and found that the observed results are well
represented by these equations with the cor-
rection in air viscosity u, air density o and
Cunningham’s slip correction factor at a high
temperature!®, Though the dependence of col-
lection efficiency on temperature varies with
the test conditions, temperature rise generally
leads to a decrease in the filtration efficiency
and an increase in the pressure drop at a given
mass flow velocity of air,

The collection performance of granular beds
under dust loaded conditions has been studied
by several researchers. Kimura et al applied
an interception model in fixed granular bed
filtration!” and analyzed distributions of
collected particles in the bed!®'? Pendse et al.
simulated the process of particle accumulation
on the granule surface based on a channel flow
model®”. The moving beds are mostly used
commercially. Particle accumulation in the
moving bed differs significantly from that ob-
served in fixed beds. For example, in the mov-
ing bed filtration it is necessary to consider the
accumulated particle distributions in the mov-
ing direction (vertical direction to the air flow),
and the reentainment of collected particles by
the movement of granules. Arashi et al., taking
these into consideration, proposed a model
to predict the particle accumulation charac-
teristics in moving beds from those in fixed
beds??,

KONA No. 8(1990)
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O$VQ W Motion Analysis in Tumbling Mills by
\> the Discrete Element MethodT
B. K. Mishra and R. K. Rajamani
Department of Metallurgical Engineering
University of Utah*
Abstract
The media motion in a ball mill is simulated using a numerical algorithm known as
the Discrete Element Method., The motion of the charge is modelling by considering
the forces acting at each contact point during a collision and following the movement
of individual balls as per Newton’s law. First, experimental verification of the model is
shown. Then a few simulated results are shown for some interesting cases. For the
first time it is possible to get information about the distribution of energy in the col-
lision between balls. Also the cataracting and cascading motion of charge in large mills
can be simulated accurately with this simulation program.
. White? and Davis?, among others and has
Introduction

Grinding is an important unit operation in
metal production from mined ores. Crushed
ore in the size range of 1~3 centimeters is
ground to a size finer than 72 microns. In al-
most all plants a tumbling ball mill is used for
grinding. Importantly, this operation consumes
a large amount of energy; the power cost may
represent more than half the total processing
cost. Therefore considerable attention has been
focused on the breakage rates and energy con-
sumption in tumbling mills, Our knowiedge of
comminution (the effect of operating variables
on mill performance, modelling, simulation and
control) has greatly widened, yet we face fresh
problems that require both practical as well as
theoretical solutions. One of the current prob-
lems is predicting the power draft of the mill.
This would entail knowing precisely the distri-
bution of forces during the tumbling motion
of the balls. A good approach to the above
problems clearly resides in the understanding
of the dynamic motion of the balls within the
mill, which is the genesis of the forces experi-
enced by the particles to be ground.

Motion analysis of the charge of particulate
material in a tumbling mill was reported, by

* 412 William C. Browning Bldg., Salt Lake City, Utah 84112
USA.

t Received October 29, 1990
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been reviewed by Rose and Sullivan®, Although
simplistic in nature, these works established the
motion of the charge inside a ball mill approxi-
mately.

Once the charge motion was established, re-
searchers took different approaches to predict
the power draft of the mill. In one such ap-
proach, certain assumptions were made with re-
gard to the dynamic charge: the entire mill
charge composed of a single mass whose profile
is determined by a line joining the toe and
shoulder of the ball mass and the mechanical
energy sustaining the mass at this position con-
tinuously. While the mill is at rest, the center
of mass of the charge is on the vertical line
passing through the center of the mill axis, but
as the mill rotates the center of mass of the
charge assumes a new position to the right of
the vertical axis (for counterclockwise mill
rotation). The torque required to maintain
the charge in its offset position is then com-
puted from the load and the offset distance
from the mill center. The power draft is then
related to the torque through the rotational
speed of the mill.

The power-draft calculation described is
quite simple, and hence the resulting analytical
equations are widely used in the mineral proc-
essing industries. However, a host of factors
like the profile of the charge, the natural angle
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response of the charge, frictional forces act-
ing at the mill wall, the shape of the lifter bars,
the size distribution of the ball charge, etc.,
influence power draft so much that the simple
analysis begins to fail when higher accuracy is
demanded. Liddell and Moys® have proved this
point: none of the torque formulae could pre-
dict their carefully measured power draft of
the 0.545-m X 0.308-m mill. In their recent
works Mishra and Rajamani® have shown that
the center of gravity of the charge is not a fixed
point in space; rather, it changes its position
as the mill rotates. They have also shown® that
the profile of the charge changes with the
shape of the lifter bars. Therefore, any torque
analysis treating the ball charge as a single mass
is unrealistic.

The breakage rate of particles, wear rate of
balls and liners, and power draft are known to
be intimately related to the motion of the
charge. Hence to accurately predict these quan-
tities, motion of individual balls must be model-
led. An analytical solution within the realm of
classical mechanics is impossible. Therefore,
the intention here is to explore some other
avenues of fundamental inquiry, by means of
which motion and collision of each and every
ball in the ball charge can be tracked. Such an
analysis is possible with the Discrete Element
Method, which is a numerical tool for simulat-
ing multi-body collisions. In this analysis, the
motion of the charge is treated as a multi-body
collision problem, for which only the material
properties with regard to impact must be
known, The purpose of this paper is to present
the results obtained through numerical simula-
tion and discuss the trends in the results in
comparison to physical experiments.

The Model

The Discrete Element Method (DEM) is a
numerical scheme pioneered by Cundall and
Strack” for simulating the behavior of systems
of discrete interacting bodies. It has gained
popularity over the past decade in several areas
of science where behavior of particulate ma-
terial had to be studied taking an alternate
route to the continuum approach. This scheme
allows finite displacements and rotation of dis-
crete bodies, where complete loss of contact
and formation of new contacts take place as
the calculation progresses. The program DISC
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developed by Corkum and Ting® implements
the DEM algorithm for two-dimensional disc-
shaped bodies; it has been used to study basic
soil behavior and geotechnical problems. This
code has been modified by Mishra® to simulate
media motion in tumbling mills,

The numerical scheme adopted in the DEM
formulation applies Newton’s second law to
the discs and force displacement law at the
contacts. Newton’s second law gives the mo-
tion of the discs resulting from the forces act-
ing on it. The forces developing at the contacts
are modelled by a pair of normal and tangential
spring-dashpots at every contact point. The
forces are found from the overlaps of the discs
at the contact points by using a linear force dis-
placement law; the contact forces are propor-
tional to the amount and the rate of overlap
between the discs. The provision of viscous-
contact damping models the system realistical-
ly, because the coefficients of restitution for
different contacts are used to compute the
damping parameters. Also, friction damping
occurs during sliding in any time step, when
the absolute value of the shear force at any
contact exceeds a maximum value found by
the product of the normal force and the coef-
ficient of friction.

Fs(max)=y-Fn %é;

Fig. 1 Schematic representation of an assembly of
discs and a contact showing the spring-dashpot
arrangement.

As shown in Fig. 1, every disc is identified
separately; they are allowed to overlap at the
contact points; and the calculation is done for
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each disc in turn. The relative velocity of the
disc i with respect to other discs k, [, m, and n
is determined for each contact. These relative
velocities for every contact of disci are resolved
in the normal (along the line drawn through
the disc centers) and shear direction, and the
force calculation is then done for each contact
in the following way:

AF, = K, *dv, * At
AF, = K * dvg * At
Ady, = G, * dv,

Adg = G * dyy

where AF, and AF; are the incremental forces
due to the springs, Ad, and Ad, are the incre-
mental forces due to the dashpots, dv, and
dv, are incremental velocities, K and C are the
spring and dashpot constants, respectively, and
At is the incremental time step. Then the con-
tact forces on a disc are added to get the net
out-of-balance force acting on it. The accelera-
tion of disc i of mass m; is given by

1 )

)'(.‘,': EFx
i
o1 ,
Vi= _n?,-sz
.. 1 >
6,': '_‘—EMO

Ioi

where X, y, 6 are the accelerations in the x, y
and 8 directions, respectively, I; is the moment
of inertia of disc i, and M, is the total moment
acting on the disc.

Then by integrating acceleration with a
central difference scheme, the velocity and dis-
placement are determined. Thus, by repeating
this calculation for each disc, the new position
of all the discs is determined, and, by repeating
the entire set of calculation at successive time
steps, the movement of the charge in the x, y-
coordinate space is given.

Experimental Work

The majority of the experimental work was
carried out in a small ball mill, and specialized
equipment was used to determine material pa-
rameters. The principal aim of the experimen-
tal work is to verify the numerical simulations.
The parameters needed for the numerical calcu-
lation are the coefficient of restitution, materi-
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al stiffness and coefficient of friction. The ma-
terial stiffness is determined by dropping the
ball over a layer of particles situated on an
anvil. A strain gauge embedded in the anvil re-
cords the strain waves. The analysis of the data
gives stiffness.

Similarly in a pendulum experiment, the
coefficient of restitution for the ball-ball colli-
sion is determined. Drop ball experiments are
done to find the same for ball-wall collisions.
These values of the coefficient of restitution
are used to estimate damping parameters.

The coefficient-of-friction data are obtained
from the results of the experiments done by
Rose and Sullivan®, The data used in the simu-
lations are given in Table 1,

Table 1 Data used in simulations

Normal stiffness 418,400 N/m
Shear stiffness 278,930 N/m
Coefficient of friction 0.4
Coefficient of restitution:

ball-ball impact 0.9

ball-wall impact 0.3
Mill diameter 0.3 m
Critical speed 76 rpm

Similar data have been used recently by Yoko-
yama et al'® for studying the movement of
ball media in vibration mills.

For recording the motion of ball charge ex-
perimentally, a ball-mill/video-camera system
was built. The video camera records events on a
video tape, and a frame-grabber hardware trans-
mits the image to the computer memory. Then
a software program tracks the x, y-coordinates
of the moving balls. In this manner the motion
of the entire ball mass is compared with the
simulation results. A schematic of this equip-

Ball Ml Camera VCR
]
RGM Monitor
Micro
o D
Frame
grabber

Fig. 2 Experimental apparatus
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ment is shown in Fig. 2. The ball mill is a thin
cylinder 1 centimeter thick and 30 centimeters
in diameter, fitted with six equally spaced lifter
bars. The discs are 3.4 centimeters in diameter
and 0.8 centimeters thick. The discs are posi-
tioned in the mill, and a plexiglas end plate is
bolted to the lifter bars. The plexiglas plate
allows video recording of the charge motion,
Thus, the experimental mill is made to corre-
spond to the simulated mill.

Results

It is easy to calculate the trajectory of a

single ball; for two balls the trajectory calcula-
tion becomes slightly complex, and as the num-
ber of balls increases, it becomes impossible to
calculate the individual trajectories. It is for
this reason that in the literature many of the
predictions are for a single ball. For the first
time DEM enables tracking of all the balls no
matter how many balls reside in the mill. Fig-
ures 3a and 3b compare the position of two ar-
bitrary balls in an assembly of 24 balls; one of
the balls resides close to the mill shell (Fig. 3a)
while the other rests on the outermost layer of
balls (Fig. 3b). The mill is filled with 24 balls
of 3.4 centimeters diameter resulting in a 40

! ' ' o Expelr,mem; percent mill filling. Experimentally determined
030 f = Predicted — positions are compared against numerical simu-
lation results for two revolutions of the mill,
025 = 7 Even though collision events are stochastic in
~ nature, the comparison is surprisingly close. It

E o020 | — e ere ..
o is difficult to say, however, that predictions
izz 015 L _ would be equally good in the third revolution.
2 Since the disc surface is rough, the actual tra-
S 010 = - jectories deviate slightly from the theoretical,
and as time passes these deviations build up to
005 - ] a large extent. It is believed that by correctly
choosing the parameters the collision events
or B can be simulated within the limits of accepta-

1 I ] | | I L ble error.

0 005 010 015 020 025 030
X-DISTANGCE. (m)

Fig, 3a Comparison of the measured and predicted
trajectories of a ball residing close to the mill

Even though the trajectories of individual
balls become stochastic at longer periods of
time, the mean tendency of the charge motion
can be predicted with DEM. After a number of

shell
I T
T T T T T 1 T T T -
~= Experimental -——— Experimental
— 22~ Predi | ] Prediction
0.30 redicted ] 50 L o .
Toe
o 7 270°
> 200 |- _
[
= 020 N o
= [9))
5 S
3] = 150 | |
Z 015~ ] =
O
o =
a @
T 10 — — L
> 010 8 100 |
005~ —
50 - . Shoulder |
o -
| I ] | | | 1 1 I 1 | |
50 60 70 80 90

0 005 010 015 020 025 030

X-DISTANCE. (m)
Fig. 3b Comparison of the measured and predicted
trajectories of a ball residing on the outermost
layer of balls
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MILL SPEED. (% Critical)

Fig. 4 Comparison of the measured and predicted
toe and shoulder positions of the load at
various speeds
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$?~Q N\ revolutions the experimental profile of the
\(\O charge can be compared with simulation. Usual-

ly the position of the shoulder and toe of the
charge is referred to in the literature. Here
“shoulder’” means the point from which the
balls leave the mill shell, after taking a circular
path along the mill shell, and the “toe’ is the
point where the balls drop on the mill shell
after being thrown out. The position of the toe
and shoulder can approximately define the pro-
file of the charge. Figure 4 shows the change in
the angular toe and shoulder positions as the
mill speed changes. It is seen here that the pre-
dicted positions are in agreement with the ex-
periment. The trends are worth noting: With a
lower mill speed the charge moves along the
mill shell to a point where a component of the
gravity exceeds the centrifugal force and lets
the charge fall from the mill shell; from this
point onwards, the charge moves in a parabolic
path until it hits the mill shell. In contrast, at
higher speeds, the outer layer of the charge
begins to centrifuge; the angular toe position is
lowered, while the angular shoulder position is

Mill Diameter =30cm
Ball Load=40%
Mill Speed=62%

Face Angle
134

90

Fig. 5 Snapshots of motion of an assembly of balls
depicting the difference in the profile of the
load for two different lifter-bar geometry
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raised. Therefore, to produce mostly cascading
motion and very little cataracting of balls, the
mill should be operated at an optimum speed.
It is possible to ascertain this speed for any size
mill with this simulation procedure.

After having built some confidence in the
computer code, a few numerical experiments
were carried out to compare the trends in the
simulation results with actual observations.
Lifter-bar shape tremendously influences the
profile of the charge, but due to wear lifter-bar
shape changes after prolonged hours of milling,
causing a change in the ball trajectories; these
changes in turn affect the power drawn. As an
illustration, Fig. 5 shows snapshots of the
charge profile as it evolves, for two different
face angles of lifter bars — 134 degrees and 90
degrees. A comparison of power draft indicates
that a 30-centimeter diameter mill, operating at
60 percent of its critical speed, 40 percent fill-
ing, with 90-degree face-angle lifter bars, draws
twice as much power when compared to the
same mill fitted with 130-degree face-angle lifter
bars. How much of this extra power is utilized
in particle breakage is not known.

It is possible to calculate the energy distribu-
tion of collisions in the ball charge. What makes
this possible is the contact model using normal
and tangential spring-dashpots. The frequency
distribution of energy expended in various col-
lisions reveals more diverse information about
the behavior of the mechanical process. To il-

i | I I | | ]

- LEGENO % CRITICAL TOTAL NO.OF ]
= SPEED IMPACTS o
B X 40 25 7
- O 55 22 -
X 70 18
+ 85 15

/;
/

1 Illllll

11l

IMPACT FREQUENCY (I/mj)
T

T T TTTT]
1

1 1 1 | 1 1 1
20 40 60 80 100 120 140

IMPACT ENERGY (mj)

Fig. 6 Frequency distribution of energy between
collisions for different mill speeds
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40 percent ball filling was simulated. Figure 6
shows the frequency of impacts for a single
ball during one revolution, as a function of
impact energy, for different rotational speeds.
It is seen that the number of impacts corre-
sponding to small energy values is more than
the number of impacts corresponding to that
of large energy values. This happens when the
cascading motion predominates the overall mo-
tion of the charge; this fact was readily noticed
in the simulation-animation results which are
not shown here.

It is important to know how the impact fre-
quency corresponding to a given energy value
changes with the rotational speed; with this in-
formation the particle breakage process can be

I I T ! | I
LEGENO IMPACT ENERGY

X 10mj

XX O 50m;j
o \\ + 100m; _

L=\
| /J"_*\\k: |

1 1 | 1 i |
40 60 80 100 120 140

MILL SPEED, (% Critical)

CUMULATIVE NO. OF IMPACTS(—)

Fig. 7 Variation of cumulative number of impacts,
corresponding to a given energy of impact,
with mill speed

controlled. Figure 7 shows the cumulative
number of impacts greater than a given energy
plotted against the rotational speed of the mill.
The number of low-energy impacts (~ 10 mj)
decreases with increasing rotational speed. The
frequency of medium- (~ 50 mj) and high-energy
(~ 100 mj) impacts increases with increasing ro-
tational speed and subsequently decreases with
speed. Also, low-energy impacts are greater in
number than the high-energy impacts at any ro-
tational speed of the mill. As the balls begin to
centrifuge, the total number of impacts de-
creases. A combination of these impacts influ-
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ences the mode of breakage of the material and
the power draft. Also from the figure, it is safe
to predict that the maximum in power draft of
the mill would occur at about 70 percent of
the critical speed. It is known that mill capaci-
ty is at its highest when the power draw is high-
est. For a given liner configuration and ball size
distribution, it is possible to predict power
draft with this DEM simulator.

The critical speed of the mill applies only to
the outer layer of the balls, i.e., the ones which
are in contact with the mill shell. This outer
layer of balls cataracts, and the inner layers of
balls then tend to cascade, as they would in a
mill operated at a low speed. So, at any given
time, some of the balls would be in flight (cata-
racting) while others would not be. The pro-
portion of these balls with respect to one an-
other determines the frequency distribution of
impacts. However, these energies of impacts
cannot be determined experimentally, and one
has to rely on numerical schemes as presented
here. Rolf and Simonis'? measured the energies
of impact in a carefully planned experiment.
The balls were fitted with strain gauges and
memory circuits and after going through colli-
sions the information was transmitted to a
computer for analysis. The simulated trends of
energy frequency agree with Rolf’s experimen-
tal findings.

Conclusions

An analytical description of multi-body col-
lision is difficult, but the Discrete Element
Method enables numerical simulation of ball
charge motion. Currently, the simulation re-
quires hours of supercomputer time, depending
on the number of balls to be simulated. Pub-
lished models describing the motion of the
charge in a mill are invariably based on empiri-
cism, and hence their use is limited. DEM simu-
lation can give collision frequency and impact
energy frequency. The collision frequency can
be subdivided into ball-ball collisions and ball-
liner (shell) collisions. Hence, with these fre-
quencies, rates of both liner and ball wear and
particle breakage can be modelled accurately.

The simulation results pertaining to two im-
portant aspects of ball motion are checked
against laboratory experiments: First, the posi-
tion of two arbitrary balls are tracked and
found to match with the simulated trajectories,
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and second, the toe and shoulder positions de-
fining the profile of the charge as a whole as
predicted by simulation agree with the experi-
ments. Also the charge motion was simulated
for two different shapes of the lifter bars. The
snapshots of a charge motion depict the dif-
ferences in the overall motion of the charge.

The key to any plant operation lies in a good
understanding of the individual unit operations;
ball mills in a concentrator are no exception,
Very little is known about the processes taking
place inside the mill due to the lack of sensors
which can function in the harsh environment.
Moreover, for process simulation, an adequate
theory capable of describing the individual mo-
tion of balls is yet to emerge. As described
here, it is possible to simulate multi-body colli-
sions. Some simulations were carried out to
study the impact process occurring within the
mill. The low-energy impacts are far larger in
number than high-energy impacts for all speeds.
Furthermore, the number of impacts for a spe-
cified energy value reaches a maximum and
then drops off as speed increases.

The results shown here, though in no way
exhaustive, are quite fundamental in nature,
and unveil the modes of charge motion and
hence the mechanism of breakage. For the first
time, the frequency distribution of energy of
collisions is numerically calculated. This work
is currently being pursued at greater lengths, to
establish a mechanism of particle breakage with
respect to the modes of charge motion. It will
then be possible to predict the size distribution
of the particles being milled. We believe that
this work should open a new dimension of fur-
ther investigation into comminution in ball
mills.
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An XPS Investigation of Hydrothermal

and Commercial Barium Titanate PowdersT
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Abstract

Hydrothermal and commercial barium titanate powders were examined for unde-
sirable impurity phases. Compositional differences in the powder were evaluated using
x-ray diffraction (XRD), x-ray fluorescence (XRF), and x-ray photoelectron spec-
troscopy (XPS). A brium-rich impurity phase, virtually undetectable by XRD, was de-
tected via XPS. Barium impurity phase peaks were detected at binding energies @ 1.5
eV higher than those characteristic of barium in a barium titanate bonding state for
both the Ba 3d and Ba 4d transitions. Simple curve-fitting techniques were used to
quantify the percentage of barium in a barium titanate bonding state versus another
barium bonding state for each set of doublets. The barium impurity bonding state
accounted for 20 —50 mol% of the barium detected by XPS.

1. Introduction

Submicron, crystalline barium titanate pow-
ders can be hydrothermally synthesized from
inexpensive, aqueous slurries of barium hy-
droxide and titanium dioxide precursors at
temperatures near the boiling point of water in
an ambient atmosphere?. The synthesis pro-
ceeds according to the net reaction:

TiO, + Ba(OH), — BaTiO; + H,0

To maximize conversion, an excess of barium
hydroxide is necessary to force the reaction to
go to completion. As in the processing of other
chemically derived powders, a subsequent wash-
ing procedure is necessary following the syn-
thesis of hydrothermal barium titanate to re-
move any excess reagent or other undesirable
impurity phases from the product. In particu-
lar, excess barium hydroxide reagent must be
removed to maintain a 1:1 Ba/Ti molar ratio
and to prevent formation of barium carbonate
upon contact with carbon dioxide in the at-
mosphere. However, excessive washing must be
avoided, since a barium-deficient or titania-rich
powder can result in excessive grain growth
during firing?. In addition, the hydrothermal
slurries, which have a pH of 12-14 prior to

* P.0.Box 909, Piscataway, New Jersey 08855-0909, U S A.
1 Received October 29, 1990
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washing, must be neutralized to ease further
processing.

This paper will focus on impurities in barium
titanate powders as interpreted by x-ray photo-
electron spectroscopy (XPS) and x-ray diffrac-
tion (XRD). To understand the effect of pro-
cessing on the surface of the powder, XPS was
used specifically because it gives direct measure-
ments of surface atomic composition as well as
surface chemical bonding information. Tradi-
tional methods of evaluating the chemistry of
barium titanate powders establish a bulk
barium/titanium atomic ratio by either x-ray
fluorescence (XRF) or wet chemical analysis.
However, these bulk methods cannot distinguish
between the different phases of barium that
may be present in the samples. In addition,
bulk measurements may not reflect the true
surface chemistry of the powder, especially in
the case of high surface area, submicron pow-
ders where surface heterogeneities may be pre-
sent. XRD is frequently used for phase analysis
but is of limited value when amorphous phases
or very small amounts of a phase are present, as
is typical of a surface. Fourier transform infra-
red (FTIR) spectroscopy can be used to identify
surface groups, but the data cannot be easily
quantified.

The XPS technique uses low energy x-ray
beams to ionize inner-shell electrons from the
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O cal information is interpreted from the kinetic

energy spectra of the photoelectrons collected.
Photoelectrons of a specific kinetic energy
range correspond to a specific electronic transi-
tion of a particular element. The binding energy
of an atom is related to the kinetic energy of

the ionized electron by the Einstein equation®:

KE=hv—BE—¢—W,

where KFE = kinetic energy of the ejected elec-
tron, hv = x-ray excitation energy, BE =binding
energy of the atom, ¢ = combined work func-
tion of the instrument and sample holder, and
W, = work required to overcome charging in
the sample due to poor electrical conduction,

Elements exhibit binding energy peaks
whose relative positions depend on the electro-
negativity of their surrounding atomic neigh-
bors. These are the chemical shifts by which
the bonding states of the element are identified.
In the case of a phase mixture where more than
one bonding state exists, the relative distribu-
tion of a particular element in each bonding
state can be interpreted by curve fitting the
binding energy peaks and computing the total
peak area fraction for each bonding state. How-
ever, curve-fitting results are associated with a
high degree of error, are not necessarily unique
solutions, and thus might not have a physical
meaning, especially when energy shifts ap-
proach the peak resolution of the instrument?.
Finally, different electronic transitions of the
same element can reveal compositional infor-
mation at two different depths if the difference
in kinetic energy between the transitions is
large enough. A depth composition profile of
barium is possible because of the large differ-
ence in kinetic energy between the 3d barium
peaks at 475 eV and the 4d barium peaks at
1160 eV. The 475 eV Ba 3d transition has a
maximum escape depth of 10-20 A, which cor-
responds to the powder surface, while the 1160
eV Ba 4d transition has a maximum escape
depth of 30-50 A, which corresponds more to
the bulk region of the particle.

Peak identification for ceramic powders is
especially difficult due to sample charging,
which prevents assignments based on absolute
binding energy. Rough and/or chemically non-
uniform surfaces can cause differential charg-
ing effects that shift the energy peaks nonlin-
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early. Referencing to the graphite C 1s peak or
to the Au 4f peak is a standard technique for
overcoming this problem®. However, slight dif-
ferences in values for the same material in dif-
ferent studies are common in the literature.
Charging can also broaden peaks, leading to the
false conclusion that multiple bonding states
are present. Although the literature does not
cite a Ba binding energy for barium titanate,
XPS studies of barium and barium-containing
compounds have been of recent interest due to
ongoing research in the field of superconduc-
tors. Van Doveren and Verhoeven, in their
work on XPS spectras of alkaline earth metals
and their oxides, determined that the spin-
orbital splitting between the Ba 4d;,, and the
Ba 4d,,, doublet for Ba metal and single-crystal
BaO samples ranges from 2.1 to 3.0 eV? . Ford
et al. have demonstrated how Ba 4d spectras of
YBa,Cu,0, (123) superconducting samples
can be successfully deconvoluted into two sets
of doublets using Gaussian peaks and a Ba 4d
spin-orbital splitting value of 2.47 eV®, XPS
studies by Ford and coworkers and Brow on
123 superconductors exposed to air demon-
strated additional peaks at higher binding ener-
gies in the Ba 3d, O 1s, and C Is spectra, but
not in the Cu 2p and Y 3d spectras®-®). Fur-
thermore, Brow shows that these high binding
energy peaks correspond to a spectra of a
known BaCQj; sample with an O 1s peak at
531.4 eV, a Ba 3d,,, peak at 780.1 eV,and a C
1s peak at 289.2 eV.

The binding energy shifts of barium can be
explained by chemical bonding models. Barium
is a highly electropositive element, and barium
oxide compounds are nearly completely ionic.
In these cases, the barium can be assumed to be
in the 2+ state at all times. Chemical shifts are
then primarily the result of  local potential
changes caused by different anion coordina-
tion”. A higher coordination of negative ions
would increase the local electron potential func-
tion, decreasing the measured binding energies
of the photoelectrons. Assuming a perovskite-
like structure for the 123 compound, the bari-
um is 12-fold® . In comparison, barium carbon-
ate has 9-fold and barium hydroxide has only
8-fold coordination with oxygen ions®*'?. The
123 would be expected to have the lowest bind-
ing energies, with the barium carbonate and
hydroxide having increasingly larger binding
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energies. Barium titanate has an oxygen coor-
dination of twelve and is expected to have core
photoelectron binding energies similar to 123
and thus lower than both barium carbonate
and barium hydroxide.

2. Materials and Characterization
2. 1 Powder preparation

Both a commercially available oxalate-
derived barium titanate and various hydro-
thermally snthesized barium titanate powders
were studied under XPS. The commercial pow-
der was a high purity grade barium titanate
(Ticon HPB, Lot #716, TAM Ceramics, Niagara
Falls, NY) made by an oxalate coprecipitation
process, calcined to 850°C, and spray dried.

Three partially reacted hydrothermal powder
batches were prepared for initial XPS studies,
each by mixing 20 g of reagent-grade hydrous
barium hydroxide (Fisher Chemical, Fairlawn,
NJ) with 5 g of reagent-grade titanium dioxide
(Fisher Chemical, Fairlawn, NJ) in ambient
atmosphere for an initial Ba/Ti molar ratio of
1. A slurry of the powder and 30 m® of deion-
ized, double distilled water was reacted with-
out stirring in a 90°C oven in a sealed 60 mg%
teflon reaction vessel (Savillex, Minneapolis,
MN). The slurry from a different batch was
taken out of the oven after 1, 4,12, and 56 h.
Each slurry was diluted with 100 mg of | M
formic acid and vacuum filtered with 0.2 um
pore polyvinylidene difluoride filter paper
(Millipore Corp., Bedford, MA) until dry. The
filter cake was oven dried in air at 90°C.

More fully reacted batches of hydrothermal
powder with an initial Ba/Ti ratio of 1.1 were
prepared for rinsing studies in a similar fashion
by mixing 29 g of barium hydroxide with 6.7 g
of titanium dioxide in sealed 90 mg teflon re-
action vessels (Savillex, Minneapolis, MN).
After 72 h the slurry was vacuum filtered with-
out dilution with 0.2 um pore polyvinylidene
difluoride filter paper (Millipore Corp., Bedford,
MA) until dry. To minintize reactions between
the powder and atmospheric carbon dioxide
and possible hydrothermal reactions in a drying
oven, freeze drying (Dura-Dry, FTS Systems,
Stone Ridge, NY) was employed instead of
oven drying as before.

2. 2 Characterization

The hydrothermal and commercial barium
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titanate powders were characterized by XRD,
XRF, and XPS. Quantitative x-ray analysis
(XRD) was performed via a matrix flushing
method on an automated diffractometer (Model
D-500, Siemens AG, Karlsruhe, FRG) using
Ni-filtered Cu K-alpha radiation and operated
at 40 kV, 30 mA, with zircon as the internal
standard!?, The data were collected by means
of a DACO (Siemens AG, Karlsruhe, FRG)
microprocessor using a stepwidth of 0.04 de-
grees 20 and a measuring time of 2 s per step
for the barium titanate peak and 10 s per step
for the other minor peaks. Bulk XRF measure-
ments of samples of the hydrothermal powder
were conducted at E. 1. du Pont de Nemours
using wavelength dispersive spectroscopy in
conjunction with a proprietary analysis method.
Two replicate fused samples were examined for
Ba, Sr, and Ti content. These same samples of
hydrothermal powder were also examined by
XPS.

For XPS analysis, powders were tightly
packed into a shallow depression in an alumi-
num sample stub with a glass slide to avoid
spurious signals from commonly used adhesives.
The samples were then gradually degassed in
the sample introduction chamber and placed
into the high vacuum chamber of the XPS spec-
trometer (XSAM-800, Kratos, Ramsey, NJ) for
examination. The electron signal was generated
by nonmonochromated Mg K-alpha radiation
produced from a Mg anode under 16 keV and
15 mA. The spectra were collected with a spot
size of 2 mm X 2 mm to minimize the signal
from the sample stub using a hemispherical
electron energy analyzer with a bias setting of
5.0 eV. Powders were found to contain barium,
titanium, oxygen, and carbon peaks. However,
only the barium 3d and 4d spectra were exten-
sively analyzed and quantified due to poor
peak resolution and high noise levels in the
other spectra. The signal curves for the various
barium bonding states were fitted by peak ad-
dition using Gaussian peak approximations and
Shirley background reduction.

For the quantitative barium bonding state
analysis, all the overlapping barium peaks were
fitted by peak addition methods that incorpo-
rated an energy shift of 1.4-1.6 eV between
each barium bonding state in the spectra and a
rough ds, to d,, intensity ratio of 3:2. This
interval and intensity ratio were determined by
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Og?‘ A extensive analysis of peak shift trends in over
S twenty different barium titanate samples as

well as a barium carbonate standard. Because
barium carbonate and barium hydroxide have
similar coordinations, to simplify calculations
these impurity phases were added together as
one barium impurity state to be distinguished
from the barium titanate bonding state in the
powder. Since the area under each peak corre-
sponds to the concentration of a particular
bonding state, the percentage of total peak area
under the barium titanate doublet was taken to
correspond to the percentage of the total moles
of barium detected by XPS in a barium titanate
bonding state. This calculated number reflected
the mole percent of barium detected in a bari-
um titanate chemical bonding state for each
sample. The percentages calculated from the
above mentioned curve-fitting routines had an
uncertainty of roughly +5 mol%.

3. Results and Discussion

In general for the XPS barium spectra, two
sets of doublet peaks, each corresponding to a
different chemical bonding state, were found

(a)

Real

Synthesized

intensity

T T T T T T T ]
782 780
Binding Energy (eV)

T T T

T
784

Intensity
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wrry
SO

for both the 3d (Fig. 1) and 4d Ba transitions.
The chemical shift between the bonding
states ranged from 1.4-1.6 eV for both the
Ba 3d and Ba 4d transitions. The Ba 3d peaks
had an average full width half maximum
(FWHM) of 2.2 eV, while the Ba 4d peaks were
narrower, having an average FWHM of 1.5 eV.
The spin-orbital splitting for the Ba 3d transi-
tion was found to be @ 15 eV, allowing separate
windowing of each of the Ba 3d doublet peaks.
The spin-orbital splitting for the Ba 4d transi-
tion, however, was found to be only @2.5 eV,
which is in agreement with 123 work by Ford
et al. Using methods discussed previously, anal-
ysis of the barium spectra identified the lower
binding energy peaks as lattice barium titanate
and the higher binding energy peaks as barium
carbonate and/or barium hydroxide. Consider-
ing the aqueous thermodynamic stability of
barium carbonate in contact with air, the pres-
ence of barium carbonate would be expected in
these samples!?. As analyzed by XPS, barium
titanate powders in contact with air apparent-
ly have a surface layer of barium carbonate or
some other lower coordination barium impurity.

(b)

Baimpurity
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Fig. 1 A typical Ba 3ds, curve fit for Barium titanate

A. The real and synthesized signal curves.

B. The synthesized peaks: 1) BaTiO3, Ba 4d,, peak, 2) BaTiO3, Ba 4d;,, peak,
3) Ba impurity, Ba 4d, peak, 4) Ba impurity, Ba 4d;,, peak

Support for our peak assignment analysis
was provided by other experimental data. First,
a wide variety of commercial and hydrothermal
powders have all followed the same general
trends described above. Second, XPS and XRD
studies of the partially reacted hydrothermal
samples showed that an increase in barium tita-
nate bonding state detected by XPS corre-
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sponded to an increase in crystalline barium
titanate phase detected by XRD, as shown in
Fig. 2.

Analysis of our XPS data provided informa-
tion on a barium impurity phase faintly present
or absent by other characterization methods
(Table 1). A common characteristic of all the
barium titanate powders analyzed with XPS
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was that the percentage of barium in a barium
titanate bonding state was 80 mol% or less,
with the barium impurity phase accounting for
the rest of the barium signal. The @ 1:1 (BaO +
Sr0)/TiO, molar ratios detected by XRF and
low impurity levels detected by XRD are
typical of what one would expect if the impuri-
ty phases were amorphous or concentrated in
the near surface region. Comparing hydro-
thermal powder batches 1 and 2, it is interest-
ing to note that the XRF (BaO + SrO)/TiO,
molar ratios, 1.016 and 1.021, inversely scale
with the corresponding XPS Ba 4d data, 74 and
61 mol% BaTiO;. These data indicate that as
the powder became richer in barium, the addi-
tional barium was incorporated into an impuri-
ty phase.

XPS was also capable of resolving the spatial
nature of the impurity phase. Comparison of

Table 1 Barium titanate powder characterization

As received
commercial oxalate
derived powder

Analysis method
XRD: BaCO; (wt %)

TiO, (wt %)
XRF#

XPS (mol% BaTiO3): Ba 3d
Ba 4d

1.001*

Batch 1 Batch 2
hydrothermal hydrothermal
powder powder
0.539 0.731
1.23 1.42
1.016 1.021
50 47
74 61

* XRF d;';a fro;r: Iﬁanufacfﬁref ~~
# (BaO + SrO)/Ti0, molar ratio

the Ba 3d and 4d data in Table 1 reveals that
consistently less barium in a barium titanate
bonding state was detected for the Ba 3d tran-
sition than the Ba 4d transition. For instance,
Batch 2 was found to have a bonding state pro-
portion of 47 mol% BaTiO; for the Ba 3d tran-
sition, while this increased to 61 mol% BaTiO,
for the Ba 4d transition. It is also interesting to
note that the magnitude of the 3d barium tita-
nate levels for the hydrothermal powders (ap-
prox. 47-50 mol% BaTiO;) are within experi-
mental error of the curve-fitting routine and
thus are indistinguishable. The similarity of the
3d peaks and the contrasting nature of the 4d
peaks described earlier suggest that the thick-
ness of the impurity phase is greater than the
escape depth of the Ba 3d electrons (< 204)
but less than that of the Ba 4d electrons (< 50

KONA No. 8 (1990)

A). This impurity phase may be present either
as a surface layer or as a barium impurity phase
occluded within microporous regions of a
porous barium titanate particle.

4. Conclusion

XPS studies have revealed that a barium tita-
nate bonding state can be distinguished from a
non-barium titanate bonding state on the basis
of the barium peak shifts. The non-barium tita-
nate bonding state has been assigned a peak lo-
cated 1.5 eV higher in binding energy than the
barium titanate peak for both the 3d and 4d
barium transitions. Further studies have shown
that barium titanate powders exposed to air
have a significant amount of barium-rich sur-
face impurity phases undetectable by XRD or
XRF. Ongoing work with XPS is investigating
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?\Q \“ﬂ“ the effect of postsynthesis processing, such
O$ as rinsing procedures, on the surfaces of sub-

micron barium titanate powders.
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?\QO «"'Competition between Powder Metallurgy and Other Near Net Shape Processes:

Case Studies in the Automotive and Aerospace IndustriesT

Introduction

With increasing industry competition, de-
velopment of new alloys, stiffer price competi-
tion, and rising energy and material costs, there
has been a distinct trend to diverge from con-
ventional forming technologies. The need to
produce the final product in fewer processing
steps with minimal material wastage has led
engineers and component designers to develop
and critically evaluate alternative processing
routes which would be more cost effective,
while maintaining the same high level of per-
formance. Several techniques for manufacture
to “net shape” or ‘“near net shape” are being
developed to meet present and future demands.

The fundamental incentive for the develop-
ment of alternative fabrication processes is
economic. The reduction and, at times, elimi-
nation of a large number of machining steps
provides sufficient cost savings on a per part
basis to warrant the use of net shape processes,
even though they may entail extra capital
equipment and/or special handling equipment?,
An indication of the significance of net shape
processes can be found in automobile industry
statistics: approximately fifty pounds of preci-
sion formed parts are used in a typical Ameri-
can or European automobile, and about three
times that amount in a Japanese automobile?:?),

The material selection problem faced by pre-
sent day designers is also a problem of choosing
the optimal processing route, especially since
the choice of a particular material is tied to
the manufacturing process employed. For ex-
ample, a switch to steel from nodular iron for
connecting rod also implies a change in process-
ing from casting to forging,

Driven by the need to reduce the costs of
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fabrication, and enhance material utilization
rates, net shape and near net shape processes
have been gaining in importance. These encom-
pass not only the traditional casting and forg-
ing, but also exotic powder techniques such as
hot isostatic pressing, and powder forging.

One of the key forces driving the shift to-
wards near net shape production is the reduc-
tion of secondary machining or metal removal
operations. The annual economic value of ma-
terial removed, measured in terms of labor and
overhead, is estimated at over $125 billion in
the U.S. alone®. Considering the enormous
economic value, it is apparent that any reduc-
tion in metal cutting operations will provide
substantial economic savings for the manufac-
turing industry. To this end, there have been
sizable efforts focused on improving the ma-
chining operation and in developing means to
reduce, if not eliminate, the amount of machin-
ing required. Further, the field of machining
has been aided by the development of a host of
empirical relations relating the various cutting
parameters in order to choose the optimum
cutting conditions®-9

There have been a large number of changes
in the field of machining itself, spurred by the
evolution of new materials, difficult to ma-
chine alloys, etc., and also by the need for
higher precision. To meet these requirements
there have been numerous advances in the cut-
ting tool industry, such as the emergence of
new material cutting systems and surface coat-
ings aimed at enhancing tool life. Global com-
petition, in conjunction with the difficulty as-
sociated with machining some high-temperature
alloys and some composite materials, provides
a constant incentive for the development of
new tool materials and tool surface treatments
aimed at extending metal removal rates. These
advances serve to aid shifts in technology to-
wards net shape. Figure 1 highlights the chron-
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?\Q & ological order of advances in the cutting speed
Q$ capabilities of tool materials. The improve-

ments in cutting speeds progressively achieved
over the years have been both through the
introduction of new tool materials (solid line),
and the use of coatings on existing tool ma-
terials (dashed line).
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Fig. 1 Chronological development of tools with
their cutting speed capability

The technologies summarized above are just
a tip of the iceberg as far as the whole range of
possible fabrication routes available for metals
processing are concerned. There is an interde-
pendence between the technologies themselves,
to a limited extent, and between the primary
fabrication routes and secondary routes, such
as machining, to a larger extent. Although part
of this shift towards near net shape technologies
is material driven, a large fraction still stems
from the economic advantages to be reaped by
a shift in technology. The advent of these new
technologies warrants active markets where
possible applications can be found. The range
of applicability depends on the level of eco-
nomic savings offered by near net shape tech-
nologies, and on the performance characteris-
tics obtainable. Further, a particular applica-
tion may, at times, warrant the use of a high
performance material due to performance re-
quirements. A change in material may also be
associated with a change in processing route.
Thus competition between technologies may
arise out of pure performance considerations
based on the limitations of the current material/
process.

The scenario outlined above is quite preva-
lent in the automotive industry where con-
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tinual changes in engine designs place stringent
requirements on the possible materials which
may be used for their manufacture. The auto-
motive industry, where large production vol-
umes are typical, has been an optimal environ-
ment for the penetration of these technologies.
The automotive industry is one of the largest
users of formed parts, either cast, forged or
stamped. In 1988, the automotive industry
consumed a total of $16.9 billion worth of
steel stampings, 1.6 million tons of nodular
iron castings, and approximately 21 lbs/auto
of metal powder”. Thus, from the point of
view of introducing new net shape processing
routes which may require high initial capital
investments, it is preferable to have high pro-
duction volume runs to obtain economies of
scale, which are typical of the automotive in-
dustry. In the case of P/M, almost 70% of the
end of metal powder can be traced to the auto-
motive industry®, Further, as mentioned above,
the automotive industry is under continuous
pressure to innovate and use lighter, stronger
materials for its components. Figure 2 presents
the trend of iron powder shipments used solely
for P/M parts®, The increasing trend clearly
shows the enhanced used of P/M parts in auto-
mobiles. In fact, General Motors recently an-
nounced their intention to use at least 18-20
Ibs of powder parts per automobile in the next
few years!®,

The advent of new materials and near net
technologies is not limited to the automotive
industry alone. Table 1 tabulates the projected
growth rate for RS materials in the U.S. The
growth of these exotic materials is tied into the
growth of the near net technologies associated
with their processing!

From the foregoing discussion it is apparent
that there is currently a great deal of interest
in the advent of near net shape technologies.
The prime motivation for a shift in technology
towards net shape is economic, though per-
formance considerations are also of importance.
The above discussion also suggests that there is
a dual nature to the materials selection prob-
lem. Designers need to lay emphasis not only
on the level of performance delivered by the
component, but also on the costs of manufac-
ture.

The drive towards more powerful, fuel effi-
cient aerospace engines has been such that,
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Fig. 2 Iron powder shipments for P/M parts

Table 1 Projected growth for RS materials in
the U.S.1D

$ (millions)
1988 1993

Average, Annual
growth rate %

Metallic glasses 52% 10.0** 81.0%**
Iron base alloys 10 62.0%* 100.0**
Superalloys 7 54.0 76.0
Aluminum alloys 22 3.0 8.0
Titanium alloys 20 0.2 0.5
Ceramics 68 0.15 2.0

* - New technology, starting from small base
** - Numbers may be on high side

since the establishment of civil jet transport in
the mid 1950’s, specific fuel consumption has
been halved, thrust has increased fifty fold, and
engine thrust to weight ratios have been in-
creased by a factor of ten. In addition to the
proliferation of new materials, many of these
improvements have been achieved by the ex-
ploitation of cost-effective near net shape
manufacturing technology and by an increased
understanding of the dependence of perform-
ance on manufacturing!? .

The use of nickel based superalloys for air-
craft engine components has been on the rise.
The successful application of these ‘‘super-
alloys” is due to their creep strength and sta-
bility at elevated temperatures over long times.
Nickel base superalloys owe their high tempera-
ture mechanical properties to the presence of
gamma-prime precipitates, which are coherent
and remain stable at high temperatures'? .

Aircraft turbine engines are manufactured
worldwide by some 35 companies and con-
sortia. A recent study by the Gorham Advanced
Materials Institute predicts U.S. domination of
this industry for the next ten years'¥, How-
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ever, the next decade will show an increasing
competitiveness among consortia as designers,
builders, and marketeers of engines.

Currently, about 91% of the weight of an
advanced gas turbine engine consists of either
superalloys (41.5%), steel (26.5%), or titanium
(23.5%), with the balance being made up of
aluminum and small amounts of magnesium,
polymers/polymer matrix composites, and re-
fractory materials. Superalloys are expected to
maintain their superiority in this market, and
by 1998 the mix of materials used is expected
to become 43% superalloys, 23.5% steel, and
22.5% titanium'®. A breakdown of the overall
materials consumption is presented in Table 3,
and in Fig. 3.

This attractive market potential for super-
alloy materials makes it an active area of re-
search, especially when considering the prolif-
eration of gas turbine applications. The attrac-
tive high temperature properties offered by this
class of materials makes it the obvious choice
for certain applications. The traditional process-
ing routes, casting and forging, are being re-
placed by powder metallurgical routes. This
trend has been driven by the more stringent
performance requirements needed in hostile
engine environments. Currently, the two main
near net shape processing routes, hot isostatic
pressing and isothermal forging, have their
roots in powder metallurgy.

Superatioy

Polymers

Magnesium

Steel Atuminum

Titanium

Fig. 3 Global materials consumption in aircraft gas
turbine engines (1988-1998)

The low cycle fatigue (L.CF) capability of
current superalloys for disk applications is
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largely limited by the presence of defects in
the alloy. The defects in a typical René 95
alloy are determined by the processing route
undertaken. As shown in Table 2, the largest
defects in the as-hipped product are large re-
active prior particle boundary defects. The in-
clusion of small ceramic particles during the
melting and atomization stage of the cycle
limits the fatigue capability of the thermo-
mechanically processed disk. As evidenced by
the data in Table 2, a shift in technology from
hot isostatic pressing to isothermal forging
from extruded bar has potential for improve-
ments in LCF properties.

The mechanical properties of extruded com-
pacts were higher than their hipped counter-
parts due to the fine grain size of extrusions.
Because of heavy deformation occurring in the
extrusion process, the size of the original pow-
der particle did not significantly affect final
grain size'® . Coarser particle size distribution
results in larger grained compacts having lower
tensile properties and increased stress rupture
problems. Compaction by extrusion minimizes
differences caused by original powder particle
size distribution. It is this phenomenon that
leads to an enhancement of final disk proper-
ties.

The problems associated with the larger
scatter of low cycle fatigue properties in as-HIP
consolidated René 95 have increased the use of
isothermal forging techniques for final fabrica-
tion. This, in turn, has encouraged shear de-
formation methods such as extrusion for the
forging stock in order to break up ceramic in-
clusions and to reduce overall defect size!?,
The large particle size variation for the hipped
product has deleterious results on mechanical
and fatigue properties. As opposed to this, iso-
thermal forging from an extruded bar results in
a more uniform grain structure, because the
extrusion process breaks down the individual
grains to a fine structure. This leads to an en-
hancement of properties. Of course, it is possi-
ble to use a starting powder stock for hot iso-
static pressing with a very close size distribu-
tion and cleanliness. This will result in en-
hanced properties of the isostatically pressed
turbine disk. However, a close powder particle
size distribution will result in low yields at the
screening stage of the isostatic pressing opera-
tion, resulting in poor material utilization. This
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will lead to an escalation of the amount of raw
material required to process each component,
thereby leading to enhanced cost.

It is evident from the foregoing discussion
that while powder metallurgical processes, viz.,
hot isostatic pressing and isothermal forging,
are being preferred over conventional wrought
techniques for this application, the exact
choice depends not only on the economics of
fabrication, but also on the technical ramifica-
tions of certain processing variables, This study
was focused towards understanding the eco-
nomic and technical forces underlying the use
of these technologies. The automotive connect-
ing rod and the aerospace turbine disk were

Table 2 Comparison of defect type vs size at LCF
initiation site
HIP vs Extruded + iso-forge René 9518)

Defect size, mils

Total
Temp strain Defect HIP Extruded +
('F) range type* iso forge
% Avg. Max Avg Max
1000 <0.75 1 6.7 36 4.8 9.8
2 9.5 50 8.9 12.1
3 18.7 242 None None
4 6.3 10.3 None None
1000 >0.75 1 11.2 50 4.8 8.1
2 13.1 111 7.1 16.0
3 19.3 83.6 None None
4 5.3 6.8 1.0 1.5
750  0.75 1 7.5 9.1 4.1 8.7
2 8.6 13.1 5.2 10.2
3 6.4 6.4 None None
4 None None 0.5 0.7

* 1 - Ceramics, 2 - Ceramic clusters,
3 - Prior particle boundaries, 4 - Voids

Table 3 Global materials consumption in aircraft
gas turbine engines 1988-199814)

Material Millions of pounds
Superalloys 600.00
Steel 356.00
Titanium 321.00
Aluminum 75.00
Magnesium 10.00
Polymer/Polymer composites 13.00
Rubber/Elastomers 0.15
Total 1,375.15

used as cases to test the applicability of materi-
als systems analysis at looking at material com-
petitiveness.

KONA No. 8 (1950)



Powder Metallurgy of Superalloys

The use of nickel base superalloys in engine
disks has created widespread research interest,
especially in the area of processing. Powder
metallurgy (P/M), has increasingly become the
process of choice, due to the flexibility it pro-
vides to tailor properties according to need.
Further, P/M has been aided by advances in the
field of rapid solidification, now capable of de-
livering fine uniformly sized powder with
exotic non-equilibrium microstructures. The
mechanical and fatigue properties are often
tied closely to the size and size distribution of
the raw powder used. This has led to research
into the production of fine powder. A con-
trolled inert gas P/M process has proven suc-
cessful for producing fine grain, segregation-
free material. Inert gas atomization requires the
use of special controls, especially the control of
oxygen and nitrogen content which degrade
mechanical properties if present in quantities
larger than a few hundred ppm. Further, the
presence of certain tramp elements may be de-
trimental to processing, especially elements
such as Cr, Al, and Ti which form oxides that
are difficult to reduce. Likewise, the nitrides of
Ti and Zr are detrimental as they do not dis-
sociate in a vacuum melting furnace.

Conventional powder consolidation tech-
niques are not readily applicable to superalloy
powders because the powders are incompressi-
ble. Additionally, these powders do not sinter
easily because they contain aluminum, chromi-
um, and titanium, which oxidize easily at the
sintering temperatures. Consequently, other
techniques for powder consolidation which can
apply high pressures at sintering temperatures,
without triggering material problems, are re-
quired!?,

The superplastic behavior of superalloys was
discovered at Pratt & Whitney, and led to the
development of the gatorizing process®® . How-
ever, it was found that gatorizing could not eli-
minate macrosegregation in as-forged alloys.
Thus, gatorizing, more commonly known as
isothermal forging, was applied to dense PM
preforms. On an industrial scale, it has been
applied to extruded PM billets. The super-
plastic deformation helps achieve forgings close
to net shape, minimizing the amount of ma-
chining required and scrap losses. In order to
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obtain a fine grain size (1-10 um) stable at
temperatures above half the melting point, the
powder compacts are extruded at temperatures
slightly below the recrystallization temperature
of the alloys.

Hot isostatic pressing (HIP) is a technique
used to consolidate powders to full density.
HIP is a process by which an isostatic pressure
is applied at high temperature, to metal powder
placed within a container or die. The compact
is compressed in a pressure vessel using argon
gas. Pressures range from 20 to 300 MPa, and
temperatures from 480°C for aluminum alloy
powders to approximately 1700°C for tungsten
powder?? Processing temperatures are within
the plastic range of the material being formed
~ high enough for diffusion bonding to occur,
yet low enough to prevent undesirable micro-
structural changes. Heat transfer during iso-
static pressing is highly efficient. At high pres-
sures argon gas is denser than water. To ensure
uniform heating, molybdenum resistance heat-
ing elements are located throughout the work
zone??

The first use of HIP was in the 1960’s for
diffusion bonding of clad nuclear fuel elements.
Consolidation of beryllium metal powder to
shape followed shortly thereafter. Since then,
the size of units and use of the process has ex-
tended greatly. Uses now include the produc-
tion of titanium and superalloys for the aero-
space industry, net shapes in PM beryllium and
niobium alloys and other refractory metals.

Isothermal forging and hot isostatic pressing
have evolved into the dominant processes for
this application over the past few years. An in-
vestigation geared towards understanding the
key forces underlying the choice of either of
these technologies would be invaluable, due to
the fact that they form a class of emerging near
net shape processes. As such, a competitive
analysis based on cost was carried out in this
study. The study used the technique of “Tech-
nical Cost Modeling” to estimate the manufac-
turing costs based on the given fabrication
routes. Performance also plays an important
role in the final choice of the processing route.
Therefore, the ramifications of performance
considerations on cost was also assessed.

Technical Cost Modeling

The importance of a systematic evaluation
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of the costs of manufacturing cannot be over-
emphasized. The approach used in technical
cost modeling is to separate the different cost
elements and estimate each one separately.
This applies basic engineering principles, the
physics of the manufacturing process, and clear-
ly defined and verifiable economic and ac-
counting principles. The models themselves are
developed using a spreadsheet methodology.
The use of a spreadsheet methodology to simu-
late the fabrication process is very helpful, be-
cause it provides a flexible environment for
estimating the costs of manufacture using exotic
materials and processes that are currently not
in production, and because it is easy to use and
offers visible parametrizing of the model.

A detailed account of the various cost ele-
ments are presented elsewhere. Interested read-
ers may review the following references?®:29

Hot Isostatic Pressing

Based on the premise that isostatic pressing
and isothermal forging have emerged as viable
alternatives for the turbine disk application, it
stands to reason that a detailed construct aimed
at understanding the economic competitiveness
of the above processes would be very helpful in
making strategic decisions about the processes
in the future. This paper undertakes such an
evaluation using the technique mentioned
above. Further, the economic implication of
technical changes is also highlighted in this
paper. A competitive assessment of a typical
T700 turbine disk was carried out as a part of
this study.

The T700 Turboshaft engine design includes
four cooling plates and two isostatically pressed
P/M René 95 disks. This engine is characterized
by improved fuel consumption, extended oper-
ating life and simplified maintenance. As used
in the U.S. Army Blackhawk helicopter, the
T700 engine hasaccumulated well over 200,000
operating hours. The composition of René 95
used for turbine disk applications is presented

below?® :
Carbon . .................. 0.040.09%
Manganese ................ 0.15% Max
Silicon ................... 0.20% Max
Sulfur ................... 0.015% Max
Phosphorus .. ............. 0.015% Max.
Chromium ................ 12.0-14.0%
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Cobalt ..................... 7.0-9.0%
Iron ....... ... .. ... 0.50% Max
Tantalum ................. 0.20% Max
Columbium ............... 3.30-3.70%
Zirconium ................ 0.03-0.07%
Titanfum ................. 2.30-2.70%
Aluminum ................ 3.30-3.70%
Boron.................. 0.006-0.015%
Tungsten ................. 3.30-3.70%
OXygen.........couvnuu.. 0.015% Max
Nitrogen . ................ 0.005% Max
Hydrogen ................ 0.001% Max
Nickel .. ................... Remainder

The powder required for the isostatic press-
ing process is first screened to a-150 mesh size
was (the size assumed in this study). Based
upon the requirements of the turbine disk, the
screened powder size distribution may need to
be finer (around-270 mesh). The screening step
of the operation is typified by low yields, espe-
cially if there are stringent controls on cleanli-
ness and the final powder size distribution. The
screened powder is then blended to homoge-
nize different batches of atomized grades and
loaded into a clean, evacuated container. This
stem also serves as a vent for outgassing. The
container is usually made of mild steel. The
stem is joined to the container by gas tungsten
arc welding,

The loaded container is outgassed by heat-
ing under vacuum up to about 700°F. The
containers are placed in the HIP unit. The iso-
static pressing was done at 2050°F, under a
pressure of 30,000 psi for a minimum of 2
hours. Under this pressure, the heated con-
tainer collapses, compacting the metal powder,
At 2050°F the powder particles become plas-
tic and coalesce to form a solid alloy. After
pressing, the fully dense parts are heat treated
as follows:

1. 2090°F, 1 hour, salt quench
2. Aged at 1600°F, 1 hour, air cooled
3. Aged at 1200°F, 16 hours, air cooled?® .

Age hardening strengthens the material
through precipitation of the gamma prime
(Ni3Al, Ti) and the heat treatment develops
resistance to low cycle fatigue?”. Mechanical
properties of René 95 are influenced by the
rate of cooling from the solutioning tempera-
ture. If quenched too rapidly, there is a danger
of cracking the disk. If quenched too slowly, it
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Table 4 Breakdown of cost for hot isostatically

)
$?\Q \“‘“will not obtain the desired property level. It is
O pressed turbine disk

Y& for this reason that a salt bath solution and
quench was used.

A hot isostatic pressing model was con-
structed to estimate the manufacturing costs
based on the sequence of operations shown in
Fig. 4. The set of assumptions used in the cost
estimates is outlined below:

HIP - Assumptions

Finished Weight of Disk 4.5 lbs
Annual Production Volume 125 parts/year
Raw Material  René 95
Raw Material Cost  $22/lb
Labor Cost  $16/hr

Labor Overhead  40%
Labor Productivity  85%
Working Period 240 days/year

IScreenmg I——l Blending ]——‘l Container LoadmgH HIP —J

[ Cabinet Blast H Machining H N.C. Machine H Heat Treaj

|

Fig. 4 Operation sequence for hot isostatic pressing
of turbine disks

It was assumed that components other than
turbine disk were made using the same equip-
ment used to fabricate the disk. In other words
the isostatic pressing facility was run in a non-
dedicated fashion primarily due to the low pro-
duction volumes. The powder yield during the
screening operation is a very critical determi-
nant of the total cost of the finished compo-
nent. Figure 5 shows the breakdown of cost
by processing step as estimated by the model,
assuming a screening yield of 40%. Material
cost is the most cost intensive factor in the total
cost of the component. The high cost of con-
tainer loading is a consequence of the high
labor content. The breakdown of cost by factor
and process is tabulated in Table 4.

Isothermal Forging

The alternative to hot isostatic pressing is
isothermal forging of turbine disks. This process
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By Factor
$/part Percent
Raw material $1,045.00 36.28%
Process material $27.39 0.95%
Labor $857.03 29.76%
Energy $12.70 0.44%
Scrap credit (83.21) -0.11%
Equipment $461.45 16.02%
Tooling $214.05 7.43%
Aux. equipment $18.03 0.63%
Maintenance $69.22 2.40%
Taxes $9.23 0.32%
Insurance $6.92 0.24%
Building $162.47 5.64%
Total $2,880.29 100.00%
By Process
$/part Percent
Raw material $1,045.00 36.28%
Screening $247.32 8.59%
Blending $53.74 1.87%
Container loading $205.22 7.12%
Hipping $401.65 13.94%
Heat treating $69.36 2.41%
Tumblasting $3.49 0.12%
Machining $436.78 15.16%
Inspection $9.71 0.34%
Testing $245.55 8.53%
Building $162.47 5.64%
Total $2,880.29 100.00%
Yo Y
§ 2.5 3 otner
@ [ Testing
[ Machining
g 201 - g Heat Treat
= HIP
® {7 Container Loading
Dg_} 1 5 ___________ ................‘.' -3 g gé:ergglnﬂ‘gg
o M Materal
Q& 1.0------- -] -~
8
© 057 |

HIPing
(Screening Yieid 40%)

Fig. 5 Breakdown of cost by processing step for the
hot isostatically pressed turbine disk

is also called gatorizing (as patented by Pratt &

Whitney). The disks are forged from an ex-
truded bar of René 95. The extrusion process
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results in a more uniform, fine grain structure,
The implications of this fine grain structure
will be explained later in this paper.

The process involves heating stock to a tem-
perature of about 2050°F and forging at a very
controlled strain rate in dies heated to the same
temperature. The best available die material is
TZM molybdenum, an alloy that is very strong
at the required forging temperature, but also
one that oxidizes rapidly when exposed to air.
Consequently, the isothermal forging press re-
quires a vacuum chamber for the actual opera-
tion and sensitive temperature controls to en-
sure that the material being forged remains at
the temperature where it is superplastic, Other
system features unique to the isothermal forg-
ing press include a special vacuum furnace to
bring the stock to forging temperature, transfer
units for moving the forge mults from the
furnace to the dies, and press controls that
allow the programming of slow cross-head
movements.

The sequence of processing steps is graphi-
cally shown in Fig. 6.

l Rough Iso-Forge l

L.
|
] ]

I Billet Operations |._,[700at BN

[ Coal BN Ech

|

I Finish \so-Forge‘J——I Rough Machine l—-» [ Heat Treat I

|

( Finish Machining I<——-—-| Mech. Testing ]-—-—[ Remove Test P:]

Fig. 6 Flowchart of operations for the case of
the isothermally forged turbine disk

el

The billet operations mainly consist of cut-
ting and grinding the billet down to the required
size. The boron nitride coating prior to iso-
thermal forging serves both as a lubricant and
as a parting agent that prevents the adhesion of
the forged disk to the die. Isothermal forging is
achieved in two stages, the initial forge yield-
ing a rough disk shape. After the forging, the
component is etched using an etchant called
“Heppenstal.” The purpose of the etchant is to
reveal surface flaws. This is actually a two bath
etching process. Their compositions are listed
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below:

Bath 1. HCl+HF + HNO,
Bath 2. HCl+ HNOQO; + Ferric Solution

It should be noted that the cost of disposing
the etchant is a significant fraction of the total
cost of the etchant®®, While the actual etchant
is priced at $1.25/gallon, it costs $1.30/gallon
to dispose of it.

The isothermal forging operation is accom-
plished using a pair of TZM Molybdenum dies.
Under the assumed manufacturing scenario, the
dies cost $175,000/set and are replaced after
600 forgings.

The heat treating and testing operations
were assumed to be similar to those in the case
of hot isostatic pressing. Each forging was as-
sumed to be individually tested for room tem-
perature strength, high temperature strength,
and stress rupture properties. The final inspec-
tion operations included Brinell hardness test-
ing, surface etching to reveal surface flaws, and
dimensional tolerance measurements.

The assumptions used in the model are listed
below:

Isothermal Forging - Assumptions

Finished Weight of Disk 4.5 1bs
Annual Production Volume 125 parts/year
Raw Material  Extruded
René 95 Bar
Raw Material Cost  $31/Ib
Labor Cost  $16/hr
Labor Overhead  40%
Labor Productivity  85%
Working Period 240 days/year

The breakdown of cost by processing step,
as estimated by the model, is graphically pre-
sented in Fig. 7. Isothermal forging accounts
for almost half of the total cost of the finished
component, because of the high cost of the
equipment and the TZM dies. Table 5 presents
a breakdown of total cost by factor and process.
Unlike the case of hot isostatic pressing, ma-
terial costs were a far smaller fraction of total
cost. This reduction is a consequence of the
material yield increase associated with the
process.

Competitive Analysis

Figure 8 presents a breakdown of cost by
factor for the two competing processes. In the
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Table § Breakdown of cost for isothermally forged
turbine disk

By Factor

$/part Percent
Raw material $589.00 14.05%
Process material $11.86 0.28%
Labor $705.67 16.83%
Energy $9.80 0.23%
Scrap credit ($1.24) —0.03%
Equipment $1,127.45 26.89%
Tooling $1,356.84 32.36%
Aux. equipment $1.33 0.03%
Maintenance $169.12 4.03%
Taxes $22.55 0.54%
Insurance $16.91 0.40%
Building $183.49 4.38%
Total $4,192.78 100.00%

By Process

$/part Percent
Raw material $589.00 14.05%
Billet operations $133.76 3.19%
BN coating $11.51 0.27%
Isothermal forging $2,033.89 48.51%
Etching $23.86 0.57%
Heat treating $86.88 2.07%
Tumblasting $15.44 0.37%
Machining $715.37 17.06%
Inspection $11.79 0.28%
Testing $387.78 9.25%
Building $183,49 4.38%
Total $4,192.78 100.00%

Testing

D Machining

[ Heat Treat

3 1sothermal Forge
[53 Billet Operations

B Vaterai

Cost per Piece (000 $/part)

Isothermal Forging

Fig. 7 Breakdown of cost by processing step for
the isothermally forged turbine disk

case of hipping, the breakdown is presented for
two different screening yields. The close de-
pendence of final cost on the screening yield is
clearly shown. Low screening yields, while re-
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sulting in a tighter powder size distribution,
lead to very high material cost. Molybdenum
TZM dies, being expensive and difficult to ma-
chine result in high tooling costs. The isother-
mal forging press, costing nearly $7,000,000,
results in a very high per piece equipment cost.

Figure 9 presents a graphical representation
of the sensitivity of cost to annual production
volume. The HIP costs are presented for three
different screening yields. The results show
economies of scale because the fixed costs are
distributed over higher volumes leading to a
smaller contribution on a per piece basis. The
spike in the curve at a volume of around 500
parts/year is due to the requirement of an addi-
tional set of tools. As can be seen, the break-
even point shifts to higher production volumes
with increasing HIP screening yields.

In other words, at low screening yields (say
10%) the hipped turbine disk is less expensive
at volumes below 50 parts/year. At all volumes
above this, changing to isothermal forging is
economically advantageous. As opposed to
this, if the yield were to increase to 15% at the
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HIPing (40% Yield) HIPing (15% Yield) Isothermal Forging

Fig. 8 Breakdown of cost by factor for the turbine
disk

screening stage of the hot isostatic pressing
operation, the break-even point would shift to
110 parts/year. Thus, while low screening yields
result in a closer control in the powder size dis-
tribution leading to a concomitant enhance-
ment of fatigue and mechanical properties, it
also results in highly elevated costs. The original
motivation for resorting to a powder process
was to reduce final costs by minimizing materi-
al input. This is defeated because a coarse par-
ticle size distribution leads to poor LCF prop-
erties.
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Figure 10 presents the variation of the cost
of the isostatically pressed turbine disk with
screening yield. The base case isothermal forg-
ing cost refers to the cost as estimated by the
isothermal forging model using the set of as-
sumptions listed above. It can be seen that at
screening yields below about 16%, isothermal
forging presents cost benefits over hot isostatic
pressing. As screening yields increase, isostatic
pressing becomes progressively less expensive.
However, there is an adverse effect on proper-
ties at high screening yields. This leads to the
conclusion that although isostatic pressing does
present a feasible alternative and has been used
in the past, production with adequate perform-
ance is not a feasible solution, especially when
isothermal forging presents an attractive cost
effective alternative.
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Fig. 9 Variation of cost with production volume for
the case of the turbine disk

Cost per Piece (000 $/part)
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Screening Yield (X 10%)

Fig. 10 Variation of HIP cost with screening yield

Based on the premise that isothermal forging
is the most feasible alternative for this applica-
tion, it stands to reason that efforts be directed
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to reduce the cost of fabrication. Referring to
Fig. 6, it can be seen that tooling is a sizable
chunk of the final total cost of the component.
Thus, any reduction in the cost of the TZM die
set would aid in reducing the total fabrication
cost.

Figure 11 presents a set of scenarios present-
ing the sensitivity of cost to production volume
at different die set costs. The figure shows that
a reduction in the cost of the TZM dies from
$175,000 to $25,000 results in a 30% reduc-
tion of total cost at volumes around 100 parts/
year.

Cost per Piece (000 $/part)

500 650 800 950

T
350
Annual Production Volume (parts/year)

T
50 200

Fig. 11 Variation of total cost with volume at different
TZM die costs for the iso-forged turbine disk

Case Study: Material Alternatives for Automo-
tive Connecting Rod

Conventional forging has traditionally been
the processing route of choice for this applica-
tion. Of late, powder forging has emerged as a
key process for this application. Powder forg-
ing yields a high density component with prop-
erties akin to those of conventional hot forging.
Although this technology emerged in the early
seventies, it has not been exploited as com-
pletely as one would have expected. However,
Ford Motor Company has been using powder
forged connecting rods ever since 1987, and
production recently crossed the 10.0 million
mark.

Further, in the case of conventional forging,
the rods and caps have been forged and ma-
chined separately. Powder forging, on the other
hand, undertakes a single piece forging opera-
tion. There seems to be no real technical reason
as to why the rods and caps cannot be forged as
a single piece by conventional forging as well.

Based upon these considerations, the three
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\(\O automotive connecting rod and cap were evalu-

ated: steel forging a one piece rod, forging the
rod and cap separately, and powder forging a
one piece rod.

Cost per Piece ($/part)

One Pc. Forging Two Pc. Forging Powder Forging

Fig. 12 Breakdown of cost by factor for the
connecting rod & cap

The costs of production and their breakdown
by factor are presented graphically in Fig. 12.
There are several critical features to note:

Table 6 Breakup of cost by factor for the connecting
rod & cap

Fully machined cost

Combined Separate Powder

forging forging forging
Variable costs $2.49 $2.48 $2.10
Fixed costs $2.91 $3.02 $2.96
Total costs $5.40 $5.50 $5.06

Fully machined cost

Combined Separate Powder

forging forging forging

Processing cost $2.06 $2.16 $2.94
Machining cost $3.34 $3.34 $2.12
Total costs $5.40 $5.50 $5.06

Combined Separate Powder

forging forging forging

Material $0.89 $0.87 $0.96
Labor $1.48 $1.49 $1.06
Tooling $1.31 $1.37 $1.57
Capital $1.21 $1.25 $1.06
Maintenance $0.24 $0.24 $0.21
Other $0.26 $0.27 $0.21
Total $5.40 $5.50 $5.06
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Cost per Piece ($/part)
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Fig. 13 Variation of cost with volume for the
unmachined connecting rod & cap

o The breakdown clearly depicts the cost
advantages of powder forged connecting
rods over the competing processes, in spite
of the high material costs.

© Forging the rod and cap as one single piece
offered a cost savings over a two piece
forging.

o The high cost of forging can be attributed
not only to the amount of machining re-
quired, but also to the fact that expensive,
dedicated equipment is required.

The fabrication costs estimated by the dif-
ferent models for the four cases are presented
in Table 6. Powder forging is clearly less expen-
sive than the other alternatives. Combined forg-
ing offers cost savings over separate forging due
to lower fixed costs because of the elimination
of a separate line to forge them separately.

Although these are point estimates, it is pos-
sible to use the cost model to evaluate the sen-
sitivity of these costs to critical assumptions.
Sensitivity with respect to volume was evalu-
ated and is graphically presented in Figs, 13 and
14. The sensitivity of the unmachined compo-
nent cost to production volume is of particular
importance when evaluating a high capital, near
net shape alternative to a low capital, machin-
ing intensive process. In particular, the percep-
tion of cost effectiveness can be adversely af-
fected if the consumer of a semi-finished part
is not familiar with machining differences be-
tween alternatives and their cost consequences.
For example, a process which may look cost ef-
fective to a consumer who buys less expensive
as-formed parts may actually entail enough in-
house machining that the final part cost ex-
ceeds that which would be incurred using a
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Fig. 14 Variation of cost with volume for the fully
machined connecting rod & cap

more expensive, but nearer to net shape part.

At the base case production volume of
3,000,000 parts/year, powder forging yields
the most cost effective component. Figure 13
clearly shows that, in the unmachined state,
the powder forged rod and cap are more expen-
sive than the conventional rod and cap. This
is attributed to the high capital cost and the
cost per pound of raw powder, which is almost
double the cost of bar stock. Further, it is also
evident that forging the rod and cap as one
piece offers savings at all volumes considered
up to 5,000,000 parts/year over the other two
cases.

As opposed to this, as seen in Fig. 14, pow-
der forging offers cost savings over convention-
al forging at all volumes up to 5,000,000 parts/
year. Powder forging offers a near net shape
product, unlike the conventionally forged rod
and cap. This is clearly evidence by the cost
savings accrued in the machining step of the
operation. Thus, while powder forging was
more expensive that the conventionally forged
rod and cap in the unmachined state, it offers
significant savings over the conventional rod
and cap in the fully machined state. This is a
classic example of the cost savings accrued by
a shift towards a near net shape technology.

The cost difference between a two-piece and
one-piece conventional forging is about 9 cents/
part, which is too small to detect within the
scale of the graph in Fig. 14 A primary factor
influencing materials choice in this application
is the issue of tooling requirements for machin-
ing of these rods. It became apparent that,
once a commitment to tool a line for machin-
ing a rod and cap of a given material had been
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made, it was virtually impossible to reverse the
choice of material for the rod and cap, even
though an alternative might offer some attrac-
tive features. Further, increases in tensile and
fatigue strength served only to improve the de-
sign margin of safety in the engine. An interest-
ing feature was the fact that, although a stiffer
rod may be beneficial up to a certain limit by
reducing vibration, further increases may actu-
ally be detrimental, since they can lead to in-
creases in crank loading.

Based upon the preceding cost analyses, the
powder forged rod seems to be well positioned
to substitute for conventionally forged rods.
However, there is considerable skepticism as to
the cost effectiveness of these rods and caps.
As was pointed out in the section on cost analy-
sis of connecting rods and caps, as-forged rods
are cheaper than as-forged powder rods, while
in the finished state the reverse is true. At pre-
sent, the machinability of powder forged rods
is an issue of some concern and there seems to
be a lack of comprehensive information in this
area. Since it is the machining step which pro-
vides the cost benefit of powder forged rods,
uncertainty in this area is almost guaranteed to
slow introduction of this material technology.

Further, there is the issue of tooling expen-
ditures on existing facilities to be considered
when deciding a possible shift from conven-
tional forging to powder forging. In the event
of setting up of a new facility for connecting
rods, it is quite apparent that opting for a pow-
der forging route as opposed to conventional
forging offers substantial cost savings.

The possibility of a combined forging as op-
posed to a two piece forging was analyzed in
the preceding sections. Stemming from the cost
minimizing drive in decision making, it follows
that a shift to a one piece forging would im-
prove cost effectiveness. In fact, this practice is
being followed for some V-8 connecting rods
and caps.

Cold forging of caps also offers the possibili-
ty of forging closer to net shape and better
forging detail, reducing cost by reducing the
number of machining steps. In situations where
therod and cap are forged separately, cold forg-
ing could improve cost effectiveness.

This outlines the major issues of concern for
connecting rods and caps. While powder forg-
ing does not seem to be a potent threat to exist-
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ing facilities, it should be borne in mind that
the industry is becoming more aware of the
cost effectiveness of this processing route. Thus,
for the case of green field facilities, it is likely
that powder forging will be seriously considered,
provided that both forging and machining be
conducted by the same source (since the major
cost advantages come about only in the ma-
chining stage of the operation).

Discussions indicated that powder forging is
the only commercially acceptable alternative to
forged connecting rods in higher performance
engine applications. While more exotic material
alternatives do exist and are in use, they are re-
stricted to specialty platforms or long term de-
velopment programs.

To restate the primary conclusions of the
utility analysis of connecting rods and caps:

1. The automotive industry is giving in-
creased consideration to powder forged
rods and caps.

2. The critical limitation to P/M competitive-
ness in this application is the lack of com-
prehensive, reliable process information,
especially machining information.

3. The economic advantages of powder forg-
ing can be best exploited by fabricators
who both forge and machine the compo-
nent.

4. Manufacturers who are currently tooled
to handle conventionally forged rods and
caps can more cost effectively manufac-
ture connecting rods from one piece forg-
ings, rather than forging the rod and the
cap separately.

5. Steel forging shops must enhance forging
detail, reduce trim scrap, and move to-
ward increased use of forging presses.
Better dimensional control and the reduc-
tion of process scrap can go far to im-
prove the economics of forging.

Conclusions

This paper has highlighted the growing im-
portance of near net shape processes in metals
fabrication. The economics of near net forming
has been treated using the very useful tool of
cost modeling.

The connecting rod and cap offers a classic
example of the cost savings to be accrued from
opting for a near net shape production route.
The cost of powder forged rods and caps is
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high in the unmachined state, due to the high
cost of powder and capital equipment. How-
ever, they offer significant cost savings over the
conventional forged rod and cap in the fully
machined state, due to the fact that powder
forging results in a near net shape component,
which does not require extensive machining.
Thus, the savings are accrued in the machining
stage of the operation. While powder forging
has the highest degree of acceptability at the
moment due to its low cost, it is evident that
redesign of the component resulting in weight
savings would further enhance this acceptable
rating due to cost savings.

The case of the turbine disk presents an in-
teresting situation of competition between
alternate net shape technologies. While isostatic
pressing can potentially provide low cost tur-
bine disks, it requires high material yields in
the screening stage of the operation, which in
turn leads to wide range of particle size distri-
bution and degraded mechanical and fatigue
properties. On the other hand, isothermal forg-
ing offers an alternative route to fabricate the
component having acceptable performance. An
isostatically pressed disk with performance
characteristics equivalent to that of an isother-
mally forged disk, requires low screening yields,
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increasing cost dramatically. Thus, isothermal:

forging or gatorizing offers an optimal set of
characteristics for commercial use in this mar-
ket. Efforts to reduce the cost of the isother-
mally forged disk should be focused towards
reducing the cost of the TZM dies. The under-
lying assumption in the above analysis is that
the level of testing required is the same in both
cases.

Isothermal forging has a promising future if
one could exploit the tremendous savings in
material utilization possible. In the aerospace
industry, this accounts for a significant frac-
tion of the total cost of fabrication. Parts with
pronounced circular geometry are particularly
well suited for isothermal forging due to the
fact that the symmetry of the component aids
in prolonging the die life. Smaller size and low-
er complexity makes it easier to forge the sur-
faces to net shape. In large forgings over about
150 sq.in. plane area, net surface forging be-
comes increasingly difficult because of the
manufacturing tolerances on die dimensions,
variability in material properties, and varia-
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tion and non-uniformity of die temperatures??:
Research geared towards reducing the high cost
of TZM tooling or using alternate tool materi-
als would also help enhance the economic posi-
tion of this process.
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Abstract
For well mixed compacted powders such as those used in the Pharmaceutical and
food industries, the assay variation in the composite particles is a bell shaped Gaussian
curve with a mean assay of the bulk powder being compacted and a standard devia-
tion proportional to the ratio of the powder to particle size raised to the 3/2 power
divided by the volume fraction locked. With increasing compacted particle size, the
standard deviation grows smaller, The Ferrara point, for these larger particles, be-
comes the peak of the Gaussian curve and differs in location from the Ferrara point
of the smaller particles.
Introduction of the powder particles. This monograph con-
God is against those that wish to store well ?1ders. the p r}?blern of the. lloclflng profile as a
mixed powders for later use. As soon as a batch unction of these two particle sizes.
of well mixed powders is placed in a container,
segregation begins. Any form of energy —vibra-
tion, pressure variation, movement —will cause = | = ee==TB——r
particles within the mixture to move, causing
separation to occur. While the separation will : INTHNPACIAL KRR
never approach completion, it will soon be : R
sufficient to change the powder—at least on Multiphasic. sold
the microscopic level —from a well mixed to a -
well segregated powder. While this segregation
problem in stored well mixed powders is uni-
versal, compaction, immediately after mixing, ]
is the widely used solution. Textural Transporm
When a well mixed powder is pressure com- . .
. . . . Fig. 1 Upper left solid transformed to lower left —
pacted immediately after mixing, the powder a Textural Transform.
particles are bound together by a mechanical
bond preventing resegregation. During the com- Composite particles, those particles com-
paction process, secondary larger composite posed of two or more phases or grains are called
particles are created composed of a number of “large locked particles.” For large locked par-
smaller powder particles. These larger compo- ticles, the extant statistical work by Meloy et al
site particles are known as “locked particles.” (1989) uses chaos to order Textural Trans-
Assuming ideal random mixing of the powder forms. Locking profiles for fragments or parti-
prior to compaction, the compositional varia- cles smaller than the inclusions have been de-
tions, locking profile, in the larger composite rived by King (1985), Barbary (1985), Schonert
particles depends on two variables: 1) the size (1985), Lin et al (1984) Meloy (1984), Meloy
of the larger composite particles made by com- et al (1985, 1986, 1987, 1989).
pacting the well mixed powder and 2) the size Although the thrust of this study is the com-
*  Morgantown, WV 26506, USA positional variation of large locked particles, it
+ Received September 10, 1990 is informative to look at the work done on
119
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small locked particles. In contrast to a large
locked particle where the inclusions are small
compared to the particle size, in small locked
particles, the particle is small compared to the
inclusion or powder size.

To obtain the frequency distribution of small
locked particles, one makes the Textural Trans-
form (chaos to order transform)shownin Fig. 1.
The chaotic arrangement of the inclusions
(upper left) is transformed into an orderly
solid, the Textural Transform (lower right).
Three properties are conserved in this trans-
form: 1) the total interfacial area between the
two phases —the hatched area, 2) the volume of
the continuous phase — to the left of the inter-
facial plane—and 3) the total volume of the
dispersed phase —to the right of the interfacial
plane.

For small locked particles to obtain the per-
cent of material locked — the locking profile,
one finds the volume frequency distribution of
the two phases as a function of the relevant
variables (Meloy et al, 1988). For small locked
particles, the volume frequency distribution is
a function not of the particle size but the parti-
cle shape.

Figure 2, half the volume frequency distri-
bution of the two phases, shows how the slope
of the curve varies from a flat plane for a lock-
ing shape factorof 1, to a deeply sided U-shaped
curve for a locking shape factor of 3. Rods have
a locking shape factor of 1; spheres, 1.5; flat
diamonds, 2; and double ended tetrahedra, 3.
Most powder particles have a shape factor of

Fig. 2 One half of a locking profile as a function of
particle shape
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2.5 0.5,

As may be seen in Fig. 3, where the full
volume frequency distribution curve may be
seen, for locked particles that are blocky —those
with a locking shape factor of 2.5 or greater,
most of the particles have a composition close
to that of a pure particle. There are few locked
particles having a composition of 30% to 70%.

The locking profile of small locked particles
is not sensitive to the relative particle to inclu-
sional size ratio, but it is sensitive to the parti-
cle shape. By contrast, for large locked parti-
cles, it is expected that the reverse will be true;
that the locking profile will be independent of
particle shape but sensitive to particle size,

Model

Consider a powder mixture of two different
powder ingredients: one the active ingredient
and the other the binder or inactive ingredient.
These two powders are put in continuous blend-
er and, after the blender has stabilized, a batch
of the powder is removed and immediately
compacted under pressure. This compacted
solid, usually a sheet, is subsequently broken
into a particle size distribution of larger com-
posite particles.

Since there is always a size distribution of
the composite particles, it is assumed that the
smaller composite particles, those whose size
is within an order of magnitude or less of the
larger powder particle size. Fines are removed
because these smaller particles may segregate
causing local inhomogeneities. Thus the locked
particles are always significantly larger than the
powder particles.

When the well mixed powder is compacted
under pressure, a relatively large flat solid is
formed. This flat solid is subsequently com-
minuted or broken into relatively large frag-
ments — large compared to the powder particles
(all the smaller locked particles are removed).
As mentioned, for the purpose of this study,
these composite fragments are large compared
to the powder particles. In this paper the com-
minution-locking model used is the same Inter-
facial Area Conservation, IAC, model used in
the referenced papers. The IAC model assumes:
i) homogeneous comminution of the solid, ii)
both the fragments and inclusions are random-
ly distributed in the compacted powder, and
iii) that the intergranular area between phases
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is conserved during comminution. Finally,
more for the readers ease of understanding,
the particles and inclusions will be assumed to
be spheres.

Fig. 3 Most small locked particles have a composition
close to that of the pure material

When a composite fragment is much larger
than the largest inclusion (powder particle),
the fragment is likely to contain a number of
active ingredient inclusions. On average, the
large locked particle fragments will have an
assay of the active ingredient phase close to
that of the bulk powder mix from which it was
formed. As the particle fragments become larg-
er, they will tend to contain a larger number of
active ingredient inclusions and, from a statisti-
cal view point, have an assay close to that of
the bulk powder. The purpose of this work is
to derive how the active ingredient locking pro-
file of the larger composite particle varies with
increasing particle size, or to be more precise,
the increasing ratio of the locked particle size
to active ingredient particle size. This work has
important implication in pelletizing and espe-
cially pharmaceutical pill making.

Three characteristics of the compositional
locking profile sought, are postulated but not
assumed. First, because the larger composite
particles will have a large number of inclusions
in them, these particles will have, on average,
the assay of the well mixed bulk powder. Sec-
ond, because the assay of the large composite
particles in made up of a large number of dif-
ferent randomly distributed active ingredient
inclusions, the mean of these composite parti-
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cles will be normally distributed about the
assay of the well mixed powder batch. Third,
the distribution about the well mixed powder
mean will have a standard deviation which,
along with the system mean, defines the distri-
bution sought. Since, for the larger particles,
the mean assay and the normal distribution are
literally given, therefore the main task is to
find: how the standard deviation varies as a
function of composite and powder particle size.

Standard Deviation about the Mean

In the larger particles the assay varies from
particle to particle because, in particles of the
same size, there may be a different number of
active ingredient inclusions or active ingredient
inclusions of different sizes. More inclusions or
larger inclusions may increase the inclusion
assay and conversely fewer or smaller inclu-
sions can decrease the assay. The key problem
is to simultaneously find a way to handle both
variations in the number and size of the active
ingredient inclusions.

To handle the variation in the number of in-
clusions of a given size about the mean, the
classical approach will be used. If N is the mean
number of inclusions in a composite particle, it
will be assumed that the standard deviation
about the mean number of inclusions is:

0=VN

Where o is the standard deviation.

ey

While Eq. 1 is valid for the variation in the
number of inclusions in a particle regardless of
the inclusions size, it is not valid for estimating
the volume standard deviation when the parti-
cle sizes vary. One large inclusion can profound-
ly effect the composite particle’s volume assay,
while 10 small additional inclusions may have
little or no effect. An active ingredient inclu-
sion, 10 times the size of another inclusion, has
a 1000 times its mass of the latter. Therefore
(below) a method will be developed to handle
the standard deviation for all inclusion sizes.

This new method, referenced above: 1) com-
putes the number of active ingredient inclu-
sions of a given size locked particle, 2) com-
putes the standard deviation due to these mono
sized inclusions and 3) then sums the volume
standard deviations (variance) over all sizes of
inclusions to find the true standard deviation
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for the given size locked particle. This pro-
posed method assumes that there is a continu-
ous, known size distribution of inclusion (pow-
der) sizes. From the volume size distribution,
the frequency distribution of the number of in-
clusions as a function of inclusion size is com-
puted. For a given inclusion size, the standard
deviation for the locked particle is calculated.
This number standard deviation is then con-
verted to the volume of active ingredient inclu-
sion of the givensize to get the volume standard
deviation of the active ingredient in the locked
particle. The overall volume standard deviation
is then calculated by first taking the sum of the
variance for all inclusion sizes and then taking
the square root of the overall variance, thereby
obtaining the given size locked particle’s volume
standard deviation of the active ingredient.

Let G(y) be the cumulative volume fraction
size distribution of inclusions in the compacted
powder where y is the size of the active ingre-
dient inclusions and x is the size of the locked
particle. Moreover, let V,(x) be the volume of
a locked particle of size x, let V;(y) be the vol-
ume of the an inclusional particle of size y, V,
be the total volume of the compacted powder,
V, be the total volume of the active ingredient
in the compacted powder, and ¥V, the volume
fraction of the active ingredient in the com-
pacted powder. Thus V =V, /V;.

For simplicity, it will be assumed that both
the inclusions (powder particles) and the lock-
ed particles are spheres, Therefore their respec-
tive volumes are: V;=(n/6)y® and V, =(n/6)x>.
If all the inclusions were of size y, then the
number of inclusions in a particle with a vol-
ume ¥V, would be proportional to V,/y* and
thus o, the number standard deviation, is:

3 (2)

While for large particles Eq. 2 is a valid for
the number of inclusions in the locked particle,
it is not a valid basis for estimating the volume
of the active inclusions. Near the surface in any
locked particle, there is a zone, depending on
the size of the inclusion, in which only part of
the inclusions are present in the particle — the
remainder of the inclusion volumes being in
one or more other locked particles. Let these
two zone be called: the interior volume and the
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transition volume. Were the locked particle a
sphere, then the volume of these two zones
would be respectively: (7/6)[x —y13 and (z/6)
[3x%y —3xy? + y®]. For simplicity in the deri-
vation, it will be assumed that the locked parti-
cle is enough large, x >>y, so that the transition
zone may be neglected.

Equation 2 is the number standard devia-
tion, what is needed is the normalized number
standard. Substituting for ¥, and dividing Eq.
2 by the number of particles one obtains:

1
X3
k;a— Va

(3)

on=

The term o, is a function of both x and y.
Rearranging Eq. 3 yields:

onr,x) = /K LY )
n

Since one adds variances not standard devia-
tion, one must obtain the variance. The variance
is the square of the standard deviation.

Thus:

W/x)?

2 = x!
0.0 =K

(5)
What is needed is not the number standard
deviation but the volume standard deviation,
0,. When all the particles are of the same size
then ¢, = o,. If one multiplies the right hand
side of Eq. 4 by dG(»)/dy, the volume of active
ingredient of exactly size y, one obtains the
derivative of the volume variance, ¢, or:

doy (¥, x) _ (/x)® dG(»)

dy Ve dy (6)
Integrating both sides and rearranging:
Y x)3
02 (3, x)=KJ] [L%_]dg(y)dy (7)

To complete the integration, an expression
for G(y) must be obtained. For many ground
products an approximation to the volume frac-
tion size distribution is:

6 =[+]" ®)

70

where y, is the largest size particle on the pow-
der and m is the slope of the functions straight
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" fine on a log-log plot.

From Eq. 8, the derivative of G(y) is:

dG(y) = y’Z ym=1 (9)

0

Substituting Eq. 9 into Eq. 7 and turning the
mathematical crank, one obtains for o,,:

0y (¥o, X)= /ﬁzﬂsgiél (%;L)WZ

(10)

Fig. 4 Sigma is small for large Vp and small yq/x values

If the compacted powder’s volume fraction
locked is V5 then the mean value assay also is
V. Thus the locking profile, H, for a locked
particle significantly larger than the-inclusions,
is a Gaussian distribution with a mean at Vg
and the standard deviation given by Eq. 10.

_ G-’
H(%locked) =—% 209 an
OCKe = (4
’ o,V2n
Results

There are three variables in the Eq. 10: 1)
the ratio (y,/x), the volume fraction locked
and the slope of the size distribution curve. As
may be seen from Fig. 4, the standard devia-
tion is sensitive to the ratio of y,/x because
this term is raised to the 3/2 power. In Fig. §
one may see that the o, is less sensitive to the
volume fraction locked. For most powders m
is about 0.8 + 0.1. Because of the square root,
over the range of m, .7 t0 .9, o, varies no more
than ten percent,

From Eq. 9 it may be seen that the active
ingredient standard deviation decreases with in-

KONA No. 8 (1990)

LN

-

W4

G

«“as

creasing particle size and decreasing inclusion
size. In Fig. 5, the three dimensional graph, is a
plot of the particle size ratio, (y,/x)*?, vs the
volume percent of the active ingredient in the
locked particle vs the volume frequency distri-
bution. The peak of the curve is at Vj, the
mean value of the active ingredient in the bulk
powder. For a give size ratio, the curve, being a
normal distribution about the mean —Vj, is

Fig. 5 As 0,, sensitive to the ratio of (x/y)? and Va,
grows smaller, the composition variation decreases
See Fig. 4.

symmetrically distributed -about the mean.
These locking profiles of large locked particles
are different from the locking profile of small
locked particles seen in Fig, 1 and 2.

Note how quickly the width of the locking
profile narrows with the increasing ratio of the
locked particle to powder particle size. In the
normal distribution, 1/0? appears in the ex-
ponent, hence the sensitivity to variations of
the value of ¢. Large locked particles have an
active ingredient assay that has little variation.

In Fig. 5, for each locked particle to inclu-
sion size ratio, the locking profile has the same
area under the curve. In the larger (v, /x) ratios
—large o, values, the frequency distribution
has low values near the mean but at the edge of
the plot far from the mean, the value of the
frequency distribution is still appreciable. This
significant value of the frequency distribution
for the smaller locked particles may be seen as
the height of the curve above zero in the lower
right hand corner of Fig. 5.

Discussion

In the above derivation, the quintessential
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assumption stated that the standard deviation
could be expressed by the square root of the
number of inclusions. This assumption is valid
for the Poisson distribution which assumes that
the average number of inclusions is close to
zero. Since one is working with an inclusion
size frequency distribution, the mean number
of inclusions for any one size is zero. Thus the
assumption that the number standard deviation
is the square root of N is valid for this deriva-
tion.

The postulate, made at the beginning of the
paper, that the volume locking profile was nor-
mally distributed, is a valid assumption because
this distribution is made up of the sum (inte-
gration) of a large number of inclusion size dis-
tributions. In the limit, the sum of samples
taken from any shape distribution, is itself nor-
mally distributed. Since the mean of the vol-
ume fraction of inclusions for the larger parti-
cles is normally distributed, only two parame-
ters are needed to define the curve: the mean
and the standard deviation. Both these parame-
ters have been defined and thus the curve is
defined.

It is believed that the Ferrara point is a new
significant parameter in the characterization of
locked particles and, in of itself, a new particle
shape parameter. For the smaller locked parti-
cles the Ferrara point is defined at the 50%
point on the locking profile. As may be seen in
Fig. 3, at this 50% point the surface, though
continuous, his a crease in it, the trace of the
Ferrara point. This is not the case for the larger
locked particles.

In these larger locked particles, the Ferrara
point shifts to the peak of the Gaussian curve,
As the particle size ratio increases from the in-
clusions being larger than the locked particle to
being smaller, the Ferrara point shifts from a
trough with an assay of 50% to a peak with an
assay of the mean value of the material.

As the locked particles increases in size, the
sharpness of the Gaussian curve increases be-
cause the standard deviation in Eq. 10 becomes
smaller with increasing locked particle size. By
the same reasoning as the average inclusion size
decreases, there are more inclusions of smaller
size and this causes the error standard deviation
to decrease. If the standard deviation is normal-
ized with respect to the compacted powder’s
inclusion volume assay, then the Ferrara value
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is a measure of the homogeneity of particles of
a given size. Figure 5, constructed from the
above information, shows how the Gaussian
curve peaks as the particle size increases.

Because of the way the Ferrara point was
originally defined, for these larger particles the
Ferrara point is again an invariant with both
the mass and volume locking profiles pass
through it. As was the case for the smaller par-
ticles, the Ferrara point is relatively free from
density variations and end effects and thus is
an excellent point for characterizing the locked
particle locking profile,

It was assumed that y << x and therefore
the transition zone could be neglected. Actual-
ly a case may be made that there is little differ-
ence in the transition zone because the missing
volume appears from particles in another frag-
ment but not counted in the given fragment.
The proof is more complex.

From a practical point, larger locked parti-
cles have a relatively uniform assay but the
smaller locked particles don’t. When handling
compacted particles, smaller particles must be
discarded. This is true of the original small
compacted locked particles as well as those
small particles generated by the handling of the
larger compacted particles. Moreover, removing
the fines from the surface of the larger locked
particles might be suggested for critical tests.

Because the equations derived above were
based on a model that made certain assump-
tions, the above model’s predicted results are
the ideal case. In the model it was assumed
that there is no differential attrition of the
locked particles such that the softer phase is
selectively removed from the particle surface.
Moreover it was assumed that the original
powder was ideally mixed and compacted in
the ideally mixed state. Thus in actual practice,
it would be better to use a safety factor of 10%
for the inclusion to particle size ratio to handle
the uncertainties in the uniformity of powder
production.

In practice one would specify the value of o,
and the ¥ and from Eq. 10 find the value of
the locked particle size. Smaller locked parti-
cles would be returned to the blender circuit
for reprocessing. Even after long storage there
would be no significant change in the uniform-
ity of the locked particles. However there may
be some attrition of the locked particles creat-
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ing smaller particles.

When using the stored locked particles, the
smaller particles caused by attrition must be
discarded. These attrited particles, being small,
have a wide variation in the compositional pro-
file and, like the original powder will segregate
readily.

Because the compositional variations were
done for the general case, there is a degree of
uncertainity for specific mixing-compacting
systems. For these systems, the methods used
here may be refined and even correlated with
experience. One major assumption has been a
blender that mixes perfectly —an assumption
that is not always true.

Conclusions

The volume locking profile for locked parti-
cles larger than the inclusions has been derived.
It is a Gaussian or normal distribution curve
with its mean at the compacted powder’s vol-
ume inclusion value and a normalized standard
deviation inversely proportional to the square
root of the particle size. At the peak of the
curve is the Ferrara value, in stark contrast to
its former position and value at the center of
the deep U-shaped curves for locked particles
smaller than the inclusion size.

1. For large composite (locked) particles,
the compositional variation is a sym-
metrical peaked normal distribution
curve.

2. The sharpness of the peak grows with in-
creasing locked particle size.

3. The sharpness of the peak grows with de-
creasing inclusion size.

4. The sharpness of the peak increases with
increasing volume percent locked.

5. The slope of the powder size distribution
curve has a small effect on the sharpness
of the peak.

6. The smaller locked particles must be dis-
carded at the time of compaction — not
stored.

7. Moreover, before using the larger com-
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pacted locked particles, the secondary
smaller locked particles must also be dis-
carded.

8. A safety factor of 10% of the locked par-
ticle size is recommended to handle non
uniform mixing problems,

9. It is relatively easy to specify and then
obtain the correct active ingredient fre-
quency distribution for a given set of
conditions,
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Abstract

The influence of stirring speed, solids concentration, media density and size on
grinding in a CoBall mill is described. The relationship between the product size and
the process parameters was determined. It was observed that the product fineness is
dependent on the balance between energy input and the ease with which the slurry-
media (grinding bed) can be fluidized. It was found that the capacity and energy re-
quirements are the decisive factors in optimizing the process parameters. Media colour,
wear rate and separation problems would exert appreciable influence on the choice of
grinding media. Very fine particles can be produced at a high throughput under opti-
mal grinding conditions, but the associated rapid rise in temperature may be a hin-

drance in some applications.

1. Introduction

The increasing demands for finely ground
materials and the high energy requirements in
ultrafine grinding operations have given im-
petus to the development of effective grinding
devices. The conventional ball mill, due to its
characteristic high energy consumptions and
long grinding times, is not efficient for ultra-
fine grinding purposes. Research efforts during
the past decades in the area of equipment de-
sign have culminated in the availability of a
number of grinding mills such as stirred ball
mills, centrifugal/vibration mills and fluid ener-
gy mills.

The three equipment groups embody a varie-
ty of designs or configurations, but the basic
principles within each group unchanged. Fluid
energy mills are known to be the least eco-
nomic of the three groups due to their relative-
ly high energy consumption. They are stuitable
for grinding flaky minerals and for applications
where high purity is essential"?,

The media mills, on the other hand, differ
from one another in their effectiveness. It is
not uncommon to find in the literature that
the stirred ball mill is more efficient than the
vibration mill>*¥_ Distinction must, however,

* 951 87 Lulea, Sweden
1 Received November 2, 1990
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be made between the high grinding rate and, the
relatively high energy consumption of stirred
ball mills, as against the lower grinding rate and
the lower energy consumption of vibration
mills. It is clear that not all types of vibration
mills can compete favourably with stirred mills,
but those having a characteristically small mean
grinding path may surpass them in energy utili-
zation.

This investigation deals with fine grinding of
dolomite in an annular CoBall mill which be-
longs to the stirred ball mill group. The aim
has been to study the effects of stirring speed,
solids concentration, media size and energy
input on the mill performance.

2. Experiment

Dolomite of size grade £ with an approxi-
mate mean size of 57 um (as determined
with the Malvern Master Sizer) obtained from
Ernstrém Mineral AB, Sweden, was used as
received in the grinding experiments. The
CoBall or annular ball mill, model MSM-18,
manufactured by Fryma Maschinen AG of
Switzerland, was used. The mill is equipped
with a 6.8 kW motor and a Mohno feed pump
with a nominal power rating of 0.18 kW. The
grinding chamber consists of a stator with a
toroidal base and an involuted conical rotor.
The design of the stator and rotor leaves the
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mill with a 3.5 to 6.5 mm grinding gap. Con-
sequently, the centrifugal velocity effect is
minimized, and the radial dependent Kinetic
energy is effectively utilized® . The slurry out-
let and media separation mechanism are located
or situated at the mill top, adjacent to the
rotor. The mill is equipped with a water cool-
ing jacket which has a maximum inlet pressure
of 2 bar, A schematic representation of the mill
grinding chamber is shown in Fig. 1.

Product Outlet

Rotor Shaft

|—— impeller/Rotor

" N : .: Grinding Gap

£ = R K

{' g
IRNS % — Polyurethane Lining
H ) Y
H ¥ LV A
i A 7 RS Stator
§ Ry e

LALL
L Feed Inlet

Fig. 1 Cross-sectional view of the grinding chamber
of CoBall mill

The rotor circumferential speed was varied
in the range of 10 to 16 m/s by changing the
belt pulley on the drive motor. The mill was
filled with media to approximately 70% of the
effective volume. Three media size fractions,
consisting of alumina balls of -2 + 0.85 mm,
zirconia balls of =1 + 0.65 mm and of -0.75 +
0.425 mm diameter were used. The pulp densi-
ty was varied between 8 to 36% volume solids.
The tests were run batch-wise but with a conti-
nuous recirculation of the slurry, and samples
were taken at predetermined time intervals.
The feed inlet pressure was set at 1 bar and the
outlet temperature at a maximum value of
100°C. The mill motor power draft was read
from a three-phase kilowatt-hour meter. The
product particle size distribution was analyzed
by making use of an X-ray sedimentometer
Sedigraph 5000 D, and the specific surface area
measured using a Strohlein area meter which
is based on the single point BET method.

3. Results and Discussion
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3. 1 Rotor circumferential speed

The effect of the stirring speed on the prod-
uct size distribution and the specific surface
area was studied in conjunction with the other
operation parameters. The difference in the
product characteristics attributable to the rotor
speed is greatly influenced by the media size
and the grinding time or energy input level
used for evaluation. Generally, the higher the
stirring speed, the higher the energy usage. In
other words, the higher the impeller speed, the
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Particle size Micron
Fig. 2 Product size distribution with impeller speed as

a parameter, A 10, 013 and %16 m/s

finer the product size as depicted in Fig. 2.
Stanczyk and Feld® also made a similar obser-
vation in their work on stirred ball mills. The
magnitude of the difference is reduced by long
grinding times or high energy input levels.
Where very fine grinding media are employed,
the product fineness may be grossly impaired
by media wear.

When the effect of stirring speed on the
product fineness is assessed at a constant energy
input, the order of fineness may be reversed.
This method of evaluation was adopted by
Mankosa at al.” in their studies on stirred ball
mills. This is so because the residence or the
grinding time is proportionately reduced in re-
lation to the rate of energy input. The effec-
tiveness of the resultant higher grinding forces
due to a high rotor speed is dependent on the
grinding time and the dispersion state of the
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N W mill feed. The magnitude of the difference also
\(\O depends on pulp density, media size and energy

input level. Similarly, when a comparison is
made based on the specific energy, the lowest
stirring speed would appear to be the most
economical setting, as low specific energy is
often utilized under such circumstances. The
plot of the product’s median size against the
energy input in Fig. 3 depicts those results.
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Fig. 3 Product median size as a function of the net
energy input with the stirring speed as
parameter, ©c 10 and % 16 m/s

The slurry temperature increases with in-
creasing rotor speed. Although the effect of
temperature is difficult to quantify, it is ex-
pected that a temperature increase either en-
hances grinding by reducing the apparent slurry
viscosity, or impedes grinding by drying up the
slurry through rapid evaporation of water.
However, Stanczyk and Feld® reported that a
temperature rise slightly improves grinding.

3. 2 Pulp density

The solids content of a mill feed is an im-
portant parameter in wet grinding operations
because of its direct relationship with the mill
capacity, ease of attaining the desired product
fineness, and operating costs or energy con-
sumption. This seems to be much more pro-
nounced in ultrafine wet grinding operations,
where the required product fineness often
necessitates the use of a very low solids content
as classification is seldom employed.
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tration as a parameter, v 8%, 0 13%, A26% and
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The effect of pulp density is shown in Fig. 4.
It can be seen that the product fineness in-
creases with decreasing solids content, despite
the fact that the difference between 13 to 36%
volume solids appears to be small. While the
products in general become coarser as the pulp
density increases, the magnitude of the differ-
ence is reduced at long grinding time intervals.
This depends of course on how the slurries
have been prepared. If the change is made by
mere water dilution as it is the case for the
26% and 36% volume solids in the given figure,
there will be almost no difference in the prod-
uct fineness provided the slurry volume is not
very large. The major difference in such a case
is that the less dense slurry can be subjected to
grinding for a longer period. Reduced fluidity
and the cushioning effect of fines are some of
the causes of decreased product fineness.

The use of viscosity modifiers in such in-
stances, allows more energy input by way of
extended grinding times as would water dilu-
tion, and in addition, dispersion of particles in
batch operations. Similar to the observation on
the use of dispersants® in vibration mills, the
ground products were found to be slightly
coarser in the presence of grinding aids. This
phenomenon can be attributed to the drop in
the apparent viscosity of the slurry resulting in
the sedimentaion of the coarse particles and
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\“““ the lubrication effect of dispersants.
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Fig. 5 Product size (dgs) as a function of the net

energy input with the pulp density as
parameter, A 8%, 0 13% and % 26%
volume solids

When the effect of the slurry solids content
is compared in terms of energy input as in Fig.
5, a better result is obtained with a high pulp
density, as a relatively lower specific energy is
utilized. However, a high pulp density is as-
sociated with such problems as a rapid increase
in viscosity and a low unit output, as a relative-
ly longer time is required to attain a desired
size. On the other hand, the use of a very low
pulp density constitutes an ineffective mode
of operation as it involves high media wear,
high energy concentration, and consequent-
ly high wastage. In mills having small grind-
ing chambers, this would also result in a short
residence time and hence coarser products.
Pulp density is known to be greatly influenced
by the material characteristics and media size,
since the larger the media size, the higher the
solids content that can be employed. In addi-
tion, the process-related parameters such as the,
operational characteristics of the mill and
pump can also be a hindrance.

It is known that as the particle size decreases,
the particle number concentration or viscosity
increases, and the slurry exhibits a pseudo-
plastic or Bingham plastic behavior. The con-
sequence of this in a stirred mill is that the re-
sultant slurry agitaion is turbulant when near
the impeller, and stagnant or laminar in other
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parts, especially when far from the impeller®.
This phenomenon, and the resilient nature of
fine particles, are the main causes of the de-
crease in particle breakage, as the viscosity or
slurry density increases. As the solids concen-
tration or apparent viscosity of the slurry in-
creases, the power draft of the stirring mecha-
nism rises asymptotically. This rapid rise in
power draft often results in the drive motor be-
coming overloaded, causing occasional opera-
tional difficulties. Thus, the relationship be-
tween the slurry pulp density and the stirrer
motor power draft places a restriction on the
pulp density that can be employed.

3. 3 Mediasize

Figure 6 shows the influence of the media
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Fig. 6 Product size distribution with grinding media

size as paramter, A 0.59 mm, 0 0.83 mm and
¥ 1.42 mm media diameter

size on the product size distribution. The prod-
uct size becomes finer as the media size de-
creases. This trend is upheld until the media
size becomes too small to effectively nip the
feed particles. A similar trend can be discerned
in terms of the product’s specific surface area,
as depicted in Table 1. Besides the increased
probability of particle capture arising from the
use of fine media sizes, the corresponding in-
crease in fluidity results in reduced energy
input. The high dispersion implies intense com-
pressive and torsional stresses®, and conse-
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quently high particle breakage. The mass of

Table 1 Product characteristics and ball wear as
a function media size

Product Ball
Media | Media size spec. ;
material mm dys surf. —1 pm | wear |
um | m?/g kg/kWh, g/kWhé
Zirconia | —0.75+0.43.1.40, 14.996 | 1.139 380.87
Zirconia |—1.00+0.65 1.20|19.196 | 0.657 5.241
Alumina {-2,00+0.85|1.60 17.133i 0.529 6.24}

material finer than 1 um produced per unit
energy input decreases as the media size in-
creases (under identical grinding conditions)
as is evident in Table 1. This must, however, be
combined with the wear resistance to give a
complete overview of the cost-effectiveness of
the respective ball sizes. Media choice is with-
out doubt more crucial to the success of ultra-
fine grinding than is usually assumed.

Conley® has suggested a media to feed size
ratio in the range of 7:1 to max. 20:1 as being
the optimum range for effective operation of
stirred ball mills. Although this range is consis-
tent with the observation here, the lower limit
of the media-feed size ratio is about 10:1, pos-
sibly due to the grinding mechanism. Mankosa
et al'® found that maximum breakage occurs
with a media-feed ratio of 20:1. Our results
show that the media-feed ratio should be less
than this value. From a theoretical viewpoint,
the grinding efficiency will be improved if the
media — feed ratio can be maintained as the
particle size decreases. However, this is a very
cumbersome task in practice as media wear and
separation problems become pronounced.

3. 4 Media wear

Media wear necessitates frequent replace-
ment of the grinding media. In coarse grinding
operations, the average media consumption is
known to be in the range of 0.1 — 1 kg/t, and
the resultant media replacement costs can be as
high as 40% of the total milling costs'?. The
replacement costs will be much higher in ultra-
fine grinding operations. Besides this, wear is
generally a source for product contamination-,

The media consumption observed in the pre-
sent work is given in Table 1. It is evident that
media wear resistance deteriorates with de-
creasing media size. The high wear rates of the
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finest media size fraction is due to ball break-
age, poor separability of the smallest balls, and
the relatively low specific energy associated
with the use of small balls. The high breakage
observed with the finest grinding media is part-
ly due to the tendency of the relatively larger
balls to grind the smallest ones, and possibly
due to some manufacturing defects of the balls,
Media wear arises from the combined effects of
attrition and impact forces, which are the char-
acteristic grinding mechanisms of the process.
Media wear is influenced by the grinding meth-
od, stirring speed, and by the media and ma-
terial characteristics — shape, size, and hard-
ness. The results of Stanczyk and Feld® show
that spherically-shaped media are more resistant
to wear than angularly-shaped media. It can be
inferred from the same work that the media
hardness or the specific gravity is secondary in
importance to media shape in terms of wear re-
sistance. Similarly, the higher the media density,
the higher the power required for fluidization.

3. 5§ Product size and process parameters cor-
relation

The product’s median size and dys have been
correlated with the various process parameters
by the method of least squares and the follow-
ing relation was obtained:

di =aEbdg°Nep’ (1

The correlation coefficients are greater than
0.95, and the standard deviations are less than
10%. Therefore, the parameters account reason-
ably well for the observed product size. The
coefficients of the model are given in Table 2.

Table 2 Coefficients for all regression equations

7 b ¢ ‘ e f st.dev.|R adj.
idso i 4.941-0.804/0.371:0,971{—0.476|0.0570.960

dos 17.561;—0.966‘0,476fl.180£—0.742‘0.080 0.946
E 0175 0.818/0.855'1.998' 0.878‘0.110 0.936
! | ‘

P 0.121i 1.896{0.807‘0.3691 10.100(0.830
! : | | ; |
S | 0.474 0508 | | .0.087/0.857

| i | |
dgs |197.198-0.689 | | 0.172/0.754,

| |

The process parameters influence the product
size in the following decreasing order: rotor
speed, energy input, solids concentration, and
grinding ball diameter. While the stirring speed
and the ball size have a direct power relation
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Fig. 7 The relationship between estimated and
measured product median size

with the product size, energy input and pulp
density on the other hand show an inverse re-
lationship. The median size estimated by Eq. 1
is plotted against those measured experimental-
Iy in Fig. 7.

3. 6 Energy consumption

The power characteristics of stirred ball mills
have been determined to be similar to those of
turbine-agitated mixers from tests using pure
water, a glycerol — water mixture, and very
fine solids slurries in the absence of grinding
media'®'®_ Usually, stirred ball mills are oper-
ated at such a high speed that the characteristic
fluid motion is turbulent. Thus, the mechanical
power from theory is independent of the
Reynolds number, and is given by the follow-
ing relation as:

P=kp,N3?D?® (2)

However, tests with coarse feed and those in
which the grinding media size*>'® have been
considered, exhibit gross deviations. Thus, the
consideration of a stirred ball mill as being
similar to mixers is at best a first approxima-
tion, and provides a means for correlation with
an established theory. The Reynolds number
for the operation range of the CoBall mill used
here lies within the values of 6 X 10°to 1 X 10°
with pure water. Therefore, turbulent flow evi-
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dently prevails. The power draft is observed to
increase with increased solids concentration
and media size, while the product fineness
shows an opposite trend. This is because more
energy is utilized or wasted in keeping the
solids in suspension under such conditions.
Numerical correlation of the process parame-
ters with the net energy consumption by the
method of least square yields the following
relation:

E=aT’dg*N°p” 3)

The coefficients and standard deviations of
the equation are given in Table 2. The high cor-
relation coefficients and the low standard devi-
ations imply that the net energy consumption
is well accounted for by the model parameters.
The parameters in decreasing order of impor-
tance are: stirring speed, solids concentration,
media (diameter) size, and grinding duration.
Although the grinding media density was ex-
pected to play a vital role, its exclusion from
the above model exerts no significant effect on
the correlation coefficient and standard devia-
tion,

Therefore, the net energy consumption was
converted to net power draft, and further
numerical evaluations were made with the
grinding time held constant, to see if a model
similar to that given by Sepulveda® would be
obtained. The model so obtained is as follows:
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Fig. 8 Product size (dgs) as a function of the net
energy consumption
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Thus, it seems likely that the effect of media
density is well accounted for by the media size,
and the former need not be included in the
model. Net energy consumption as used here, is
defined as the difference in electrical energy to
drive the mill rotor with and without loads.

The product’s top size, represented by the

size corresponding to 95% passing, and the -

product’s specific surface area respectively, are
plotted as a function of the net energy input in
Fig. 8 and 9. The straight lines in the figures
were drawn by using the following regression
equation:

dos, S =a E? 5)

The regression coefficients for the equation
are given in Table 2. The scatter of points in
both figures arises due to the fact that the
product fineness or the grinding effectiveness
depends more on the way that the grinding
energy is applied than on its magnitude. Thus,
excessive concentrations of grinding energy,
which is a typical feature of high stirring speeds
and a low slurry density, often represent a
time-effective but an energy-ineffective mode
of operation. This situation is illustrated in
Fig. 5, where the product size (dys) is plotted
against the net energy input. It can be seen
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that as the pulp density increases to a certain
extent, a low specific energy is utilized to ob-
tain a specified size. It should be borne in mind
that the scatter in Fig. 9 arises from varying
just one single parameter. In a situation where
the effects of a number of parameters are super-
imposed as in Fig. 8, the variations in the prod-
uct size acquires a different magnitude.

4. Conclusions

The CoBall mill would be suitable for ultra-
fine grinding operations with a high through-
put, if properly operated. However, the tenden-
cy of the temperature to rise rapidly may be a
limitation in its use for the grinding of heat
sensitive materials.

The mill power consumption and the prod-
uct fineness are influenced by the stirring speed,
solids concentration, grinding media size, and
hardness. The process parameters can either be
tuned to maximize unit output or to minimize
specific energy consumption, as desired.

The product fineness is enhanced when the
media to feed size ratio is within the range of
10:1 to 20:1. Grinding is inferior above and
below this range.

The suitability of a particular media type
and size should be assessed in terms of the as-
sociated specific energy, wear rate, and colour.
The performance of the media at the pulp den-
sity of interest in the case of wet grinding
should be checked since the former is greatly
influenced by the solids content.

Although the wear rate of zirconia balls is
relatively low, the yellowish colour poses severe
contamination problems, and so they may be
unsuitable where a high product brightness is
required, as in coating applications.

Acknowledgement

This work was partially supported by the
Swedish Mineral Processing Research Founda-
tion.

Nomenclature

a,b,c.e,f,k : constants
di : product size — median size and dos [um]
dp : grinding media (diameter) size  [mm)]
dgs : product size corresponding to 95%

passing [um]
D : impeller diameter [m]
N, : impeller rotation [Hertz]

KONA No. 8 (1990)



o
¢
O
N
\ O
(& @
&© W
RO W . : .
$?~ N : impeller circumferential speed  [m/s]
O E : net energy consumption [kWh/t]
P : impeller power draft [kW]
T . grinding time [minutes]
S : specific surface area [m?/g]
p : solids content [ke]

Py : slurry pulp density
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o Consideration of the Influence of Hopper/Feeder Interface’
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Abstract

With the data gathered from an experimental silo, operating with two different
kinds of bulk solid (cohesive limestone powder and free-flowing plastic pellets), it is
shown to what great extent the geometry of the transition from hopper to feeder
influences flow profile and thus the stress pattern within the hopper. The optimal
geometry for achieving mass flow and even withdrawal of a bulk solid over the entire
outlet area depends on the bulk solid’s flow properties and, in the case of the cohesive
limestone powder, must be closely adhered to, as the flow pattern of this particular
bulk solid is very sensitive to any deviations.

Furthermore, it is shown how the load acting on the feeder can be ascertained.
While the power required of the feeder for bulk solid removal in the discharging con-
dition can be satisfactorily calculated from Jenike’s theory, some well-known analy ti-
cal methods available for the filled condition of the silo provide results which are too
imprecise. The assumption of hydrostatic conditions in the hopper leads to stress
values which are several times greater than those actually measured in the experimen-
tal silo. With the help of the empirically based equations, DIN 1055, Part 6, one can
find acceptable solutions for the order of magnitude and for the tendency of the
stresses acting on the hopper walls. How one might determine the load on the feeder
from these solutions needs further looking into.

Through basic physical considerations, the dependency of the force required for
removal of a bulk solid from under the outlet on the vertical load acting on the feeder,
was found to be of a simple nature, from which an upper limit can be calculated. This
was confirmed by measurements made on the experimental silo.

1. Introduction

In order to achieve mass flow, avoiding arch- { l |
ing and pipe formation, a silo must be designed I Y
to suit the bulk solid it is to hold, the properties
of which can be determined in shear tests*29
The outlet of a silo is usually provided with a @
feeder which serves to regulate withdrawal of
the bulk solid. It should be adapted to the
outlet so as to remove the bulk solid from its
entire coss-sectional area.

The form of the feeder and the geometry of
the adjoining outlet play a decisive role here.
This is demonstrated for the case of a belt con-
veyor illustrated in Fig. 1.1. A horizontally

Fig. 1.1 Influence of feeder geometry on flow profile

mounted belt conveyor beneath a horizontal,
rectangular outlet often leads to bulk solid
being removed predominantly from the rear
end of the outlet (Fig. 1.1a). By inclining the
lower edge of the feeder or installing a slide
gate on its front side, one can effect bulk solid
removal from the whole area of the outlet (Fig.
1.16)%9.

* D-3000 Braunschweig, Volkmaroder Str.415, Germany
+ Received November 2, 1990

134 KONA No. 8 (1990)



o
£
NIt
X o
< N
6@ s\(\O
Q0 .
$?~ N In order to remove material from under the
) outlet, the feeder must be in a position to

move the bulk solid against the forces of stress
containing it, that is, to overcome the forces
of internal friction. As would be expected,
these forces depend on the properties of the
bulk solid itself, on the stress acting in the out-
let and, consequently, on the stress in the silo
as a whole. On the other hand, the feeder itself
influences conditions within the silo — for ex-
ample, by uneven removal of material, leading
to dead zones or to regions with unequal flow.
It is clear that not only the feeder is influenced
by conditions in the hopper, but that these
conditions themselves are influenced by the
action of the feeder.

—_—— ———

g, g

active stress state
(filling)

passive stress state
(discharging)

Fig. 1.2 Active and passive stress fields within the silo

In a silo, two basic stress conditions can be
distinguished which lead to different loading
of the feeder. In Fig. 1.2, the so called “‘active
stress field”, present just after filling the silo, is
shown on the left, while on the right the “pas-
sive stress field” developed during discharging
is illustrated. Under conditions of active stress,
the largest principal stress along the axis of the
silo acts in a vertical direction, while the small-
er principal stress acts horizontally. When the
silo is discharging, due to converging in the
hopper, the bulk solid is compressed in a hori-
zontal direction, which results in the largest
principal stress along the silo axis shifting to a
horizontal direction. Under active stress in the
hopper section, an increase or a decrease in the
largest principal stress in vertical direction is
possible, depending on the geometry of the
hopper and on the properties of the bulk solid,
whereas under conditions of passive stress, the
largest principal stress is proportional to the
local hopper diameter. For this reason, the ver-
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tical stress at the level of the outlet is generally

less under conditions of passive stress than

under conditions of active stress.

When considering the form and capabilities
of a suitable feeder, apart from the require-
ment of ensuring mass flow, one must find
answers to the following questions regarding
the two types of stress field mentioned above:
o How does the stress field in the hopper and

in particular the stress of the bulk solid on

the feeder itself depend on the properties of
the bulk solid and on the geometry of the
silo?

o How does the power required of the feeder
in order to remove the material depend on
the properties of the bulk solid and on the
vertical stress?

o What form should the connection between
hopper and feeder have in order to ensure
that material is removed from the entire area
of the outlet?
in the literature, one finds initial attempts at

describing these relationships, whereby, how-
ever, the influence of the feeder on the condi-
tions of stress is not taken into consideration
and furthermore, they are usually only applied
to cohesionless bulk solids. In order to cast
more light on the matter and to seek answers
to the above questions, measurements were
made on an experimental silo. Using the ob-
tained results the aforementioned attempts at
description were checked for their validity and
usefulness in particle.

2. Experimental Set-up

The experimental silo, which was set up
specifically to answer the stated questions, was
given a plane geometry (length in the direction
of conveyance 800 mm, width 600 mm, height
of vertical section 3700 mm) and provided
with a belt conveyor suspended under the out-
let slit. The silo stands on four legs, connected
with diagonal struts, thus forming a stable, self-
sufficient structure. The walls are made of
perspex (thickness 20 mm) supported by di-
agonal struts to prevent bulging.

In order to vary the silo’s geometry, it was
possible to alter the positions of both the verti-
cal and hopper walls. The different combina-
tions of adaptable walls enabled the construc-
tion of silo geometries with an outlet diameter
between 100 and 300 mm and a hopper slope
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force transducer
(horizontal force)

Fig. 2.1 Experimental set-up

ranging from 10° to 40° against the vertical.
Besides these factors, those shown in Fig. 2.1
can also be varied:
o hy, Distance between belt and lower edge
of hopper side walls (below front wall)
o hy, Distance between lower edge of front
wall and lower edge of hopper side walls
o hg Distance between belt and lower edge
of hopper back wall
o a Inclination of belt to horizontal, lower
edge of hopper side walls
By varying these factors — as already inti-
mated — discharge behaviour can be influenced:
according to the factors chosen, the bulk solid
will be removed from across the outlet either
evenly or unevenly. Furthermore, Fig. 2.1
shows the individual gauges employed in the
experimental set-up. The belt conveyor is sus-
pended from steel cables attached to force
transducers for measuring the vertical force act-
ing on the conveyor belt. Force transducers are
also built into the belt conveyor for measuring
the horizontal forces arising during operation.
A total of 25 stress measuring cells developed
at the Institute of Mechanical Process Engineer-
ing®” were fitted into the silo walls. They
served to record the normal and shear stresses
acting on the silo walls, and were positioned
mainly in the region of the hopper. Below the
conveyor belt, in the area under the outlet,
three further force transducers were installed
for measuring the forces acting on the belt. Be-
sides a few signal amplifiers and chart recorders,
data were fed into a computer-controlled data
recording unit consisting of three multi-channel
digital amplifiers with a total of 130 channels
and a PC.
As experimental bulk solids, cohesive lime-
stone powder (mean particle size x50 = 5.3 um)
and plastic pellets (4 mm < x < 6 mm) were
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chosen. The bulk density, p,, the effective
angle of internal friction, ¢, , and the wall fric-
tion angle, ¢., of the mentioned bulk solids
are listed in Table 2.1.

Table 2.1 Flow properties, measured in a Jenike Shear
Tester at major consolidation stresses o; =
10 kPa (limestone powder) and ¢, = 6 kPa
(plastic pellets)

. P, 2 2
Bulk solid b ¢ i
SOl [kg/m®]  [°] [°]
Limestone powder 1200 38 26
Plastic pellets 535 20 10

3. Experiments

3. 1 Investigation of stresses acting within the
hopper and on the feeder

Measurements of filling stresses were made
with hopper slopes ® ranging from 10° to 40°
in order to discover the relationship between
the measured stresses and the hopper slope.
The data obtained were compared with the re-
sults of well-known attempts to describe filling

s}
2
3

Limestone powder
§=10", o=200mm
Meas val

2 mime

a, O'la,.
Walker ===, O:0..

b/2 - : 500 DINT0SS T8 —-—-0,.

0 5 10 5 20 25
Oui 6yi/kPa —=

Limestone powder

£ a00k N 6 =20, b =200mm
h = \ A Meas val g, Olos,.
20° 200} N ; Walker === o, O:a..
N DIN1085 T6:—-—= o,
Y4
Gyt O L : J

0 5 10 15 20 25
Gyt Oyi/KPa —=

Fig. 3.1 Normal stresses on the hopper wall for
®=10° and © = 20° (limestone powder)

stresses in silos. In Fig. 3.1 for the examples® =
10° and ® = 20°, the measured pattern of nor-
mal stress on the hopper wall, as well as the
vertical stress at the level of the outlet are
shown. In addition, the stress patterns obtained
from the well known analytical models of
Walker® and Walters” and from the DIN 1055,
Part 6 equations'® which are based on empiri-
cal relationships, are shown. According to
Walker and Walters, there is a certain hopper
slope ©, which in the case under considera-
tion would be lower than 10°, above which a
hydrostatic increase in stress in the hopper is
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assumed. One will note when comparing it to
the experimental data that this model leads to
vertical stresses which are too large, and that
also the tendency and the order of magnitude
of the normal stresses acting on the hopper
walls is not correct. The overcalculated verti-
cal stresses lead to an overestimation of the
feeder load and of the power required of it to
remove the bulk solid from under the outlet.
This model is nevertheless recommended and
used by many authors®%%11) since there is no
simpler model at present which will predict the
stresses acting in a hopper and because in re-
spect of the load acting on the feeder, one
wants to be on the safe side. The degree of
overestimation of the feeder load decreases with
increasing hopper slope angle ©.

The stress patterns calculated from the em-
pirically based DIN 1055, Part 6 show a better
correlation with the experimental data in re-
spect of the order of magnitude and tendency.
However, DIN 1055 offers no indication of
how to calculate the vertical stress acting at the
level of the outlet.

10 ‘10

sy [KPa] ——

I
oy [kPa]

°© Y 4 9 @

I \ ebof [s] e

. T \ :
J000 2000 3000 4000 5000 O 200
tlsl—  discharging

400
filling

Fig. 3.2 Vertical stress 0, at the outlet vs. time
(limestone powder)

The course of the changes in vertical stress
acting on the belt conveyor during filling is
shown on the left in Fig. 3.2. One recognizes a
typical course of events, whereby the stress
initially rises sharply before reaching a final
value which is independent of the height of the
charge. In this case, the final vertical stress act-
ing on the middle of the belt conveyor after
filling was 7.7 kPa. When discharging is initi-
ated, the vertical stress on the belt conveyor
changes as shown on the right in Fig. 3.2. As
soon as the belt conveyor is turned on the ver-
tical stress drops sharply, increases somewhat,
drops again, and finally settles at a constant
average value. The fluctuations in stress are the
result of what is going on in the hopper during
discharging, eg. shear bands which descend
with the bulk solid and arches which after for-
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mation immediately collapse, both resulting in
a fluctuating load on the feeder.

The sharp fall in vertical stress observed im-
mediately after beginning discharging is due to
the time required for the cohesive bulk solid
to change from a resting state to one of move-
ment. Once it has gained motion, the vertical
stress increases again. At the same time, the
stress field within the hopper changes from
that characteristic of the filling condition
(active stress field) to that of the discharging
condition (passive stress field), which soon
leads to the vertical stress dropping again to a
constant average value.

Similar experiments using plastic pellets as
the experimental bulk solid show a sharp fall in
vertical stress after initiating discharge, too.
However, contrary to the behaviour of the lime-
stone powder, the passive stress field here has
developed and the average value of the verti-
cal stress remains constant, i.e. there is no fur-
ther increase in vertical stress after the sharp
fall.
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)
=
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Limestone powder
b=200mm
outlet geometry var

0 10 20 30 40 50

6/ ————

Fig. 3.3 Vertical stress at the level of the outlet
(observed values and values calculated
according to Jenike)

Jenike® developed a theory for describing
conditions during discharging in terms of a so-
called “‘passive stress field”, with which the ver-
tical stress acting on the feeder can be calcu-
lated. Figure 3.3 shows the measured values for
vertical stress and those calculated according
to Jenike at the level of the outlet o¢,, . for
various hopper slopes ®. The values of vertical
stress given are the mean values over the entire
outlet cross-section. One will notice that the
calculated values correspond well with the
order of magnitude observed in the experi-
ments. The fluctuation in the experimental
data results from the influence of the outlet
geometry, which will be described in chapter
3.3.
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\ﬁ““ 3. 2 Estimation of the power required by the

feeder

In order to calculate the force required of a
discharging device, the relationship between
the vertical stress o, acting on the feeder under
the outlet and the force necessary to move it
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Fig. 3.4 Horizontal force required for removing bulk
solid in relationship to the vertical force
acting on the feeder

must be known. Fig. 3.4 shows the measured
values of the vertical force, F,, ; (the vertical
stress multipled by the cross-sectional area of
the outlet), for various hopper geometries, and
the force Fj, ,. required for withdrawal of the
bulk solid at the initiation of discharging.
During discharging, the bulk solid must be re-
moved horizontally under the acting vertical
stress, whereby, as in shear tests, the bulk solid
is subject to shearing forces. By taking the ef-
fective angle of friction ¢, , which describes the
internal friction of the bulk solid during steady
flow, to describe the relationship between the
vertical force and the necessary horizontal
force for removal, and assuming that the bulk
solid is sheared directly beneath the lower edge
of the hopper where the vertical stress o, is
effective, one obtains the straight line curve
shown in Fig. 3.4 (Eq. 3.1).

Fh,be=Fva,f tan (¢ ) 3.1

This relationship is valid on condition that
the bulk solid is actually removed by the feed-
er, which will be the case with a rough belt or
a plate reclaimer, when the angle of friction be-
tween the conveyor belt and the bulk solid is
about as great as the effective angle of friction.
In the experimental set-up, the angle of friction
between the conveyor belt and the bulk solid
¢x,sg Was about 34° and somewhat smaller than
the effective angle of friction ., which was
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38°. In this case, the maximum possible force
with which a bulk solid can be removed is equal
to the maximum force of friction which the
conveyor belt can exert on the bulk solid,
giving a maximum horizontal force of removal
of:

Fh,be = Fvg,f tan (‘px,sg) (3.2)

The vertical force F,, ; effective on the con-
veyor belt is greater by the weight of the bulk
solid between the lower edge of the hopper and
the conveyor belt than the vertical force F,, ,
at the level of the outlet. Therefore, any curve
will cut the abscissa not at the origin but at a
point shifted to the left by an amount propor-
tional to the weight of this bulk solid. This
curve represents an upper limit for all the meas-
ured values.

In the literature,-one finds various relation-
ships applied to the upper limit of the force
Fy e required of a feeder at the initiation of
discharging, which are included in Fig. 3.4.
These relationships are as follows:

Johansen'? and McLean and Arnold!?¥:
Fh,be =Fva,fSin (‘Pe) (33)

Rademacher'® and Manjunath and Roberts?®:

Frn,be = Fugr* 0.8 sin (g, ) (3.4)
Reisner'® and Bruff'®:
Fppe = Fupr+ 0.4 (3.5)

These relationships were established empiri-
cally and, in the case under consideration,
sometimes led to too low an estimation of the
power required of the feeder.

As already shown, the vertical stress Oy, 5 €f-
fective after filling drops sharply at first, before
finally taking on the passive stress field. For
this condition, a similar diagram can be drawn
showing the relationship between the horizon-
tal force and the vertical force. For the relation-
ship between these two forces the same is valid
as shown for initiation of discharging.

3. 3 Influence of the hopper/feeder interface

As shown in principle in Fig. 1.1, the geome-
try of the hopper/feeder interface influences
the velocity field inside the silo. To investigate
this interrelationship, the particle velocity at
the silo walls during discharge, was measured
by marking the position of single particles on
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\(\O time intervals. For the experiments, plastic responding to the shown velocity vectors are

pellets with a particle size between 4 mm and

6 mm were used. With the data gathered from

those experiments, the velocity distribution

over the silo walls was calculated by use of an
Plastic pellets (discharging)

—— = 10kPa (scale)
§=20deg ' b=200mm

n,, = 52mm h,. = 52mm
n,.= 0mm h. = 50mm
hs = 52mm hs = 2mm

" hopper side wall

L ! o
"‘:'4\{‘2 g)lh e D
(a)

Fig. 3.5 Velocity distribution on hopper side wall
(Plastic pellets)

interpolation method. Fig. 3.5 shows the meas-
ured velocity vectors at one of the hopper side
walls during discharge for two different geome-
tries of the hopper/feeder interface. The length
and direction of each vector line represent the
magnitude and the direction of the velocity at
that point. The geometry (a), shown on the left
of Fig. 3.5, yields a relatively even velocity dis-
tribution, the geometry (b) on the right side a
Plastic pellets (discharging)

——=10kPa (scale)
#=20deg. : b=200mm

(a) hv.=52mm hy.=0mm hs=52mm

S s
o) coo Q)
O O

85%

(b) hv.=52mm hye=50mm hs=2mm

presented in Fig. 3.6.a and b. On the left in the
figure is the back wall, on the right is the front
wall, and in the middle is a hopper side wall, all
represented schematically. The circles represent
the normal stresses acting perpendicularly to
the wall at these points, which are proportional
to the lengths of the radii and correspond to
the scale shown in the top left hand corner. In
the case of the geometry producing the more
uneven velocity distribution (b), the stresses
acting on the hopper side, back and front walls
are also more uneven than those associated
with the more even velocity distribution. This
observation agrees with similar measurements
and calculations made on silos characterized by
funnel flow, where it was also found that the
stresses in regions of flow were less than in the
dead zones!™'®_  Apparently, stresses in the
slowly downward moving regions increase,
while in faster flowing regions they are de-
creased. The uneven stress distribution can be
explained qualitatively by a simple model. The
cause of the change in wall stress is the shear
stress between the two regions flowing at dif-
ferent velocities. The shear stress acts on the
slower moving region in the direction of gravi-
ty and on the faster moving region in the op-
posite direction. Thus there is an extra down-
ward force acting on the slower flow region
which must be taken up by the adjacent hop-
per side walls, leading to an increase in hopper
wall stress. The faster moving region, on the
other hand, is supported by the slower moving
region, leading to a reduction of stress in the
hopper wall adjacent to the faster moving
region.

With the investigated plastic pellets, the un-
even distribution of stress, starting from a stress
pattern of the fully charged silo, took form
shortly after initiating discharge. in Fig. 3.7,
the course of the non-dimensional wall stress S
at various positions on the hopper wall (4 to

| o | e F), as well as on the conveyor belt (G), over
O \ 0] the non-dimensional time T are presented for
O o the geometry shown in Fig, 3.5.b and 3.6.b.
The non-dimensional stress S and the non-
dimensional time T are defined as follows:
back wall conv. direct. - — front wall
S S=0,/(p, & B) (3.6)
Fig. 3.6 Normal stress (0,) distribution on hopper
walls (Plastic pellets) T=t/(Vr,/Q) (3.7
139
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Fig.3.7 Stress variation vs. time (plastic pellets)
where: The non-dimensional time 7 = 1 is the time
needed to discharge a volume of bulk solid
o, wall normal stress [Pa]
. 3 equal to the hopper volume Vr,. From the
o, bulk density [kg/m3] . . . .
. . . stress-time curves presented in Fig. 3.7, it can
B width of the vertical section of
. . be seen that all of the shown stresses fluctuate
the exerimental silo, B = 0.6 m [m] .
. . 2 around a stationary mean value. The fluctua-
g acceleration due to gravity [m/s?] . . . .
. tions are typical for hopper stresses during dis-
t time [s] .
V.. hobper volume (m?] charge. They result from shear bands moving
rr 1OPP s downwards with the bulk solid. The mean
Q0  volume flow rate [m?/s]
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values of the stresses S remain almost constant
with time after a short initial period of 7= 0.1
to T = 0.2, where the stress field is changing

1.5
nto
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"
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Fig. 3.8 Stress variation vs. time (limestone powder)

from the active to the passive state.

Figure 3.8

140

shows stress-time curves for the

limestone powder. In this particular case, the
geometry of the hopper/feeder interface was
such, by choosing a small height Ay, , that the

bulk solid in the rear part of the outlet slit

flowed more quickly than that in the front part,
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which resulted in very different stresses on the

rear and front walls. In contrast to the curves

measured with plastic pellets, stresses were
found to vary with time over longer periods;
some of them still change at T > 2. Qualitative
velocity measurements carried out by inserting
thin rods through holes in the hopper walls,
showed a decrease in velocity near the front
wall with time until the velocity at the front
wall was zero (T'~ 2 ... 3). Velocity equal to
zero at the front wall is equivalent to the for-
mation of a dead zone in this region.

Comparing the stress-time curves gathered
from measurements with plastic pellets and
limestone powder, the following points become
clear:

o Uneven removal of a bulk solid causes an
uneven velocity field and, hence, an uneven
stress distribution,

o The uneven velocity field and stress distribu-
tion develop after a short period of time (7=
0.1...0.2) in the case of plastic pellets, a vir-
tually incompressible bulk solid, and remain
almost constant. In the case of the compres-
sible limestone powder, the velocities and
stresses change over evidently longer periods
of time (T > 2).

The geometry depicted in Fig. 3.8 with ky, =

0 yields an uneven outflow of the bulk solid

and an uneven stress distribution. By choosing

greater outlet heights 4y, and/or Ay, , one can
achieve an even outflow velocity over the en-
tire area of the outlet, which in turn evens out
the stresses acting on the hopper walls. A fur-
ther increase in Ay, leads to more bulk solid
passing through the front part of the outlet,
whereby the stresses measured in the front part

hvo=44mm

i

[Samane] ——
| / hvo=50mm S‘ |
©

! i
!

S [39],

i
pack wall hopper side wall front wall

Il
[@§

\

|

T hvo=38mm ’ - - - hvo=25mm =
HEE9 | 5D
©° N © 0

Limestone powder
b=200mm hvu=52mm
§=30" hr = 2mm

wall normal stresses in hopper region ow
(discharging)

scale {—— 2 10kPa (radius)

Fig. 3.9 Hopper wall stresses 0y, for various ou let
heights Ay,
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of the silo are less than in the rear part. The
stresses acting on the hopper side walls follow
the same tendency as those acting on the verti-
cal hopper walls under conditions of different
outlet heights.

Figure 3.9 shows the stress ¢,, on the hopper
walls for various outlet heights 4y, (A, and
hg are constant) during discharge (limestone
powder, hopper slope ® = 30°, outlet width b=
200 mm). In the figure, the back wall is on the
left, the front wall is on the right, and in the
middle is a hopper side wall, all represented
schematically. The circles represent the normal
stresses acting perpendicularly to the wall at
these points, which are proportional to the
length of the radii and correspond to the scale
shown in the bottom left hand corner. It is
evident that even a relatively small change in
the outlet height Ay, has a very strong influ-
ence on stress formation in the hopper. Where
there is a strong flow of bulk solid, the stress is
less, while where flow is weak or has come to a
standstill, stress increases. The stress pattern
which arises when a bulk solid is withdrawn un-
equally from across the outlet deviates, particu-
larly at the front and back wall of the silo,
from that predicted by Jenike’s theory, so that
one must question its validity under such con-
ditions.

In this particular case, the optimal outlet
height Ay, , which serves to evenly withdraw
the material, seems to be in the range of Ay, =
44 mm to Ay, = 38 mm, this is a total outlet
height (hy, + hy,) of between 96 mm and 90
mm. Deviations of a few mm from this opti-
mum cause an unequal velocity and stress dis-
tribution (see Fig. 3.9).

Optimal geometry depends largely on the
flow properties of the bulk solid. The optimal
geometry found for limestone powder causes
an uneven velocity and stress distribution in
the case of plastic pellets, and vice versa.

Taking a look at the stresses acting on the
hopper walls during discharging (see Fig 3.8),
one notices that it is only after a certain
amount of time — in this case after the hopper
content has been discharged about 2 to 3 times
— a stable pattern of stress is established. Only
now is it possible to say whether or not the
chosen silo geometry effects an even discharge
across the outlet, and thus an even pattern of
stress on the silo walls. Dead zones in the front
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and rear part of the silo sometimes only arise
after a considerable time, which seems to be
dependent on the ‘difference’ between the
chosen geometry of the hopper/feeder inter-
face and the optimum geometry. In Fig. 3.10,
the stress distribution on the hopper side wall
at various non-dimensional times 7T is shown.
The geometry is very close to the optimal
geometry; Ay, is only about 6 mm greater than
the optimal value of Ay, . The non-dimensional
time T = 0 corresponds to the filling stresses
(active stress field). After switching on the
feeder, the passive stress field develops. From
Fig.3.10, it can be seen that the hopper stresses

Limestone powder (discharging)
—— =10kPa (scale)
#=20deg. . b=200mm

T=0000

0oy &
o g

O0Coo @
° O
@)

O

Qo o
© o -

back wall conv. direct. - — front wall

Fig. 3.10 Hopper wall stresses at various non-
dimensional times T (limestone powder)

remain quite even until 7 = 0.5 (i.e. discharge
of a volume equal to 50% of the hopper vol-
ume). With greater values of T (e.g. T =1.725
and T = 3.467, Fig. 3.10), stress distribution
becomes more and more uneven. In contrast to
these results, the hopper stresses shown in Fig.
3.8, due to a geometry with a great divergence
from the optimal geometry, are uneven from
the very beginning of discharge (e.g. non-di-
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mensional stress S at points F and F, Fig. 3.8).
In this respect, a cohesive bulk solid like

limestone powder behaves differently from a
non-cohesive one such as plastic pellets, where
a stable stress pattern is established very soon
after discharge initiation. The cause of the lime-
stone powder’s behaviour is its compressibility:
locally differing stresses lead to the limestone
powder being variously compressed, which in
turn influences the stress pattern, which again
influences the compression, and so on.

The results of the measurements in respect
to achieving an even withdrawal of a bulk solid
can be summarized as follows.

o Optimal geometry is dependent on the bulk
solid’s flow properties.

o The range of geometric values which ensure
even withdrawal is narrow.

o In the case of cohesive limestone powder,
the velocities and stresses in the hopper vary
during discharge over relatively long periods
of time. Therefore, a geometry similar to,
but not identical with the optimal geometry
causes uneven withdrawal only after dis-
charge of a greater amount of bulk solid. A
geometry very different from the optimum
causes uneven withdrawal after a relatively
short period of time.

The question is how can even withdrawal of
bulk solid be ensured. The results of the meas-
urements show the difficulties in determining
the optimal geometry, especially in the case of
the cohesive limestone powder. Furthermore,
as one can imagine, optimal geometry is influ-
enced by changes in the flow properties, e.g.
due to changes in particle size or humidity.

One possible solution is to force the bulk
solid to flow out evenly. For this purpose, a

Insert

Qw Qwm

hvu+ hve

Fig.3.11

Hopper with insert
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hopper/feeder interface geometry was chosen
which caused withdrawal from the rear end of
the outlet. In addition, an insert was fixed in
the outlet slit perpendicular to the conveying
direction half way between the front and back
wall (Fig. 3.11). The distance &, between the
lower edge of the insert and the belt was ad-
justed so that the volume flow rate @, below
the insert was half as much as the flow rate Q
below the front wall. Due to the insert, the
volume flow rate in the front half of the silo
was equal to that in the rear half, i.e. Q.

Limestone powder (discharging)
—— 10kPa (scale)

#=15deg. : b=200mm
(a) hyo=50mm  hye=0mm ha=13mm (with insert)

©)
O 3 O
SV OO/
' |°© - °

hy,=50mm  hy.=0mm ha=13mm (without insert)

U %0\

O
O O

o OO
QOO

conv. direct — front wall

Fig.3.12 Hopper wall stresses when using an insert (a)
and without an insert (b) (limestone powder)

Measurements carried out with a well ad-
justed insert show an even stress distribution
and no occurrence of dead zones, even after
discharge over long periods of time (Fig. 3.12.a).
To show the influence of the insert, Fig.-3.12.b
shows the wall normal stresses for the same
hopper/feeder interface geometry without the
insert. The measured stresses show a large
change in magnitude in horizontal direction.
By use of the insert, two outlet slits are simu-
lated, both with a length to width ratio of
about 2. Obviously, it is easier to achieve even
withdrawal with smaller length to width ratios.
This easily understandable relationship agrees
with Rademachers'® recommendations to
choose a length to width ratio for the outlet

KONA No. 8 (1990)
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slit of no more than 2 or 3. But, following
Jenikes® method for silo design, the length of
an outlet slit should be at least 3 times the
width, and, in many practical applications, slit
lengths of more than 3 times the width are
necessary. Therefore, the use of inserts to en-
sure uniform withdrawal seems to be a reason-
able solution. When using such inserts, it has to
be ensured that they do not cause flow ob-
structions like dead zones or stable arches.

Nomenclature

b : outlet width

B : width of the vertical section of the
experimental silo [m]

F;, : required horizontal force of the feeder [N]

]

(m]

F,, : vertical force, acting at the hopper outlet [N
F,, : vertical force, acting on the feeder [N]
g : acceleration due to gravity [m/s?]
h : height [m]
hr : distance between belt and lower edge

of hopper back wall [m]

hy, : distance between belt and lower edge of
hopper side walls (below front wall) [m]

: distance between lower edge of front wall
and lower edge of hopper side walls [m]

0 : volume flow rate [m3/s]
S : non-dimensional stress [-]
t : time [s]
T : non-dimensional time -]
Vr, : hopper volume [m3]
« : inclination of belt to horizontal, lower
edge of hopper side walls [°]
pp : bulk density [kg/m3]
0p : horizontal stress [Pa]
g, : vertical stress [Pa]
oyq - vertical stress at the hopper outlet [Pa]
0, : vertical stress acting on the feeder [Pa]
Oy, © wall normal stress [Pa]
ge . effective angle of internal friction [°]
¢, wall friction angle [°]
¥x.sg - wall friction angle (conveyor belt) [°]
© : hopper slope angle measured against
the vertical 1
Indices:
f : filling

e : discharging
be : beginning discharging
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Chemical Vapour Precipitation of

Silicon Nitride Powders in a Laser Reactor

R. A. Bauer, F. E. Kruis, P. van der Put,
B. Scarlett and J. Schoonman

Faculty of Chemical Technology and Materials Science
Delft University of Technology*

Abstract

The Laser Chemical Vapour Precipitation (L-CVP) of SisN, powders from mixtures
of halogenated silanes and NHs has been studied. The reactant gases were mixed at
varying position in the laser beam, thus preventing low temperature reactions. The
SisN, was collected and separated from the waste product, NH,Cl, by electrostatic
precipitation. A major problem in utilizing SiHCl; and SiCl, is their poor absorption
of radiation from CO,-lasers. SF¢ and SiF, have been explored for possible use as an
inert sensitizer. Silicon can be prepared from SiH,Cl, without the use of a sensitizer.
The diameter of the SisN, particles is typically between 15 nm and 110 nm dependent

on the process conditions.

1. Introduction

This paper concerns the preparation of fine
ceramic powders, specifically silicon nitride, by
chemical vapour precipitation. The eventual
quality of a ceramic product is dependent upon
the properties of the powder before it is com-
pacted and sintered. The morphology of the
powder is usually specified through its particle
size distribution and the degree of agglomera-
tion of the powder. Chemical Vapour Precipita-
tion, CVP, is an attractive route to prepare
powders of very fine particle size, less than
1 um. The eventual particle size is dependent
upon the nucleation rate and growth of the
aerosol particles which, in turn, can be con-
trolled mainly by the temperature profile in
the reactor. However, when using convention-
al heating sources, not only is the lower limit
of the particle size restricted, but also the de-
gree of agglomeration increases with decreasing
particle size due to a long residence time at
conditions of temperature and high number
density.

The alternative use of a laser beam as the
source of heat has been investigated and re-

* P.O.Box 5045, 2600 GA Delft, The Netherlands
+ Received November 2, 1990
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ported by several laboratories’»>¥. In this
paper, we summarize our experience with this
novel and promising technique. Exciting the
gas mixture thermally by laser radiation in-
creases the heating and cooling rates enor-
mously, whilst the process temperature is not
restricted by the reactor construction material.
The excitation of the reactants can be made
selectively by separate reactant injection®®
and by matching the laser frequency with the
absorption bands of one of the reactants. This
introduces flexibility and an additional variable
to control the reaction mechanism.

The success of the technique is also depend-
ent upon the choice of reactants. Most previous
research has concerned the production of sili-
con nitride, SizN4, from a reaction of silane,
SiH,, and ammonia, NH;. The silane is strongly
absorbent of the light emitted by a Co,-laser
which has a wavelength of 10.6 um. In this
process it is difficult to obtain a stoichiometric
product, an excess use of silicon has often been
reported. We have based our investigations on
the alternative use of chlorinated silanes, SiHCI;
and SiCl,, for this process which are potential-
ly commercially more attractive and safer.
They have, however, a much lower absorption
coefficient of the CO,-aser radiation. This
problem can be overcome by the addition of a
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third gas which acts as a sensitizer, for example
SF, or SiF,. Whereas SF, absorbs storngly the
10.6 um radiation (10P20 line) of CO,-lasers,
SiF, absorbs only at 9.4 um the 9P42 line of a
CO,-laser. The wavelength of a tuneable laser
can be adjusted to optimize the absorption by
particular reactants. Another interesting alter-
native is to excite the ammonia instead of the
silicon containing precursor. The use of alter-
native precursors and of sensitizers does lead to
more complex reaction products and can lead
to contamination of the product if it is not
collected at high temperatures.

It is clear that the process has great potential
for numerous variations in reactants and in re-
actor design. In this paper, CO,-laser light ab-
sorption by NH; at atmospheric pressure was
used to form Si;N, powder, starting with ab-
sorbing and non-absorbing chlorinated silanes.

2. Experimental Procedure

A schematic diagram of the apparatus is

| precipitator

CO:daser
beam

a silane
N‘_’

Fig. 1 Schematics of the reactor and the nozzle with
the used gases

shown in Fig. 1 and a photograph in Fig. 2.
The reactants are introduced through separate
nozzles immediately below the laser beam. The
sudden rise in temperature and subsequent
cooling cause a chemical reaction and conden-
sation of aerosol particles within a stable flame.
A picture of a typical flame is shown in Fig. 3.
The reactor was constructed of stainless steel
and the laser was introduced through two KCI
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Fig. 2 Photograph of the laser reactor

I 100nm I

Fig. 3 Laser reaction flame produced by excitation
of SiH,Cl,

windows which were flushed with N, (467
sccm). The reactor was operated at atmospheric
pressure, A 200W cw CO,-laser, with a wave-
length tuneable between 9.166 um and 10.886
um, was partially focused with a ZnSe lens, of
focal length 30 c¢m, to a spot 1.5 mm in diame-
ter and shone orthogonally to the stream of the
reactants.

KONA No. 8 (1990)



The gas inlet nozzle consisted of four jets
which directed the ammonia onto a central jet
of the chlorinated silane. The gases were mixed
in or above the laser beam to avoid low tem-
perature reactions since they react at low tem-
perature to form solid silicon diimide, Si(NH), .
The concentric inlets could be adjusted in both
the horizontal and vertical directions. The plan
view of the different configurations tested are
shown in Fig 4. Normally configuration A was

TN ¢

oo,,, '

i
|

Fig. 4 Nozzle configurations

e e ean

a_ °

CO,-laser bea@

When NH; was the excited gas, configuration
C gave the best results because in this case the
highest temperature was recorded. An arrange-
ment which exchanged the reactant flows, with
the NH; gas coming through the middle and
the SiH,Cl, gas from the outside inlets, pro-
duced poor results. In that case, only with low
reactant flows was a stable flame observed and
the powders produced were also very poor
since they contained a relatively large amount
of imide. The reaction products were confined
to a small, well-defined reaction zone by a con-
centric N, gas flow. The gas and particle stream
was fed into a horizontal electrostatic precipi-
tator (ESP) which separated the Si;N; powder
from the NH,Cl. The potential of the central
wire electrode was about +20 kV, whilst the
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external cylindrical counter electrode was
earthed. This cylindrical counter electrode was
placed outside the pyrex collection tube in
order to prevent electrode corrosion by the
product gas stream. The temperature of the
ESP furnace was maintained at 570 K during
operation to achieve optimum collection. The
powder collected was subsequently heated to
770 K, under vacuum, for fifteen hours in
order to remove the remaining traces of NH,Cl.
This temperature is low enough to avoid a reac-
tion of imides, if present, to nitrides. In order
to measure the flame temperature, a 2-color
pyrometer in combination with a spectrometer
was used, as shown in Fig. 5. The setup con-

Laser flame : 1 .

<D
N R

W

Spectrometer

BS C

|
A
|- ¢

L M

Fig. 5 Arrangement of spectrometer and 2-colour
pyrometer

sisted of a pair of mirrors to scan the flame.
One lens was used to focus the flame onto the
aperture stop, and behind this stop another
lens was used to focus the light, split by a beam
splitter, onto two hotodiode detectors. Band-
pass filters were used to define the wavelength
of the light received on the detectors. The light
beam was chopped in order to be able to use
lock-in amplifiers for phase sensitive detection
of the small emission signals. The radiation
emitted from an ideal black body at tempera-
ture T is given by the Planck function,
2
)\5 (8 kAT _. 1 )

(1)

The temperatures were calculated'® from the
intensity ratio of two different wavelengths 7, ,
corrected for the extinction of the particles:
1 _ Nadpa,
12 )\ 1 IB Aa

(2)
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Some of the light is fed to a spectrometer, were also used to amplify the signals from the
equipped with a photomultiplier and a Si/PbS- detectors. The spectra were recorded in a small
photodiode detector. The lock-in amplifiers computer.

The powders were analyzed using IR-spectro-
scopy, and characterized by X-ray diffraction
(XRD), and electron diffraction in a transmis-
sion electron microscope (TEM). The amount
of nitrogen in the powders was determined by
decomposing the samples in LiOH at 950K and
measuring the amount of NH; released” . The
particle sizes and the state of agglomeration
were measured from transmission electron
micrographs. In Fig 6 are shown examples of
spherical particles of 100 nm, the required
product, whereas Fig. 7 shows an example of a
heavily agglomerated product. The critical fac-
tors in this technology are so to control the re-
action, condensation and agglomeration rates
that particles of the required size are eventual-
ly produced.

3. Experimental Results
3. 1 Absorption of CO, -laser radiation

L | All reactants and sensitizers show lumines-

! 250nm ! cence if CO,-laser radiation is being absorbed.

Fig. 6 TEM photograph of Si3N4 particles of 100 nm The excited molecules have been shown to be
from NHj and SiH,Cl, : in an thermal equilibrium state at pressures
above 10 m Bar®, To determine the wavelength
dependence of the laser heating, the intensity
of the luminescence from reactants and sensi-
tizers in the reactor was measured in the condi-
tions used during synthesis. The luminescence
is shown to be mostly thermal. Using SiH,Cl, ,
a yellow flame was observed if radiation of one
of the 10P or 10R lines around the 10.4 um re-
gion of the CO, -laser was focussed onto the re-
actant flow. This luminescence varied little with
the wavelength radiated by the laser. The 9P and
9R lines of the CQ,-laser were not absorbed.
Using either SiHCI; or SiCl, no luminescence
was observed using any line. NH; showed emis-
sion if the reactant was excited by radiation of
several lines of the CO, -laser. When using the
9R30 line especially strong emission was ob-
served in the reaction zone. Less prominent
emission was observed using the 9R16, 10P32
and 10P34 lines of the CO, -laser. SF, is a well-
known® 19 sensitizer used in IR-laser chemistry
and is known to absorb the 10P20 line of CO, -
Fig. 7 TEM photograph of agglomerated Si;Ng4 lasers strongly. SiF, is also used as sensitizer if
particles SF, is not inert in the prevalent condition!? .
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When SiF, was injected into the reactor strong
emission was observed using the lines around
9P42 of the CO, -laser.

3. 2 Silicon particle formation

SiH,Cl, was used in the L-CVP of silicon
powders. A yellow, thermal flame developed in
the reactor due to laser excitation with the
10P20 laser line and decomposition of SiH,Cl,
followed by nucleation of elemental silicon.
Dark brown powders of amorphous and crys-
talline silicon were produced, which were fairly
monodisperse. The mean particle diameter of
the amorphous powders was 30 nm and that of
the crystalline powders was 100 nm. The prod-
uct contained small amounts of chlorine im-
purities as observed with EDX. A few minutes
after starting the deposition experiments, the
reaction flame stabilized and long production
times could be maintained. The spectra re-
corded revealed only a smooth curve, indicat-
ing black body radiation. The calculated tem-
perature was about 1770 K. The capacity of
the electrostatic collector limited the experi-
ments to one hour. As shown above, dichloro-
silane is clearly capable of absorbing sufficient
power from an untuned CW industrial laser to
dissociate completely, and to produce ultra-
fine silicon powders at atmospheric pressures.

Utilizing SiHCl; or SiCl, as reactant with
either SF, or SiF, did not result in particle
formation. In both cases a blue flame was ob-
served. Spectroscopy showed a broad band
around 450 nm in the SF, experiment and
three narrow bands around 440 nm in the SiF,
experiment which can be attributed respective-
ly to S, and SiF radicals.

3. 3 The influence of the process conditions
on the Si;N, formation from excited
SiH, Cl,

Using 50 sccm of SiH,Cl, and 110 sccm of
NH; the height of injection of the NH; into the
reaction zone was changed. By injecting the
NH; below the laser beam the maximum tem-
perature, between 2400 and 2600 K, was meas-
ured at the area were the NH, flow entered the
central SiH,Cl, flow. It seems likely that laser
light absorption by the Si(NH), particles formed
caused this high temperature. Strongly agglom-
erated particles were formed during synthesis
at low NH; injection height. The particle size
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distribution is also relatively wide. The diame-
ter calculated from BET surface measurements
is similar to the primary particle size as ob-
served with the electron microscope. The par-
ticles were shown to be amorphous by X-ray
and electron diffraction in the TEM. IR-
spectroscopy revealed the silicon nitride par-
ticles to contain a considerable amount of
imide impurities. The amount of nitrogen
(around 33%) was close to the stoichiometric
value for Siz N, (40%).
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Fig. 8 Temperature profile of laser reaction flame

When NH; was injected into the laser beam
the temperature was maximal in the area be-
tween the central and the concentric outlets.
This is illustrated in Fig. 8. Whereas the meas-
ured temperature in this area was similar to the
previous experiment, the synthesized particles
were larger and less agglomerated than those
obtained in the previous experiment. Several of
the particles contained a small amount of crys-
talline silicon as indicated by X-ray diffraction
and electron diffraction. Several of the parti-
cles appeared to contain crystalline silicon
cores. IR-spectroscopy revealed only a small
number of N-H bonds. The nitrogen content of
the particles was lower than in the previous ex-
periments. Thus the powders were shown to
consist mainly of silicon nitride with a minor
contamination of imides and silicon. In addi-
tion to spherical particles a large number of
fibers were observed as is shown in Fig. 9. The
fibers were distorted and conically shaped with
a spherical tip and were also amorphous.

When NH; was injected above the laser beam
the region with the highest temperatures com-
prised the injection area of NH; in the upper
part of the flame. The temperature was much
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250nm

Fig. 9 TEM photograph of amorphous fibers from
NHj; and SiH,Cl,

lower than in the previous experiments; be-
tween 1600 and 1700 K. In these experiments
larger spherical and egg shaped particles were
formed. The agglomeration grade was relative-
ly low and the particle size distribution was
narrow. The equivalent diameter calculated
from BET measurements was smaller than the
diameter observed with TEM. The particles
may be porous which is probably caused by the
nitridation. The majority of the particles had
large crystalline silicon cores as detected by
XRD and electron diffraction on the TEM but
their exterior was amorphous. IR measure-
ments revealed the relative number of Si-N
bonds to be very high. Using EDX, no chlorine
could be detected in these powders and the
amount of nitrogen was quite low (18%). This
indicated that only the outside of the particles
had been converted to amorphous silicon
nitride.

3. 4 Excitation of NH; for the synthesis of
SizN,

Exciting NH; with the 9R30 line resulted in
a flame consisting of three regions, as shown in
Fig. 10. Where the CO, -laser beam crossed the
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Fig. 10 Laser flame producted by excitation of NH;

NH; injection, spectral measurements showed
a discrete spectrum agreeing with that of the
NH, radical spectrum. Directly above the cen-
tral inlet, where SiH,Cl, entered the system,
no emission was observed. In the boundary
layer between these regions a strong emission
was observed. Measurements showed a continu-
ous spectrum, due to black body radiation
from the particles formed. Comparing this
spectrum with the Planck formula (1), cor-
rected for scattering (2), a temperature of
around 2220 K was calculated. The powder
characteristics are shown in Table 1. In another
experiment a flow of only 20 sccm SiHCl; was
used as the silicon source whilst the other ex-
perimental conditions were unchanged. In this
experiment the yellow emission from the area
close to the NH, emission was much stronger.
Spectral analysis of this emission, lying between
350 and 850, showed a continuous spectrum
with a black body temperature of 1770 K. The
powder collected was also white. IR-measure-
ments showed a much less prominent Si-NH ab-
sorption shoulder at 1200 cm~! on the Si-N
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Table 1 Process conditions and powder characteristics of the formation of SizN4

Reactant SiH,Cl, SiH,Cl, SiHCl;  SiHCl, SiHCl, SiCl, SiCl, SiCly
Laser line 10P20 9R30 10P20 9P42 9R30 10P20 9P42 9R30
Excited gas SiH,Cl, NHj SFg SiF, NH; SFg SiF, NH;
Reaction temperature (K) 2520 2220 2070 1770
d TEM (nm) 20 26 30 40 40 30 15 15
d SF3 (nm) 100 142 148 129 99
d BET (nm) 19 14 20 14
Fibers many none none none none none none none
Color powder l};g}\;/tn avlvrﬁ?t? white white white white white white
IR absorption NH-band
(12005 crrlx)—{ )n an \:/Za)l’( \Z/Zra}l,( strong weak v‘::a?ll( moderate strong very

strong

band at 1100 cm~!. The powder was amor-
phous to electron diffraction in the TEM. The
particle size was around 40 nm, larger than the
particles made from SiH,Cl,. Using SiCl, a
weak flame was observed. The relative amount
of imide in the product was very high. Trans-
mission electron micrographs showed a mixture
of larger (d = 200 nm) and small particles (d =
15 nm). The larger particles showed great re-
semblance to particles formed in a low tem-
perature reaction between SiCl, and NH,!?,
Thus little SizN, has been formed from excited
NH; and SiCl,.

3. 5 Exciting a sensitiser for the synthesis of
SizN,

If reactants do not absorb laser radiation suf-
ficiently other strong CO, -laser absorbing gases
can be used to act as an energy transfer media.
For an untuned CO, -laser SF, is often used as
an sensitizer because of its strong absorption
around 10.6 um and its relatively inert charac-
ter. At low SF¢ flow rates (below 10 sccm) a
thermal flame color (yellow white) was always
observed. However, at a high SF, flux (30
sccm) a blue fluorescence could be seen be-
yond the reaction flame core. Similar fluores-
cence has been observed®'® and ascribed to
fluorescence of sulphur particles!®>!¥ formed
during decomposition of the laser excited SF,.
This decomposition occurs in the presence of
hydrogen, or hydrogen containing compounds.
This latter observation is corroborated by the
presence of minor amounts of sulphur in the
product. When less than 10 sccm SF, was used
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with 20 scem SiHCl; or SiCl, and 80 sccm of
NH;, all the powders contained a considerable
amount of sulphur. The particles formed were
amorphous and contained a considerable
amount of imides as well as Si-N bonds. The
slight activity of SF, prevents the synthesis of
Si; N, with low contamination.

In these cases SiF, is preferred as a sensitizer.
For this sensitizer a tuneable laser set at around
9.7 um can be used. The powders produced
with a small amount of SiF, (10 sccm) con-
tained fewer Si-NH bonds compared to the SF¢
experiments. Using SiHCI; as the silicon source
the product contained mostly Siz;N,; according
to IR-spectroscopy. All the powders were
amorphous to electron diffraction. The particle
sizes of the product from SiHCl; were around
40 nm compared to 15 nm of the particles
formed from SiCl, .

4. Thermodynamic Calculations on the Chemi-
cal Vapor Deposition of SizN, and Si from
Chlorinated Silanes

Thermodynamic calculations are a useful
tool in understanding a specific CVP system
and thus to optimize the process conditions. A
thermodynamic analysis should be completed
before the Xkinetic effects are considered.
Furthermore, kinetic models often include a
thermodynamic term. In the case of the homo-
geneous nucleation of ceramic powders, for
example, the supersuration, which is the driv-
ing force for the process, must be known.

The main limitations to the validity of these
thermodynamic calculations result from the in-
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accuracy or lack of the thermodynamic data
and, of course, from the assumption that equi-
librium is achieved. Concerning the thermo-
dynamic data, a small change in the heat of for-
mation of a major species can change the de-
position efficiency considerably. It has been
pointed out by several workers, especially
Walsh!® and Ho'®, that some literature study
is needed before attempting calculations,
since standard tables such as JANAF!? and
CATCH® might not contain the latest results.
We used the JANAF values of the heat of for-
mation, except for the chlorosilanes, for which
the values of Farber!” were used, and for the
silicon subchlorides, for which 158.9 kJ/mol
(SiCl) and —326.4 kJ/mol (SiCl;) were used.
This set of values was tested on the experimen-
tal results of Woodruff?®

The result of this work is presented in form
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of a CVP phase diagram, which depicts which
solid phases would deposit as a function of ex-
perimental variables such as temperature and
input gases. These diagrams show the phase
boundaries and also the deposition efficiency
of the Si;N, and Si phases. Kingon®" made
some CVD-diagrams of the Si-H-CI-N system,
but only up to 1800K, and using old JANAF
values. In this work, temperatures up to 2600 K
were used, in accordance with our experimental
results. The calculations were carried out using
the SOLGASMIX-PV program and also a con-
trol program which searches for phase transi-
tions within 0.2% accuracy. One CVP-diagram
takes several hours on a Compaq 386/25,
making tens of thousands equilibrium calcu-
lations,

In Fig. 11 CVP-phase diagrams for 4 silane/
NH,; systems are depicted, The pressure is 1
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Fig. 11 CVP phase diagrams
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Og?‘ Bar. Si/(Si+N) = 0.1 means, for example, an
input of 1 mol (chlorinated) silane and 9 mol

NH;. From the diagrams it is clear that the
higher the chlorine content of the silane, the
smaller the deposition efficiencies but also the
smaller the regions of co-deposited Si and
SizN,4 . This is confirmed by the higher nitrogen
content of the powders produced with SiHCl;,
compared with SiH,Cl, . An important result is
that, in the SiHCl; and the SiCl, systems,
there is a large region at higher temperatures
where there are no condensed phases, This is
confirmed by the experimental failure to make
silicon from SiHCl; and SiCl, .

5. Conclusions

It has been shown that Si;N; powder can be
formed from SiH,Cl, by exciting NH; using
the strongly absorbing 9R30 CO, -laser line at
9.4 um or by using a sensitizer such as SF, or
SiF,. SiF, is shown to be more inert in the
conditions used and produces less contamina-
tion. A stoichiometric product, without fibers,
is formed from SiH,Cl, compared to using the
10P20 line at 10.4 um. SiH,Cl, can also be ex-
cited directly without another absorbing media.
The injection height of NH; in the laser is, in
this case, a major process variable. It is very dif-
ficult to use SiCl, as the silicon source to pro-
duce Si;N, powder with CQ, -laser synthesis,
because of the unfavorable energetic properties
of this substance. The use of phase diagrams is
a powerful tool in interpreting the CVP process
and is, in any case, a necessary precursor to
Kinetic calculations.
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Og% Emission Control of Particles and Gaseous Pollutants
with a High-Temperature Granular Bed FilteﬂL
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Abstract

The combined collection of fine dusts and the sorption of gaseous pollutants at
high temperatures have been experimentally and theoretically investigated. The re-
sults of the fractional separation efficiency measurements and the experimentally de-
termined breakthrough curves have revealed that excellent SO, and HCI sorption
characteristics exist under conditions which also yield high particle collection efficien-
cies. New concepts have been developed to describe the measured fractional collec-
tion efficiency curves in the inertia dominated size range, which are based on particle
trajectory calculations using a simple flow model. During the sorption, conversions of
over 80% can be achieved when using a reactive bed consisting of pellets agglomerated
from fine limestone particles. The application of such beds in a counter-current mode
can even yield solid conversions of nearly 100%. The mathematical prediction of the
conversion time behaviour under differential conditions and the breakthrough charac-
teristics in a fixed bed are in reasonable agreement with the experimentally measured
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data.

1. Introduction

The application of granular bed filters for hot
gas cleaning has become an increasingly popular
topic. The use of reactive bulk media addition-
ally opens up the possibility of combining the
filtration with a process which extracts specific
gases by means of catalytic conversion or sorp-
tion within the bed. The industrial realization
of such simultaneous particle collection and gas
sorption processes will then offer small and
average-sized plants a technique with which hot
flue gases can be effectively cleaned, even at
temperatures of up to 1000°C, whilst func-
tionally exploiting the waste heat involved.

The particle collection behaviour is charac-
terized by means of systematic fractional sepa-
ration efficiency and pressure loss measure-
ments in dependence of the chief operational
parameters. The sorption process of gaseous
components is characterized with the aid of ex-
perimentally determined conversion time
curves under differential conditions, and by the

* D-7500 Karlsruhe 1, Germany
T Received November 2, 1990
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evaluation of breakthrough curves of the acidic
gaseous components SO, and HCl using an
integral reactor. The investigations were con-
ducted at temperatures of up to 800°C.

2. Results of the particle collection measure-
ments

Systematic separation efficiency measure-
ments at room temperature for particles in the
size range between 0.01 um and 10 ym have
allowed the influence of the chief filtration pa-
rameters (e.g. filter face velocity, filter thick-
ness, type and size of the bed grains and the
electrostatic charging of the up-stream parti-
cles) to be extensively quantified. The influ-
ence of the filtration duration is of decisive im-
portance to the assessment of such a filter’s
operational behaviour. In general, it may be as-
sumed that the separation improves with the
quantity of dust collected. Nevertheless, un-
favourable operation (filter medium grain size
dx 2 1 mm, filter face velocity u, > 0.2 m/s),
in conjunction with high dust concentrations
can lead to a breaching which consequently
causes the filtration characteristics to deterio-
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rate enormously. In view of both the separa-
tion and the pressure-loss (and hence energy
consumption), the rooom-temperature collec-
tion would appear more favourable at low filter
face velocities (4, < 0.1 m/s) and with small
bed grains (dx < 0.5 mm)Y. This is demon-
strated in Fig. 1, in which the mass-specific
penetration F5, calculated from the measured
fractional efficiencies, and the inlet particle
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Fig. 1 Penetration as a function of the pressure drop
for three grain fractions (limestone) at a filter
face velocity of u, = 0.1 m/s (temperature T =
20°C). Fraction 1: 10 mass-% dx = 0.29 mm;
90 mass-% dg = 0.7 mm; Fraction 2: dx =
0.29 mm; Fraction 3: 10 mass-% dg = 0.12 mm;
90 mass-% dx = 0.29 mm

size distribution has been plotted for three dif-
ferent filter medium grain sizes as a function of
the measured pressure drop. One can observe
that after a short run-up period, the finest grain
bed shows the highest total separation efficien-
cy for any specific pressure loss and thus, the

lowest emission values.
The influence of the temperature on the par-

ticle collection has been investigated up to tem-
peratures of 800°C. Theoretically, the trans-
port conditions for extremely small particles
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(x < 0.5 um) improve towards the grain’s sur-
face with increasing temperature as a result of
the increasing particle diffusion coefficient.
Conversely, a poorer collection performance is
to be expected with increasing temperature for
larger, inertia-dominated particles (x > 0.5 um)
due to increasing drag forces, since the dy-
namic viscosity of the fluid increases with the
temperature, hence impairing the transport.
This anticipated theoretical temperature influ-
ence was verified for particles in the inertia
dominated regime by experimentally deter-

mined grade efficiency curves?®,
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Fig. 2 Temporal behaviour of a quartz bed (grain size
dg =0.66 mm) at a temperature of 800°C and
a filter face velocity of u, = 0.25 m/s

The high-temperature, long-term filtration
influence (and therefore the effect of the filter
loading) is demonstrated in Fig. 2. In addition
to the fractional separation efficiencies, this
graph also incorporates the mass-specific total
separation efficiency E; calculated from the
grade efficiency and the raw gas particle distri-
butions, together with the pressure loss Ap,
measured for each respective dust loading. De-
spite relatively coarse bed grains (dx = 0.66
mm) and a comparatively high filter face ve-
locity (u, = 0.25 m/s), the fractional separa-
tion efficiency increased extremely rapidly, to
remain at nearly 100% for all particle grades.

At ambient temperatures, similarly good
collection characteristics could only be at-
tained from bed grains smaller than 0.3 mm
with significantly lower filter face velocities.
The more favourable dynamic behaviour at
higher temperatures is to be traced back to an
improved adhesion to the individual surfaces of
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the grains. Under such conditions, a dense dust
layer forms on the filter’s surface in a manner
similar to the dust cake of a bag filter, so that
even for substantially higher operational raw
gas dust concentrations of ¢, = 2.6 g/m?, clean
gas values of less than 1 mg/m® may be achieved
under standard conditions. As a result, the filter
face velocity of granular bed filters may be sub-
stantially increased at higher temperatures.
This will allow the filter area to be correspond-
ingly reduced, cutting both the filter unit’s re-
quired floor space and investment costs, al-
though at the expense of higher pressure losses.

3. Theoretical calculation of grade efficiencies

Model concepts already exist with which the
separation curves for dusts within the diffusion
range may be adequately predicted®, provided
that the influence of the deposited dust mass
may be neglected (i.e. for short filtration
periods). In the inertia range, however, this is
only possible with extensive restrictions. As a
result, a new model concept has been developed
which describes the collection process as a
combination of fluid flow through the pores of
the filter bed and stagnation flow around a
spherical collector. With the aid of particle tra-
jectory calculations, fractional separation effi-
ciencies could be calculated which, in practice,
are in good agreement with measured efficien-
cies. This is demonstrated in Fig. 3 for a lime-
stone bed and particle sizes between 0.01 um
and 10 um. In addition to the measured frac-
tional separation efficiencies (dots), the curves
of Tardos® and Goren® have been included,

100 T T T T 7 T [Ty 7T T
i Zimestone 14 i
d.=0.29rmm ,’
© 80 H =10mm | -
<t e =0.1m/s ! ]
= I
— 60 | -1
3 L 1
15 ! ]
S 40+ I' 4
ki) | ® measured ; / §
2 ~——pore model / /
© 20 —-—Tardos MR- s // T
© | ----Goren \\\\___,/
0 PR S N WO - lT
0.01 0.05 01 0.5 1 5 10

particle-size x/um

Fig. 3 Comparison between the measured (dots) and
the calculated separation efficiency curves
(fulllines) at room temperature for a limestone
bed with a grain size of dg = 0.29 mm and
a filter face velocity of u, = 0.1 m/s
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together with the results yielded by the pore
model. The calculated grade efficiencies coin-
cide not only at ambient conditions with the
measured data, but also exhibit a reasonable
agreement with the experimentally determined
curves at elevated temperatures. In contrast,
however, the theoretical description of the
filtration kinetics is extremely sophisticated,
and has not yet been accomplished.

4. Results of the Sorption of SO, and HCI

The investigations into the sorption of SO,
and HCI have verified that the operational con-
ditions relevant to the particle collection will
also yield an effective pollutant gas sorption.
The sorbents used incorporated raw limestone
and pellets agglomerated from fine limestone
dust. The size of this parent dust proves to be
a key parameter for the achievement of high
solid conversion rates and hence, maximal
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S 98 Co=1500ppm -
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solid conversion U/%

Fig. 4 Influence of the parent grain size x50 3 on the
penetration behaviour of SO, for three different
limestone pellet beds (pellet size dg = 1.9 mm)
at a filter face velocity of u, = 0.25 m/s (air as
carrier medium)

sorbent exploitation. Figure 4 exemplarily il-
lustrates breakthrough curves for SO, for vari-
ous parent grain sizes through granular beds of
limestone pellets (agglomerated using a rotary
disk unit to a size of dy = 1.9 mm), as func-
tions of the solid conversion calculated from
the temporal progress of the clean gas SO, con-
centration, using a mass balance.

The sorption can be observed to improve
with decreasing mass-specific parent grain size
Xso,3. The most important aspect is that the
breakthrough curves initially possess extremely
flat trends which only increase at higher specific
conversions. Therefore, should one wish to re-
duce the SO, gas concentration by 80% (inlet
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Fig. 5 Influence of the grain size on the breakthrough

behaviour of HC] through ganular beds of raw
limestone and limestone pellets at a tempera-
ture of 500°C (air as carrier medium)

The actual size of the pellets themselves is
only of subordinate relevance. This becomes
evident from Fig. §, which illustrates the break-
through characteristics of HCl through beds of
two different raw limestone fractions and ag-
glomerated pellet sizes. In this instance, the
pellets were fabricated from limestone M 1000
powder (xs0 3 = 9.8 um) and the filtration was
conducted at 500°C. In the case of the raw
limestone, it is evident that the attainable solid
conversions are by no means adequate for in-
dustrial purposes. This does not stem from a
financial assessment (since in comparison with
other sorbents such as Ca(OH),, limestone is
indeed a cheep raw material), but rather from
the problems involved in disposing of the resi-
dues.

At temperatures of around 500°C, a compre-
hensive sorbent exploitation may be attained
by utilizing limestone pellets, which offer aver-
age solids conversions of over 90%. As a result
of the low porosity of raw limestone (e, =
9.5%), the diffusive transport into the grain is
not only impaired from the beginning of the re-
action, but ceases completely at low conversion
ratios due to the formation of product layers.
The limestone pellets, however, possess a larger,
more easily accessible internal surface, so that
an almost total reaction can occur, Even at
high solid conversions, the large pore volume
of the pellets (e, = 45%) still warrants a diffu-
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sive transport into the core of each sorbent
particle.

The theoretical description of the single
grain sorption kinetics (differential conditions)
for HCI is accomplished by means of an ele-
mentary shrinking-core model®. The sulfation
reaction, however, requires the application of
a model which also takes into account the
pellets’ internal pore radius distribution”. The
layout of a granular bed filter depends on the
solution of the mass balance for the packed
bed reactor, which may be accomplished using
two different mathematical procedures. One
can either solve the partial differential equation
under consideration of the axjal dispersion
using a finite difference method, or apply the
method of characteristics, in which axial dis-
persion is neglected. Since both approaches de-
liver nearly identical solutions, the influence of
the axial dispersion can be excluded. The com-
parison between measured and calculated
breakthrough curves for both HCl and SO,

20 T T T T 4 T T T

peliets Ca0/SO,
F1 Xs03=1.8um
di = 1.9mm

Uo = 0.5m/s

T =800C ~
Ds = 810 *cm*/s
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solid conversion U/%
Fig. 6 Calculated solid conversion profiles during the

reaction of SO, using CaO pellets at a filter
face velocity of u, = 0.5 m/s (raw gas inlet
from below)
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yield an adequate conformity®,

The calculated solid conversion profiles
within a 20-cm-deep CaO pellet bed for SO,
(inlet concentration C, = 1500 ppm) is demon-
strated in Fig. 6. The kinetic parameters for the
reaction model (i.e. reaction rate constant and
the gas diffusion coefficient through the prod-
uct layer) were implemented with those values
with which both the temporal single grain solid
conversion behaviour (measured under differ-
ential conditions), and the breakthrough char-
acteristics (measured in an integral reactor)
could be described.

The operational life of even relatively thin
beds is in the order of many hours. In spite of
the fact that the CaSO, product layer which
forms during the reaction progressively retards
the reaction, the solids may nevertheless be
practically totally converted. The steep solid
conversion profiles allow non-converted bed
substance to remain available to the reaction,
attaining low emission values. The counter-
current application of this technique hence
gives access to an unique possibility of being
able to practically totally exploit the sorbent
of a dry flue-gas cleaning process. This is espe-
cially important with respect to the increasing
necessity of minimizing industrial waste.

A comparison between the results of the par-
ticle collection and the sorption of the gaseous
components has revealed that the sorption of

KONA No. 8 (1990)
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the gases is indeed possible under similar opera-
tional conditions to the filtration of the dis-
persal phase. The mutual influences between
the sorption and the particle collection, incited
by bed structure modification through the
chemical reaction or the lodging of inert dust,
are generally insubstantial. This has been veri-
fied by means of separation efficiency measure-
ments with both fresh and fully exhausted
pellets, and from measured breakthrough curves
through beds loaded with inert quartz dust.
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The Symposium on Powder Technology

The Party of Powder Technology (Japan)
held its 1st Hosokawa symposium on Powder
Technology and the 24th symposium on Pow-
der Technology on August 22 and 23 (1990)
respectively, at the Sunshine Prince Hotel in
Tokyo. The former symposium, which was
limited to 70 participants, consisted mainly of
discussions that focused on ‘“Mechanofusion.”

The limited attendance allowed all the partici-
pants to gain a deep insight on the subject. The
latter symposium consisted of five lectures on
the main theme of “The Powder Technology in
New Material Production,” to which approx.
250 participants enthusiastically listened. The
titles of the lectures are listed below.

e Mechanism of synthesizing composite powder by
mechanofusion

powder by mechanofusion treatment

e Synthesizing composite material of Al-Li system
superplastic alloy and SiC

o Mechanical alloying (MA)
— MA effect in mechanofusion —

« Role of mechanofusion in superconductive oxide

e Synthesizing conductive composite powder by
mechanofusion and its evaluation

e Discussion

The 1st Hosokawa Symposium on Powder Technology
What is Mechanofusion? — Function and Application
Lecture and discussion
Organizer: Prof. Genji Jimbo (Nagoya University)

o Synthesizing process of metallic/ceramic composite

o Compositing process of Ai-Ni by mechanofusion technique

Mamoru Senna
(Keio University)

Kouichi Tanno

(Miyagi National College of Technology)
Kei Miyanami

(University of Osaka Prefecture)

Shoichi Ochiai
(The Nishi-Tokyo University)

Makio Naito

(Hosokawa Micron Corp.)

Tohei Yokoyama
(Hosokawa Micron Corp.)

Keijiro Terashita
(University of Osaka Prefecture)

fine composite powder

conductive oxide

e Powder technology in producing superconductive
materials

powder

The 24th Symposium on Powder Technology
Session I  Application of mechanofusion to new materials
Chairmanship: Masafumi Arakawa (Former Kyoto Institute of Science)

¢ Mechanochemical phenomena in mechanically synthesizing

o Application of Mechanofusion for metals and super-
Session I Powder Technology in producing functional materials

Chairmanship: Kei Miyanami (University of Osaka Prefecture)

o Powder technology in toner for electrophotography

e Microcapsuling technology in synthesizing composite

Mamoru Senna
(Keio University)

Tohei Yokoyama
(Hosokawa Micron Corp.)

Masanobu Awano
(Government Industrial Research, Nagoya)

Noboru Kutsuwada
(Nippon Institute of Technology)

Yoshiko Nakahara

(Government Industrial Research, Osaka)
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9 Public Meeting Concerning Powder Technology Recently Held

The Second World Congress PARTICLE TECHNOLOGY and the First KONA Award

The Second World Congress held at the
Kyoto International Conference Hall from Sept.
19 to 22, 1990 ended in great success with
more than 700 experts and authorities includ-
ing 161 oversea visitors in the field of powder
technology from 27 countries all over the
world. This Congress followed the first one
that took place in Niirnberg, West Germany in
April, 1986.

The Congress was organized by the Society
of Powder Technology, Japan in association
with VDI-Gesellschaft Verfahrenstechnik, West
Germany and Fine Particle Society, USA,
under the leadership of the chairmen of the
Organizing Committee, Profs. G. Jimbo, K.
Leschonski and K. Beddow. It was sponsored

Mechanical powder properties
Particle characterization
Storage and conveying
Production of fine particles
Dispersion and classification
Mixing and kneading

. Reactor design

O\DOO\)O\U\_J:-WN*‘

—

. New processes and products
Total

On the occasion of this Congress, the KONA
Award was established to stimulate the research
activity of younger powder scientists in the
world, under 35 years of age. In the luncheon
time on the second day of the Congress, the
KONA Award was given to the winner, Prof.
C.S. Campbell of University of Southern Cali-
fornia, USA, with a scholarship of one million
yen by the President of Hosokawa Micron Cor-
poration, Mr. M, Hosokawa. In addition to the
KONA Award, the following awards were pre-

KONA No. 8 (1990)

. Design and modification of powders
. Mechanical and physical separation

by the Association of Powder Process Industry
and Engineering, Japan, Japan Management
Association and International Fine Particle Re-
search Institute (IFPRI) and supported by more
than twenty organizations.

At the opening ceremony in the morning of
the first day of the Congress, three plenary
lectures were given by Prof. G. Jimbo, Prof.
R. Pfeffer and Mr. L. J. Ford after the welcome
addresses by the guests and hosts, In the suc-
cessive technical sessions, fifteen keynote
lectures were given by prominent speakers in
each specific field and 250 scientific/technical
reports have been presented in oral or paper
concurrent sessions in seven rooms classified
into the following areas:

number of reports

22
36
30
47
23
8
26
20
17
21
250

sented during the Congress: linoya Award to
Prof. K. Leschonski, Hausner Award to Prof.
G. Jimbo, IP Award to Prof. K. Higashitani and
Award for Excellence in Particle Technology
Research to Prof. O. Molerus.

During the Congress period, three courses of
works-visit were arranged to Shimadzu Corp.,
Murata MFG. Co. and Shigaraki Ceramic Cul-
tural Park and catalogues of powder processing
equipments as well as books related with powder
technology were exhibited by ten companies.
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KONA Award Established and the Commemorative Presentation by the KONA Awardee

Hosokawa Micron Corporation, since its early
days, has enthusiastically sponsored industry-
university joint activities in various fields. For
example, Hosokawa Micron has established the
Hosokawa Micromeritics Laboratory (1958),
started the publication of “Funsai,”” a technical
journal (also 1958), founded the Party of Pow-
der Technology, Japan (1968), and sponsors
“KONA” journal. Thus, Hosokawa Micron
has contributed significantly to the improve-
ment in powder technology, not only in Japan
but also in the world.

Now Hosokawa Micron Corp. have estab-
lished the “KONA Award” system. This award
has two aims: first, to spur innovation in pow-
der technology throughout the world, and
second, to support brilliant young scientists
who is promising to become leading figures in
the field.

For the first KONA Award, the Award Com-
mittee of the Second World Congress has se-
lected Dr. Charles S. Campbell, Associate Pro-

‘2. W.C.P.T Lun
aword & KONA £

linoya

162

fessor of the University of Southern California,
USA for his outstanding achievement in the
areas of dynamics of particle flow, fluidization
mechanisms in slurry flow, and mechanics/
heat-transfer relationships for particle flow. Mr.
M. Hosokawa, president of Hosokawa Micron
Corporation, presented him with the KONA
Award at a luncheon on September 20, 1990,
at the Second World Congress PARTICLE
TECHNOLOGY, held at the Kyoto Interna-
tional Conference Hall.

A commemorative presentation by KONA
Awardee was held September 22 at Hosokawa
Micron’s R&D Center in Hirakata, with about
sixty outstanding scientists and researchers,
from twelve countries, in attendance.

Following the presentation, the participants
enjoyed a casual tour of Hosokawa Micron’s
R&D section, a sightseeing trip to Uji Byodoin
Temple in Kyoto, and an evening reception
hosted by Mr. M. Hosokawa at the Kyoto Grand
Hotel.
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Academic publication concerning powder technology in Japan (1989)

Journal of the Society of Powder Technology, Japan Vol. 26 (1989)

Title Author(s) Page
e The Effects of the Filler Concentration and the Preforming M. Satoh, Y. Tsuda, 4-11
Pressure on the Physical Properties for the Composite T. Nakanishi, K. Miyanami,
Material of PTFE — Polyaramid-Fiber S. Abe and Y. Samura
¢ A Consideration of the Mechanism of Particle Shape K. Yamamoto, T. Tsukada 12-22
Separation by a Rotating Conical Disk with a Spiral and M. Sugimoto
Scraper
e Heat of Immersion of Various SisN4 Powders K. Inoue, R, Shoji, A, Tsukada 23-26
and M. Arakawa
e Measurements of the Angle of Repose of Rice Granules Y. Fujio and Y. Kawai 27-32
Under Ambience in Air and in Water
¢ The Effect of Powder Feeding Conditions on Initial I. Hanaoka, K. Kuramitsu 72-76
Porosity in the Interference Region between Two and K., Makino
Feeding Points
e Acoustic Emission from the Shear Flow of Granular J. Hidaka, N. Kinboshi 77-84
Materials and S. Miwa
e Interpretation of the Relationship between Energy T. Suzuki and T. Yano 99-102
and Size Reduction on the Basis of the Fractal Concept
® Preparation of Fine Particles of Superconducting Oxides K. Okuyama, M. Adachi, 146—150
by Aerosol Reactor K. Arai, Y. Kousaka, N. Tohge,
M. Tatsumisago and T. Minami
¢ The In-situ Measurements of Ultra-Fine Oxide K. Ueyama, K. Tanaka, 151-156
Particles Formed in a Flame H. Kawazoe, A. lino,
Y. Matsuda and S. Furusaki
e Submicron Ceramic Powder Synthesis by a Fluidized Bed M. Tsukasa, J. Naito, 157-162
of Microcontainer Particles T. Masuda and M. Hirio
o Electrostatic Separation of CVD Ultrafine Particles as H, Yamamoto 163-168
High Temperature
e Electrostatic Formation of a Ceramic Membrane with H. Yamamoto, T. Nomura 169—-173
Fine Pores and S. Masuda
* Synthesis of Composite Fine Porticles in the Gas Phase S. Endoh, K. Okuda, J. Koga, 174-—178
S. Matsumoto and K. Takeuchi
¢ Parameters of Acoustic Emission During the Compact of J. Hidaka, S. Miwa and 238-244
a Powder T. Kinboshi
¢ The Effect of Filling Methods on Frictional Force for R. Moriyama 245-249
a Rod Inserted in a Bin
o The Fractal Dimension in a Rondomly-packed System of M. Suzuki and T. Oshima 250-254
Uniform-sized Spheres, Simulated by Four Different
Algorithms
¢ Flow Characteristics in Horizontal Pneumatic Conveyance M. Ochi and K. Ikemori 255-259
at Low Air Velocities (Part I) — Solid Flow Patterns —
¢ Three Dimensional Shape Analysis of Pebbles and T. Shibata, I. Akashi and 316-321
Its Characterization K. Yamaguchi
¢ The Use of a Prism-Shaped Insert to Prevent Bridges H. Tsunakawa 328-333
in Existing Coal Bunkers
o The Electrification Mechanism of the Surface of Alumina Y. Fujihara and Y. Yoshimura 334-339

Powders During Crushing

KONA No. 8 (1990)
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¢ Development of the Micro Feeder for Fine Particles H. Seno and T. Kondo 340-344
e An Experiment on Impact Grinding under Reduced I. Aoki, T. Yamasita, 396—400
Pressure T. Fujimoto and T. Matsuyama
¢ An Analysis of the Selection Function for Mills using S. Nomura, K. Hosoda and 401405
Balls as Grinding Media —In the Case of Vibration Mill— T. Tanaka
e A Consideration of Ultrafine Grinding Y. Kanda, Y, Abe and 406410
—Effect of a Binary Mixture of Balls Having Considerable  T. Oyamada
Difference in Sizes—
e The Grinding of Silica Sand by a Coaxial Circular Multi- K. Matsumoto, H. Nishizawa 417423
vessel Type Beads Mill and M. Naito
o The Release of Enzymes and Protein from Baker’s Yeast K. Matsumoto, S. Ito, H. Ohya 424429
Disrupted by an Agitator Bead Mill and M. Naito
o Separation of Unburned Carbon from Fly Ash by a Dry E. Abe, H. Hirosue and 484490
Shaking Table N. Yamada
¢ Vertical Plug Conveyance H. Ueno 491-496
—Falling Particles and the Motion of Plugs—
e Nano-mechanics — Dynamics of Granular Assemblies with  H. Okamoto 497504
Non-linear Contact Interaction
o The Maximum Crushing Capacity of a Wood by Friction Mill H. Endoh 505-507
¢ Data Base of Plug Conveying Y. Tsuji 508-511
¢ Study on Deashing of Coal by the Oil Agglomeration H. Takase and M. Sugimoto 552-557
Process — Influence of Growth of Agglomerates and
Washing on Deashing Efficiency
e Thermophoresis Velocity of SiO, Ultra-Fine Particles K. Ueyama, K. Miyazawa, 558-565
in a Flame H. Kawazoe, A. lino,
Y. Matsuda and S. Furusaki
o A New Apparatus for Measuring Zeta Potential of M. Tsunekawa, N, Habata, 569-572
Individual Powder Samples in an Aqueous Solution T. Takamori and E. Ogata
Containing Plural Samples
e Some Characteristics of Fly Ash Particles S. Toyama, M. Nakamura, 573-577
H. Mori, S. Sakurai, H. Yoshida
and N. Kuroda
e Characterization of a Particle by a Pair of Shape Indexes M. Sugimoto, N, Yokota and 624656
H., Nakazawa
¢ The Estimation of Packing Characteristics by Centrifugal M. Mizuno, A. Fukaya and 657—636
Compaction of Ultrafine Particles G. Jimbo
¢ A Study of the Aggregated Structure of Fine Particles in M. Arakawa, K. Hirota, 637—631
a Slurry T. Kimura, H. Kobayashi,
Y. Okuda and H. Murata
® The Surface-treatment of Ceramic Powders through H. Utsugi, A. Endo, N. Suzuki, 632—674
Pulverization in a Reaction Atmosphere with a Ball Mill (1) Y. Kimura and Y. Go
—The Surface-treatment of Quartz Powder —
e The Effect of Powder Properties on the Dry Impact H. Honda, T. Matsuno and 659662
Blending Preparation Method M. Koishi
® The Shear Test of Iron Ore Pellets during Reduction at S. Mizukami, M. Matsukura r3-650
an Elevated Temperature and H. Murata
o Effects of the Preparation Processes for Powders on the M. Satch, F. Hamano, 651644
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Physical Properties of PTFE-Carbon Fiber Composite

T. Oshima, S. Shimamoto,
K. Miyanami and T. Ikeda
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o The continuous Kneading of a Composite Electric P. Lyoo, K. Terashita, 645-689
Conductive Material and Its Evaluation M. Mitsui and K, Miyanami
—Relationship between Electric Conductivity and Dis-
persion Characteristics According to Kinds of Fillers —
o Study of the Movement of Granular Particles Uniform N. Arashi, T. Komuro and 712-716
in a Moving Bed 0. Kanda
o Mixing and Drying Characteristics of a Multisectional S. Hayashi, K. Kubota, 717723
Fluidized Bed T. Yoshimura, E. Goto and
T. Fukunaga
e The Angle of Repose in a Synthesized Field of H. Ohya, M. Yamamoto, 724-728
Gravitational and Centrifugal Force T. Kokubo and H. Sakamoto
¢ Grinding Rate of Wood Crushers H. Endoh 781-787
o Electric Potential Profile in the Neighborhood of H. Yoshida, T. Ninomiya 770775
a Surface Composed of Different Kinds of Materials and H. Masuda
and Aerosol Particle Deposition
o The Collection Performances of High Gas Velocity M. Hirota, R, Kitai, H. Tajiri 776780
Filtration for a Moving Granular Bed and T. Oshima
e Flow Characteristics in a Horizontal Pneumatic M. Ochi 781787
Conveyance at Low Fluid Velocities (Part II)
—Solid Particle Velocity and the Velocity Ratio of
Particles to Fluid —
o Imbibition into Unsatulated Granular Bed K. Atsumi, K. Miyai, Y. Asada 828-831
and T. Makino
o Particle Growth in a Tumbling Fluidized Bed Coater E. Abe and H. Hirosue 832-838
o Relationships between Maximum Holdup and H. Endoh 839-842
Dimensions of Impact Mill
Funsai (The Micromeritics) No.34 (1990)
Title Author(s) Page
¢ Fine Grindings of Limestone by Tumbling Ball Mill A. Suganuma, Y, Fujii 4-9
—Influence of Air Humidity Sorption during Grinding — T. Hamada
o Measurements of Size Distribution of Separate Spherical K. Shinohara, T, Ishihara 10-18
Particles by Video System
o Effective Thickness of a Contact “Point™ in the Solid Y. Hao, T. Tanaka, A. Shimizu  19-24
Reaction Model of Particulate Matters
e The Analysis of Asperity Particles T. Shibata, T. Aida, I. Akashi 25-32
and K. Yamaguchi
e Weight Control of a Hopper K. Wada, M. Ebisu, N. Hayano  33-38

— Application of Self-tuning Control —

KONA No. 8 (1990)
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Title Author(s) Page

e Predictions of Dead Zone Boundaries of Bulk Solids in K. Motono, S. Nomura and 83-90
Two-Dimensional Gravity Flows T. Tanaka

¢ Synthesis of SiC Ultrafine Particles by Thermal CVD M. Sadakata, H. Baba, M. Sato 9197
Method and T. Sakai

¢ Power Consumption of Horizontal Gas-Solid Mixed-type T. Tenda, S. Komori and 98-104
Polymerization Reactor with Two Parallel Axes Y. Murakami

e Dust Load Distributions in Fibrous Mat and Granular N. Kimura, M. Kanamori 119-125
Bed Filters H. Mori and M. Shirato

e Influence of Agglomerate Size on Drainage of Packed Bed  H. Takase and M. Sugimoto 238245
of Coal Agglomerates

o Effect of Mill Shape on Vibration Ball Milling M. Hasegawa, T. Honma and 343-348

Y. Kanda

¢ Evaluation of Kneading and Dispersion of Magnetic K. Terashita, K. Miyanami, 747-753
Powder K. Sakamoto and T. Horikoshi

o Fluidization Characteristics of Tapered Bed H. Toyohara and Y, Kanamura 773-780

¢ The Effects of Fluidizing Gas Humidity on Gas-Solid T. Takahashi, S. Kaseno 781-787
Stirred Fluidized Bed Operation and J. Fukui

¢ Development of Continuous Vacuum Dryer for Highly E. Kumazawa, Y. Saiki, K. I[do 938-945
Viscous Liquid Food and M. Okazaki

o Light Scattering Properties of Prolate Spheroidal Aerosol  S. Okuda, H. Takano and 954-962
Particles J. Hirose

o Flow Patterns and Mixing Characteristics of Particles T. Tenda, M. Takao, 985-991
in a Horizontal Gas-Solid Agitated Vessel with Paddle S. Komori and Y. Murakami
Blades on Double Parallel Axes

¢ Vibro-Fluidization of Very Fine Particles S. Mori, T. Haruta, 992997

¢ Vapor-Phase Synthesis of SiC Ultrafine Particles from
SiH4/C,H, Premixed Gas

A. Yamamoto. I. Yamada and
E. Mizutani

M. Sadakata, H. Baba, M. Sato 1019—-1025
and T. Sakai

Journal of the Society of Materials Science, Japan Vol.38 (1989)

Title Author(s) Page
e Thermal Spraying over Particulate-filled Epoxide Resins Y. Itoh, H, Kashiwaya and 14461451
S. Asai
* Continuous Kneading of Composite Conductive Plastics K. Terashita, M. Mitsui, 1452-1457
with Stainless Steel Fiber Filling and Its Evaluation D.J. Lyoo and K. Miyanami
* Countermeasure for Electrostatic Safety in Filter-Bag M. Nakagome, T. Hara, 3744
Y. Kawaguchi and M. Masaki
® Charging of Powders in Liquids and Electrical Resistance Y. Fyjihara 219-229
of Dispersion
® Destruction of Yeast Cells by Pulsed High Voltage M. Hayamizu, T. Tenma 322-331
Application and A. Mizuno
e Computer Simulation Analysis of Electrostatic Discharge  H. Higuchi, M. Maeda, 431438
in Electronic Equipment Systems K. Yamaguchi and N, Takahashi
® Development of Two Types of In-Situ Dust Resistivity N. Kogure, M. Shirahase, 496-502
Measuring Apparatus H. Yoshiyama and I. Tamori
® Dust Sensor M. Kajimaki, Y. Nakajima 503508

and H. Yamamoto
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New Product News

Hosokawa Micron Corporation presents two new products.

O Atmosphere-Conversion Type Mechanofusion
System AM-20FV for production of high-
purity composite particles
Hosokawa Micron Corp. has developed the

Atmosphere-Conversion Type Mechanofusion

System (AM-20FV), intended for the produc-

tion of high-purity composite particle. This

system is capable of processing particles with

Mechanofusion technique into composite form

in a vacuum as high as approximately 10-%

Torr, or of freely selecting atmospheric con-

ditions of inert gas.

Applications

e To improve characteristics in a composite
sintered compact

e New flame-spraying powder material

e Study of mechanical alloying

e Development of functional material

Features

e Capable of manufacturing high-purity com-
posite powder materials with new properties

e (Capable of processing particles into com-
posite form even in a vacuum as high as ap-
proximately 10~° Torr

e Possible to select freely process environment
such as argon, nitrogen gas and oxygen

e Capable of improving particle fluidity and
of achieving precise mixing and dispersion of
particles

e Easy handling, operation, and cleaning

O Crux Vacuum Drying System

Crux Vacuum Drying System is the unique
system of drying which is designed for continu-
ous drying at a relatively high temperature with
a short retention time, yielding the required
result. Crux System has been used very success-
fully by many manufactures, for ceramics, elec-
trical materials, chemicals, pharmaceuticals,
pigments and others.

Crux system has many features as follow:

e Crux completely separates the feed (solution
or slurry) into powder and solvent in one
continuous process.

e The solvent can be recovered almost com-
pletely by a closed system at low cost.

e The dried powders with little secondary ag-
gregation can be obtained.

e Be capable of surface modification and micro
encapsulation.

e The difficult-to-process feed such as tar-like
distillation residues can be processed in many
cases, and volatile components in the feed
can be recovered almost completely.

e Hazardous solvent are safely removed with
an excellent recovery ratio.
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