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Relationship between the Sizes of Constituent Particles
and Interstices of their Packings

FHEEE - EE A B she*

Kenichi Mukaida  Hiroto Hirano Hirgharu Katsumata

Abstract

Several uni-size giass heads with different size (33~-200xm) were randomly packed with tapping
in shapes of uni-component beads and bi-component beads into a small glass vessel newly devised (7.
bmm-1. d. ; 27nun-hight). These uni-and bi-component packing samples were measured by a mercury
porosimeter (Aminco, 60,000psi) with a specially designed Penetrometer convenient for the measure-
ment in low pressure range. From the data obtained, the followings were found : (1) the size of the
pores in the uni-component packings is proportional to the size of the particles packed, and the
packing structure is thought to be resemble to orthorhombic regular packing because the measured
porosity is 0.39 and the size mercury intrudes is coincided with the interstice of square arrangement
which is included in the orthorhombic packing. The modal pore diameter (am} was formulated due
to the diameter of constituent particles (d) : am=0.441d or am=0.274d.

(2) The representative diameter of the pores including in the bi-component packings varies with
both of the size ratic and the composition ratic of the smaller to the larger particles, The pore
diameters decreased with small particle ratio in the bi-component packings teo settle at the ratio 0.25,
followed by almost a constant up to the ratio 1. In these cases the pore size distribution curves were
a monomodal and sometimes bi-modal. If the interstices among the larger particles are filled up by

the smaller particles, the representative pore diameter becomes just only an interstices forming among

smaller particles. :
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Tabhle 1

Avarage Particle Diameter, Standard Deviation, Sieve Openings (U/L},

and Sieving Method for Preparation of Uni-size Glass Beads (GB-1

Series)

Specimen  Ave. Particle® Standard*  Seive Open's  Sieving

Diameter Deviation Upper/Lower Method
GB1-1 200 ym 5.3 ym 246/208 ym Std. Sieving (JIS)
GB1-2 143 5.9 124/104 Std. Sieving (JIS)
GR1-3 89 5.8 88/74 Std. Sieving (JIS)
GBI1-4 45 4.3 50/43 Wet Ultra Sound MS
GB1-5 33 3.7 38/25 Wet Ultra Sound MS

* Feret’s diameter (under an optical microscope, 110~~250 particles were measured)
The standard deviations were calculated from the diameters measured.

Table 2 The combination of particles, the size ratio, the mixed
fraction of the smaller particles for the preparation of the
hi-component packings

Specimen  Combination Size ratios Mixed fraction of

Mesh ——e smaller particles

GB2-1 GBI1-2/GB1-1  143/200 0.715 0.25

GB2-2 GB1-3/GBI1-1 45/200 0.225 0.10

GB2-3 GB1-5/GB1-1 33/200 0.165 0.20

GB2-4 GBI-5/GBI-1 33/200 0.165 0.50

GB2-5 GB1-5/GB1-1 33/200 0165 0.75
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Mercury filling and intrusion measur-
ing devices. 1: Penetrometer, 2 : Pres-
surizing vessel, 3 : Penetrometer sup-
porter, 4 : Mercury, 5 : Mercury
manometer, 5 : N, cylinder, 7 : Rotary
vacuum pump, 8 : Valves

Fig. 1
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Table. 3 Balances of solid mags, volume, density of the particle

packings

Constituent particles

Interstices Packing body

Mass ’ m
Volume V.
Density Pe

0 m
Vj V[:VS+V|
0 E

{Subscripts) s: solid, i: interstice, t: total
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Table. 4

Characteristics of Pore Structures (GB-1 and GB-2

Systems)
Particle Mass Ratio of Small Porosity Modal Pora
Diameter  Particles to Large Ones Diameter
d ¢ £ &m
GB-1 (One Component) System
200 - 0.376 62.5
200 - 0.380 55.5
200 - 0.342 67.7
200 - 0.412 57.8
200 - 0.384 60.6
143 - 0.410 42,7
143 - 0.353 43.3
143 - 0.393 42.5
39 - 0.427 25.2
89 - 0.422 26.1
33 - 0.391 10.1
33 - 0.423 10.8
33 - 0.398 10.7
GB-2 (Two Components) System
143-200 0.25 0.391 54.8
143-200 0.25 0.384 - 52.1
47-200 0.10 0.382 476
47-200 0.10 0.338 47.4
33-200 0.20 0.290 16.3
33-200 0.20 0.306 16.2
33-200 0.50 0.312 10.3
33-200 0.50 0.332 11.7
33-200 0.50 0.320 11.4
33-200 0.75 0.347 10.6
33-200 0.75 0.366 10.9
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Orthorhombic packing

(&) Square array

{b) triangular array

Fig. 3 [Illustration of orthorhombic packing,

and two types of pore mouths. (&)
Square array, (b) triangular array.
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Fitting data to assuming equations to
decide the pore mouth array. Lines of
A, B, C and D correspond with ayn, =
0.4414, am =0.274d, aw=0.155d, au.
=0,103d, respectively. Each equation
has a different constant, which are
assumed ay as an inscribed circle in
the square array, a hydraulic diameter
within the square array, an inscribed
circle in the triangular array, and a
hydraulic diameter within the triangul-
ar array, respectively.
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Table 1

Polymorphic changes occurring in
different chemical systems caused by
a comminution process in dry grinding

Calcite =—= Aragonite

CaCQy,
Density 2.72 2.95
Hardness 3.0 3.5-4.0
Rhombohedral Orthorhombic
Vaterite ——— Calcite
aCO,
Density 2.64 2.72
Hardness — 3.0
Hexagonal Rhombohedral
Quartz %—; Silica
Density 2,65 2.20
Hardness 7.0 7.0
Hexagonal Amorphous
a-Lead Diexide —— #-Lead Dioxide
PhO,
Density G.88 9.63
Hardness - 5.5
Orthorhombic Tetragonal
Zirconia—I =— Zirconia—II
ZrQ,
Dengity 5.74 5.86
Hardness — -
Monoclinic Tetragonal
Density 9.64 9.35
Hardness - —
Orthorhombic Tetragonal
Wurtzite —— Sphalerite
Zns
Density 3.98 4 0—4.1
Hardness 4.0 3.5—4.0
Hexagonal Cubic
Silver lodide ~--— y-Silver Jodide
Agl
Density 5.68 5.68
Hardness - -
Hexagonal Cubic
y-Ferric Oxide Fo.O a-Ferric Oxide
2 3
Density 5.07 5.29
Hardness 5 5-6
Tetragonal Rhombohedral
Furopium Oxide- 1 —O> Europium Oxide-11
2 3
Density - —
Hardness - -
Cubic C—type Monoclinic B~type
Density: [g/cm?®], Hardness: [—]
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Table 2 The isobaric-isothermic potentials
for the reactions of calcium oxide
with anhydrous and hydrated oxides

Reaction AGOZES

[kI/mol]
Ca0+ a-AlO;=CaAlLO, -23.0
Ca0+ AlLO,H,0=CaALO,+H,0 -30.5
Ca0+ AlQ;+28i0,=CaAl,Si:04 ~76.3
Ca0+ALO,H,0+2H,5i0, = CaAl,Siz0, + 3H,0 -114.1
Ca0+5i0,=CaSi0; -88.4
Ca0+H,S5i0,=CaSi0; + 11,0 ~173.5
Ca(OH),+85i0,=CaSi0,+ 1,0 -33.0
Ca(0H),+H,510,=CaSi0,+2H.0 -117.2
CaQ+Ti0,=CaTi(, -89.8
Cal+H,;Ti0;=CaTiO, + H,0 -164.2
Ca(OH);+Ti0,=CaTi0,+H.0 -33.9
Ca {0, +H,Ti0;=CaTi0;+2H,0 -108.2
Ca0+8i0,+ Ti0,=CaTiSi0s -118.3
Ca0-+H,810; + H,Ti0=CaTiSi0; + 2H,0 -213.2
Ca0+V.0,=CaV,0, -145.2
Ca0+H,V,04=CaV,0s+ H,0 -138.3
Ca0+WO,=CaW0, ~166.0
Ca0+H,W0,=CaW0,+H,0 -236.1
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Fig. 8 Three Dimengional Diagram of Surface Roughness of Glass Substrates A, smooth

surface ; B, C, andD rough surface ground with alumina powder having diameters of 3,
16 and 48 um, respectively.
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Table 1 Average Adhesive Forces and Electric Potential(n=18)

Sulfadimethoxine

Substmate

7 Aspirin B-102 Potato starch

Jen (N} V {kv) Jro (N} V (kv) San(N) V (kv)

Ve Free falling  1.5%10-°  —0.08  1.9x10°*  —0.06  3.8x10°  —0.02

(smooth} Fluidized 8.8x1p¢ —2.6 78X 10 -1.1 6.7%107 —0.50
PVC Free falling 3.7X10°7 —0.02 1.7%107 —0.01 — —
(ough) Fluidized 28107 —1.7  4.1x10%  —1.0 —
ol Free falling 2.1X1y-s 0.03 1.1%X10°F 0.01 2.7X10°® 0.03

ass
Fluidized 1.8%10- 0.14  3.1%I107° —0.22 — -
Slainless Free falling  1.8x10°° 0.02  9.8x1077 0.02  3.9%x107 0.01
Steel Fluidized 6.4X107  —0.11  4.4X10  —0.12 - —
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Table 2

Average Adhesive Force, Electric Potential and Surface Polarity

Phenacetin Sulfadimethoxine Surface Polarity
Substrate
Joo (N} V(kv) Jou (N7 ¥ (lev) By (%)

Free falling 1.9x10-¢ —0.1 4.2X10°7 —0.0

FE 9
Fluidization 1,1x10-¢ —-2.7 8.7X10¢ —2.7
Free falling 3.2%x10-¢ —0.2 1,7%10°® -0.2

PVC 16
Fluidization 1.2x10°" —2.6 8.8x%107" —2.6

Eudragit Free falling 1.8X10-¢ 0.0 5.9X10°7 0.0 26
E-100 Flyidization  9.0%10-° 2.1 1.6x10-° 3.1
Free falling 1,5X10°° 0.0 2.9x10°7 0.0

AEA 21
Fluidization 5.7x10"° 2.0 1.6x10°¢ 2.7
Eudragit  Free faling  7.5%10~ 0.0 1.7X107 0.0

_ 30
L30D-55 Fluidization ~ 3.5X10- 2.0 1.0%107 2.6
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i. d. 125mm

1, orifice, 2, heater ; 3, optical fiber ; 4, IR moisture sensor ; 3, PID controller ; 6, fuzzy controller ;
7, binder liguid ; 8, pump ; 9, spray nozzle ; 10, ultrasonic senser ; 11, blower,
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Fig.1 Experimental apparatus.

Famday cage Computer Printer

Table 1 Specifications of current detecting pipe.

Material Length (m) Inner diameter (mm)
Stainless steel (JIS SU304) 0.80 6
Stainless steel coated with TiN 0.07 6
Stainless steel coated with Pt 0.07 6

Table 2 Test powders and experimental conditions.
Test powder Dage (em) pe (kgem™) 0 {meg™!) m(—)
Fly-ash no.
y-ash no. 10 3.4 2300 30 6.0003~0.0036

(JIS Z3901-1()
Alumina (CB-A05)

{Showa Denko Co., Ltd.) 3.1

4009 30 0.0008~0.0034
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NOMENCLATURE

: constant defined by Eq.(9) (—)
: constant defined by Eq. (10)

(C kg™
. constant defined by Eq. (16)

(kg -+ CY)
: inner diameter of a pipe (m)
: particle diameter (1)
: constant defined by Eq. (17)

(kg C1)
: electric current (A)

. electrie current for constant (4 /mn},

(A)

: length of a current detecting pipe (1)

: powder to air mass flow ratio  (—)

: particle mass {kg)

: number of collisions of a particle (—)

:number of collisions of a particle

BELAZHEOSSOBMEE NS RET EERE between x and x+Ax (—)
HETE L > T, BEOBRERRED #y ' relaxation number of collisions defined
BEERTL LR, HREERE L NTO by Fe. (7) (—)
THEERELFRRICA T 4 VTEAITE 3, q : particle charge ()
B, FMAREE 0NN TH - . {a/my), (g/my), ! initial charge per unit mass

of particles (C « kg™
-0 2
X 10 X110
4 ’/ ] p

w“ Alumina (CB-A05) R = Alumina (CB-A0S) 4 g0 /"]

? { e 5 — -3 -1 // z/
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Fig.13 Comparison between calculated pow-
der flow rate and measured value
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{¢/mp - maximum possible charge per unit

mass at x =00 defined by Eq. (8)

(C kg™

) : contact area between a particle and a

wall (m*)
At . duration of contact (s)
i : average air velocity (m - s}
1% : potential difference {(V}
Vo : potential difference affected by space

charge (v}
Ve . contact potential difference (V)
Ve . potential difference affected by image

charge (V)
D . average particle velocity (m g
x . effective flow length from inlet (m)
Ax  !length of a pipe {m)
W, : powder flow rate (kg » 571}
2 . gap hetween contact bodies {m)
& . dielectric constant of air  (F +m™)
P > air density (kg + m™)
Pr . particle density (kg - m™%)
T . time constant of electrification {s)
é : work function (eV)
v : relative humidity (=)
Subscripts
0 . first detecting pipe
1 : second detecting pipe
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TableA 1 Yo MEX7 7 ¢ T 5 EEEE
WrEuRRE W Fuderz b EBY
Netherlands Delft University 2 Measurement of particle dispersion
coefficients by electrical Comography.
Measurement of bubbles & in fluidized
circulaticn beds by capacitive tomography.
Portugal Aveiro 2 Parallel algorithms. Dedicated processors
for image reconstruction. Reconstruction
for electromagnetic tomography.
Sweden Lund University 1 Impedance tomography for clinical
Hospital hyperthermia, venus thrombosis & cardiac
function
Microtherm AB 1-5 Low-cost thermal mapping system. Parallel
real-time system.
Norway Parallahb, 6-1 Application of parallel processing to image
University of Bergen reconstruction
Christian Michaelson 2 Qil/gas/water separation imaging
Research AS
University of Bergen 8 Capacitance & gamma tomography. Three
component flow measurement. Improved
reconstruction techniques. Core imaging for
o0il reservoirs. Process safety. Detector
Development,
France Medicine de 1-56 Medical tomography, Correction for
Grenobie Compton corruption. Reconstruction with
limited data.
Ecole Supericure 5 Inverse scattering and microwave

d’ electricite tomography. Application : Non-destructive
testing and dielectric metrology of
materials.

LETT 14 3D reconstruction from few radiographs.
(CEA-Technologies 3D cone beam tomography. 2-D solid-state
Advancees) X-ray detectors. High energy 2D X-ray
tomography.
Germany Hannover University 1:5 Parallel recongtruction for on-line
measurements. Capacitance tomography.
Optical holography.
Germany Institut fur 2 Visualisation of multi-phase systems such
Lebensmitteltechnik as extrusion and mixing processes, Food
processing.

TU Wliinchen 2 Optical & electrical impedance tomographic
imaging. Industrial application of
techniques. Multiphase flows.

Westf. University 2 Image reconstruction with limited data.
Institute Ultrasound tomography. Attenuation
correction in emission tomography. Process
control
Karlsruhe University 3 Reconstruction algorithms and applications
of vector tomography.
Technical University, 3-5 Emission tomography. Multispectral flame
Hamburg monitoring Implementation on transputers.
No. 39 (1995} — 101 —




TableA 1

ForAMESS 7 A RCET 2EEEE(0TE)

WIS BN Fuvss b BN
UK Huddersfield 0-5 Component mass flow rate of oil/water/gas
University flows
Schlumberger 0+5 Qilfield multiphase flow measurement.

AEA Industrial 1 Tomographic imaging of liquid-Tiquid &

Technology, Harwell liquid-golid processing equipment.

Manchester 1 Interface level measurement. Application

Metropolitan of cross-correlation techniques.

University

City University 1+5 3-D modelling of the brain for the forward
problem in magnetic field tomography.
CAD of flow imaging systers.

Bolton Institute 2 Optical tomography for comhbustion & other
industrial systems.

University of 2 Improved reconstruction algorithms for

Manchester electrical tomography. Image
analysis/motion analysis for process
characterisation.

Lancaster University 2+5 EIT of subsurface systems. Exploitation of
parallel computers for image
reconstruction.

York University 3.5 Cost reduction in signal processing for
tomographic imaging. Industrial
applications of parallel processing.

UK Sheffield Hallam 6 Electrical charge tomography.

University Tomography for medium/light phase
pneumatic conveying. Bimodal tomography
applied to swers ect. Application of
optical fibre sensors to 2-component
tomography.

Sheffield University 5 Magnetically induced current impedance
imaging in 2-and 3-D. Medical &
industrial applications.

Leeds University 5+5 Ultrasonic process tomography. Novel
processing systems.

Oxford Brookes 55 High-speed 32-channel adaptive current

University tomography systems. 3-I) tomography.

Birmingham 5+5 3-D for controlling the performance of

University powder mixing processes. Effluent
migration in geological strata and for
lubricant flow. Improved detectors for
PET systems.

University of Surrey 6 New design models for chemical processes.
In-situ tomographic modelling in chemical
plants.

UMIST Chemical 7 Tomography for process modelling.

Engineering Applications to mixing, separation &
enovironmental systems.

UMIST 15 Electrical tomography, Combustion

Electrical imaging. Process centrol from tomographic

Engineering data. Environmental applications.
Muluticomponent flow measurement.
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TableA 1 7w¥R bEST 7 4 W BET 2 EEME(DTE)
& iR | W Fudzs b LHB
Non-EC Micromath 3 Optical & capacitance tomography.
International Applications to pneumatic conveyors &
Warsaw, Poland enovironments.
Tianjin University, 4 Ultrasonic tomography for gas/liquid flow
China measurement. Development of EIT
systems. Application to chemical
processes.
du Pont, USA Tomography for process equipment design
and control. Particle transport systems,
University of 1:5 Improved tomographic imaging systems for
Delaware, USA NEE.
Table 1 EFHEFEFF 7 4
ITik $EH PR G
Nucleonic Unknown : attenuationg (). Multiphase flow
Transmission det imaging
Photan {X-ray | Source erector | nrect method Mixing study
& y-ray) Fourier inversion Fluidised or packed
Neutron Io Filtered back-projection bed imaging
Hlevative method NDT & E
Algebraic reconstruction
technique (ART)
Nugelaonic detector detectar | Unknown : emission (7). NDT & Ein nuclear
Emission industry
Positron For PET : Particulate flow
emission Direct method-Fourier inversion | imaging
tomography For SPECT :
(PET) Iterative methods based on stati-

Single photon
amission CT

stical approach
Direct methods using matrix pse-
udoinversion

(SPECT)
Nucleonic Unknown : voidage 8(7). Gas - liquid  flow
Scattering void
Neutren ART based imaging
scattering Solve matrix equation NDT & E
X-of y-ray bhased on regularised leastsguar-
Compton es inversion (directproblem
scattering solved at every iteration)
FwLT, NEZT 74 OBRRARLIER I 2w T77 4 BHEER TV, SEROERL, B

T, 3.l L5,

31

3.1.1

FPES S 74 OB SHEORIK

BFHEPESTI 74 (Table 13

EHEOPE, REBCRABNOEEL, Ffk
BT OB & UK BROERESE OIS 2

HESNT 5,

FEFEOES, s L CEFELERE L bE

No. 39 (1995)
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3.1.2
(Table 2%)

NoER, Bt FRAHR) BRUTEEFAL
T 7ANERIRTHWE, IGAFELT
i, FEis BSOS, BMRORE, BES

KHEHVEFST T4

3.1.3
(Table 32

TAOO0BRBSURBAERIESF 74

v A 7 o OEe, HESHREFIRLL b
=777 4 HFES R, BESMGOERRE, i

HOBESEOAE, WEEAERENOEHNE

FOAHRMAESET 6 h 3, KRR TWwS,
Table 2 HEMIESTF T 4
papiad $EE B i)
Optical similar to nucleonic similar to nucleonic Flow study and
Transmission | transmission transmission combustion diagnostics
Optical IR Unknown @ tempcrature T'(7). | Temperature imagin
pEmission detector—73 p 7 0 EhE
N N . _— . .
(infrared) \9\ Filtcred back projection Plasma diagnostics
Optical Cihgp Bz ! Unknown : refractive Temperature imaging
Interferometric . /\—'—“ index »n(7).
: A=Pw [to Mixing study
I = (@) . .
;:;‘ n(r)xh?_ﬁ B Detectar | ART Flowimaging
i e Series expansicn
LB "
Interferometer B
Table 3 ©4 7 DR URESINE b E/T 7 4
TTi% $EE M THRARY, it
Microwave Unknown : permittivity &*(7). A developing sub-
Diffraction yg 3,, Ele) ject.
With Bown approximaton : The use for remote
z Fourier inversion thermal sensing,
No Bern approximation robotic vision and
Moment method and NDT was proposed
o peeudoinversion
E{#,) Ihe Simulated annealing
™ excleation Modified Newton-
Kantorovich method
Magnetic v Unknown : velocity u(7) Flow velocity
YesOnance i< x and/or concentration. imaging
o
50 z Fourier inversion Imaging study of
\ concentrated solid
suspensions
recesver transmitter
zoil (RF} esil (RF)
i}
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3.1.4 HFEMESF 74 (Tahle 4¥)

TFE (ETH) oF8, Ry, SE5 LU
BREERALL e 77 s BHEIRTHE,
SHER, SUE_AEE, FoRE oM OERl, #
B4R OEREE~OBRSHRE ST S,

31,5 BRAWIFESF 7« (Table 5%
BEAR, ERIER, Y7y REfAL
RLEZZ 74 38R Eh, SR, S5
UM, mENBoEMRb, B4 2o rAOR
ElOE R, BET-S ) vl EADRHEHRE
ERTWwAE,

3.2 MPEFIZ4OBEITOEAHE
~Dh5HE

BEZTTCANDNESZ 7 s GEECEL

McKee? 5 i3, MHARGHE T 22 2 %ER
Z2reXZ7 0L 0ERELTHS, BT
WA TR BEAE L AW R LTRSS
BRTFEERLLTwLE, BESBEET S A94
TORERRY 0 8 HOBEKOCERABE
MeTng, BEREINT2 L, AE-KEOR.
By k0, BEOTATOTELEASHEORN
OEENMNTETED, BEOKN 1 THILE, =
S—rHlEEOREn (n—-1)/2 0518k
5. SMEOBEmR» &R v AT A TIEBEOMIT
RAZEHBOND, T 0T T OHIEME,
BEE7N T AL (Back-Projection 3 T4
Hah, BERCHL2I IR PELOEEE
FHT. FIREAWLBEEAREES ok A%
Fig. 1 7R3, i 289883 . 8mm A U P o
YEHACLEEDRS v OEE L RS LR

T, 2,

3 OGEF 2T CHEN 3 5.

Fig. 2 wmd. B V331 7R EC T

Table 4 FEr 27574
Pt BN FREA G

Acoustic Similar to nucleonic Similar to nucleonic transmissien | Bubbly flow imag-
Transmission transmission ing

Acoustic Unknown : reflection interface | Gas/liquid flow
Reflection Fi. study

Backprojection
Acoustic Unknown : sound and flow veloc- | Flow void imaging

Time—of - flight

ities ¢(7) and (%)

Backprojection Series expansio
ART

Transform methods (Fourier inver-
sion or filtered backprojection)

Furnace temperature
imaging

Flow velocity imag-
ing :zcalar vectorial

NDE of solids and

With Bowrn approxvimaiion
Fourier inversion

composites
Acoustic Unknown : compressibility and Fluid study
Diffraction density k{7) and p(7). NDT & E

No. 38 (1%95)
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Table 5 BRI £ 557 4
ik HE M T i FA
Electrical Unknown; permittivity e (t). Gas/oil, gas/solids
Capacitance two-phase flow
Backprojection Iteratdve | imaging
method based on optimisation Fluidised bed
technique imaging
Electrical Unknown; conductivity o (). Hydrocyclone
. VBMHu) V) EE— ¥ . v . ¥
Resistance ~ 7 imaging
,-I By PN, i Backprojection between equipote- { Mixing study
. "‘\ N\ /(’m) ntial lines and based on (sensitivity | Geophysical
Nb.,:_k\‘ coefficient) Perturbation method | prospecting
- —— Newton-Raphson method environmental
/ [/ 00) monitoring
BRI N
\-- — ele:trodes
Electrical . Unknown; perr{leability w(Trand | A new technique
Inductance ratating conductivity ¢ (7).
parallel
itati L
‘ ;:Ic; ;mn Backprojection
detec:ing
coils
et}

==

Feed Hopper

Tank 1

& Capacitance Sensors
'g Bata Accommodation System A
Reconstructed

= Tank 2 Inage
£ Mir injectors 1
e nage Reconste i - ~
& Tueiion Jystens Fig.2 AZv7OEELMEST7 4
& 1.5on TR A HTHER
4 As § PN O

Fig. 1 BEMREMX 7 22 2

Ve | 231 ZHE Kb 1z 5 P T3 E

C | WEIORE
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EERLCT I, CREOHE, A it BoEH,
ARWERE TS 2, Fig. 3 BRI E - A2ER
BRI AD 70— — L TH 5, Fig. b
i, FEHER2.85mm O 7 v — VI OaEe &
ETRERTFORETH b0 TH L, Fig.d
DHROAHE T EE T O, Hotb & T kg
SRTWE EEETFL8: 1D EUEILTILE

FHEZCH—TBELTw S,

Abdullah &%, BXH Y E—F >R pES
57 4 (EIT) 2 TRV 1 2 0 SHHON
BEREL Ty 5, BT, PEEN e ma
BoROHEN T 2B, BEEEECE, AR
A& 2w G AOHICEBE T16M o8
WORERERE L EBAEERNLTwE, Bl

) 15.15m N
" To Bag l Filter l(_g_'iiﬂ‘_n;_ﬁ_,
Collector | & Brower Ajr & Solid : el D2m
IE e —— s g y— S
Tomaography Location VI Location VW e
Feed Instrument —
Hopper Location I =
Air Inlet Location Il Location 1v |{| =
=
V0.58m] [ P air & Solid |
~ | 8m | J
_ 7.21m R I
. 14.0m N
Fig. 3 FEMEREHRE7 LR
8.0 _
é; 5.8
g se
g 5.4 ~
5 52 o -
50
0.51 0.53 055 057 0,59  0.61
Mass Flowrate (ky/s)
Fig. 6 ERBEOMAHT 3hLERROA

A -

Fig. 4 @EAsE80cR

W R EET OB

i T CLERY & I (TER) Do M

& 2 0%

Fig. §
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Fig.1 FL—U—#7DuBRESTREET S
y AROMH & R

7 1

190mm

225mm

Fig. 8 #oXHRBIRSHOHEEE

..... 1.00-1.10%
] ©0.00-1,00%
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A ] 0.40-0.508
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) e
z X o.o0-0.10¢
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#]0.10-0.208
o000, 108

44z = 6Hz 8Hz

Fig.10 70% 0—EOFEIET 4 B0 EER CRE L RS iimA o
bV — ORI AR L R R

Fo BEER T TN XL T LT, EH
DEIE RFEHLTWS, Fig § @4 7o
DT OTESEE T, Fig. 8 EER
BESEBORE SOBRTH S,

Broadbent &% kEE 7 HEH FiBiE (PEP-
T) & H T NRBERARACHE R B
GBERFRELTvL, = —RFEEFTI

WL 2 mm Oy ) ABE—TTHD, TR

BB IR 300, CL, 2EEENZ110min Th B, Fig. 7 12

L —RTONERRET 2 v OB £
FRs O AR, Fig. 8 Qo FEELIHE
SHoSEE R, N Vv —P BT OEEES
15 LS, BT R OFEErERROR
EH s nG, Fig. ), Fig. 10EEEETE
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W@ b L — 3 — R PO EBERS & SRR i
TENLOERTOEELRT, Fig. 11iCiESE
BIE D & B v — — BT 0 TR o —{F)
BT A,

Simons &MFBEFHE =757 4 (PET)
ERAGWTHEEIBNORNT (FHEEInm, ) O
BEIRAELCHE, B Yy —H—3¥F T
GARNVLIEAEL mm OB~ ) A RFTH
3. BEIBMNORENE Y v ——RF BT
ZERED 2z, y, 8 TEOMESH L EY
B T — 7 25T w5, Fig. 1200 FREHE o
BEARBEAD N b —Y — R TFORMEIENE &
EEEER R, O DOPDF A EEEED T T
ELIERERT.

4, XECTHICL 28BHMEETkiE
B O R ER e R 4% M ) SRl -
Fe, TiO BT % % v & > 7%, FfEER &

L SN e L
e
L
ERFD VRN TR 182
< K4 E':‘. Ll
ARl
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Fig. 11 RE&HOAIED S Rz M v —3— 0y
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WIERBEORBTAEL, £AEEE X 5WER
WEE DR EEE L,

4.1 KARICAVWEXECTEOBE
[EEE DR

BEXMOAREL: *0OFEEE [ Olw i,
Lambert-Beer @{EEIMBEE D376, HE O XK
IREDEH & X, MBIREE ¢ 5%, &
DRI D 31D,

[ =Yexp(-uX) (1)
ZRE 0 ~E DI R NF — B oEE KRS A
LIRS IEAERL, 2AHXBE V., £
FRXIFE ¥ EOhE iR EE D,

v SE0° (B exp{-x B » X}dE "
{E yuie dE

o FGER X DY, XRRIEE OTEE 1 E A
XOWER2ERT 2550, XBROEER: A
WESFLL, EMRCBAWEXHRCTEBN T
— S 5 o TN R BN A M i n %45
L, BHEAX (=X/n) &8s, i BHOUE
DRI O XIRIAREOR wCAREY R (v/
Vo) W, BEAXBOBEOREFEcELL S
3, AQEEAO T RIS, _

V=Texp (—AX « Zu) {3)

BCXMCTEEOEATH L CTHO LI,

Fig .12 SEEHRERO b1

— W — DR A & R
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X Ah e EBT 2BE% (¢, EEPEERT
BBER-1000E T OWMBORETH VRN TE
EEND,
C =K/ o (4)

Z 2 ¢ K2 Hounsfield unit & HUZH 2 BT
W000EELS, £ o BRBRINRECH 208, BHE
DEBE p, BREPIEE L ZROMRE S
%,
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Specimen
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4.2 ZBEERUFE

X C TEEDOHESE R URE AR 23
Y. BB, RFEEERAER LA —
XKMCTAS v F—Tdh2d, ZOEFED, CT
TEAZERRTE & AR BE R I B 2 ®IFIE C TH TR
1000(an) 2 CTH S, Fig 1300 & v ¥ 7,
Fig . 130 i3580k, Fig 13T R EiEkoSE
OWSHMEUTEAG SR T, ST, T
THEERICRE L 72, FEEEN 12 3 o8
PR F Fe, TiOL8B L2 SI0% Aviz,

4.3 RBHERBLIUER

4.3.1 BFEBROLRERUEITHOMEEE
Py ¥k, BOERCEMEL S D EEL
AR OERAAE L USSR XEC TH
BEEO—Fl%, #h%h Fig.14@), ), @R
T, FIRBEBONEMTIE D W T SRR 8
L7-BERS 250 & iz, T4 b b Fig. 14(2),
(b & (BT i TR e B B e i - C
FHEL, TORREEZBMBRENTWE I L
BB, IhEFLEFRD Y SRR v 7
WEERE Ly, EiEE (Fig. 14e) ClEms
FHZ D v T BEE O MET e B n BnERE
L, COMBKIIEZEMBRENTWS, TF
E A AR A L R R, BEATO
FERER AR S5 v JUE b LE 3 v i i e T,

4.3.2 BMEBOSBFROERESGH
RO HERE ORI L H 2 EREOCT
ERHEL, #licidCTHE (B L OEER .,
BN EEHAOMER 2 D, &S FRRERE
DIESFHHDOCTHE2ERSD Y, BO Hin
5T ER D I T DR A M O RS AT DR %
FHL L7z, Fig A5z s v & o 73k, Fig. 1500w
B, Fig SO EFEOBELTY. Fig.15
ODEPRO 2 ~9 OBHEIX, BO FEselEic
TANELFECBESTH S, HBEOREF
EETELE, 77 YY—A0B a0 IRE
PEBEND LEOEROBEESSDOTRIL
o, BEAROEMESME S v € ik, Eil
BLABLE—HThy, BERBIBVThLA
v TINEETE % & o, L L i RO 2R T
CZNEAREIC e SEEHOR FIGEL, b
VoY — R X B AR R D 2B EE S O I SE
RO REE—FL T2, [EHEETH Fig 150K
WY &I V=T S v HgiEk o
HEGMER U, C THEIBFLE X DBy
TR EE L, EA N iciEW(h/Ha
Lalivs) 8 B3 & OfERSE Ly, JIES %
Wk, EREEZE DM S T e TR
WA AN - e,
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3 WEBTET R G2, Lisats

T, HTFEOBE o i it RHHIL T8 FER
PEVEE a RS (RS, CODETA X
NEDIEERERO Y B SRR e S,

PlED k5 wEE 2 e L U TR BT 25
MEE, BN ENERNICELNEN, Fit
FIZ RIS R R I 0L S 2 b b3 o e h
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51/2 rO ( mol”z-m_uz ) Fy= {0,119pr%r2dvuzDv2(%,\ '_DVJCHPPA/,OPH)
Fig. 8 Ratio of adhesion force arising from +2.07Coor® dn® Dy 2 Con = Dy s pon pos)
solid bridge to liquid bridge force 9. 05 matedvn v (oen — Dy Eoenpons pon)
(NaCl) /(D3 pnl oz +1) ()
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( b} After

Fig.12 Photomicrographs of glass beads (d,,=100
wm) coated by PSL particles (d,,=0.493
um) before and after dispersion
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Table 1 > 7R, BFREMES SO MF LHE G
E= R MF LR SR RPE () MF AILEBZ -
at % Ni NiAl Ni | Al | R (min) | Bl (rpm)
NA5/115 51 - 7 30 15¢hours) 200-220
NA4810 48 — 82 19 10 1500
NA3210 32 - 1.9 5 10 2000
NAB020 50 44~-150 — 20 2000
Table 2 &E&F
B (Amps) 600
WE (Volts) 63
T H AEE (SLPM) 50
RFES AFE (SLPM) 8.5

Fp ) 7—AHR (Ar) FE (SLPM) 3

H75EF v v A—AE (mbar) 60
VEATHRRE (o) 30

w7 VPSEBETTable 2 b 2 &ETHbhR
7o, FUEHGA R s 3 e,

CuKa $2% B vz XERETTIC & D sk &
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ORI HEEENT, OB AL I 7a—Y
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25 UTHEMTHE » AR B RS Eo
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B - TEEBLEZT2, S, AH /) Fa—
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pm) &AW OEERE ($91500rpm) 7o
1%@@}%/7;—93?%@’$0T@§@
DEEFTFEB T2, EFEEASILNTE
ﬁ%ﬂ@éﬁ%@%&ﬁ%%ﬁ%lf%ékub
s,

Ni-Al BN 28, 2B/ 72—V
Wd o T SN BEERRINRYL - s
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k> THENETHIEI BRI TL
LOMO TS DR v e T X v e
(APS) HEiofo#E, B, #5h, 260w
B TR O 2 o T8 6 e D
TNEBIEFESETHE I kit ot HEESS
A IEE L - RS NI E AL E
DAAS T 2=V a B koTtEonl, &
DIERE LT TE L BERER LR B 25
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AA 72— s EERE NS CRTFOES
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Table 1 A%/ 7 =—3%a ECHER
i S TIRE S (um)
Ni-b%Al Metco 450NS(US) —90-+45
Ni-209%Cr-69 Al Metco 443NS —50+45
Zr0,-7% Y04 MEL (GB) —3+1
TiC CEREX (F} 1

Table 2 A# /72— a YHIEY— Ay MEKICDWLTHLE
APS it
gt APS | APS | APS | APS | APS
(1 (2) (3) {4) {5}
75 R M M M M H
2 AV (mm) 7 7 7 7 7
EH (amps) 450 | 600 | 350 | 500 | 500
B (volts) 65 65 65 65 70
Fhed i AR (SLPM) | 70 70 70 70 45
REH AFE (SLPM) 15 15 15 15 8
WA IEEE (cm) 10 10 10 10 10

# Mz 25 23MB/GH, Hit Limoges DA —F %+

Si0, 1 wm+-Ti0,0.015um, PMMA 5 zm+7
v #HIE (PTFE) 0.1xm 2 EOREHFEL T
2. WTFhOBESE, fipnFORTFPEWED
BFPAB-TWD,

2, P rRE

BriEOFcER L MFEBIR S Y AV &
s vd vy E eI AM-15F THEE1Sem,
X2 bem OEHBEF B, 1 EIC0.24: 50.5kg
OB LB TE 5, HFEERARORHES Table 1
T,

B S EBRFEEZIAMB AT 27 I AT VR
T (Stony Brook BHERTIC B> ) APS AL
Ehizh, HB2WIEARD N —F LT (BF
CHRYY, Limoges 77 A 7 IEHTTEEITC B T)
M e, AR PEHT A i REE
B H B, APS L HVOP B &E&%
Table 2 30 L7,

Ry (OM) & R EERE T s
(SEM), TBEMTRMFT 2002 F VT —
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Table 3 HVOT #544: (NiCrAl-11%
TiC-16%7ZrO, D EH O H4EF)

HVOF 54t Values
HVOF #4347 > JetKote!™
ER&RA AR (pst) 75
YABLA A (psi) 60
BEA AL (psi) 65
=HRH AR (SLPM) 40
ot B 5
BHESEEE (mm) 20-23

SEB ALy b (EDS) & ko T s i
o, VRE R GAEE, Y OWE S hiz W
TOAREN0e, 15BMOEETTbAL Ty —2A
S NERERIE, CuKe &% v o XKEREHTIC & 5
A, AT B, o R EEEEE
OB I OWTEE A R,

AS ) B EE T s R EmE N
VU AMBER TWE, MBEAL S —EACER 1
oW EL e TBY, INLERAZY a—

BB



TrHREEEN, KPEEOPEARERL AT S
Wiy 7 Vi ko TEY LT L A OEE L O
BicBEfsnTws, 10mm OEAFBOSEE 2
AREBOWRICHER SN, BEBOEH D wEE
5. A UMED 2 20232 5N 0&#T
ERCEEE 2 e, BREDE Imm O T2mm O#
0 6 A D60 I O MER OB & b 00,025
mm W S H I B SR D o
3, 2heh OB A S — 9% 0320
A w2 Fs Fo5g b SAELOWADA A4 A-200m]
DEFETH S, EEEEF460mm Th -1,
BRI SRR LA L 2 B R B R o P
T2HEMBAL, I5CoKEEELLTANTLD
WL DfThhi, ERHOY 4 LiE 2 emx0.5
cm (. 25cm B T FRBURE i 700~1000°C o #iFH
Thoiz, E/ BHOYA ZANEES R, &
A4 7 N DEBEBRHRESTE L OM TOBER
F O, ZOBRIREEREIcRIbEN
LETET NG, BFERBORD I ECE
BRI &> T0.35mm i Lz,

3. RBRKER

MF ok - Tl s BEOMBERSE
BRTORY & TiC, TiC DED Of 2 Bl deE
6320 a = 7P BESERT OB — SR e RLT
w23 (Fig. 1}, APSMIEL 7= OMIT DM
Table A W rHonTwE, WOETREL
NEIDEMPBREFRACT DL o o BE KIS
DEE LT 3 v AL ERO RO L
TH LD BN s DT DWW TT
bz,

1.1 EBEOHMME

Fig. 2 & 3 OFBEOMESIERE (%) <
Uy zAdces s vz A (TIC #7213 Zr0y) @
W—igfmEm L Twes, Fig. 1o TikZroX
Bey o RInSELTHE L LERT, ¥
I3y ALEROBR SIS T Xy
=y b DFETE— B B BRI &P S
NBEPELRBEEL TV AL D IGELE S
5, BRYLUTREADREBELLIEOL S5

Table 4 A4/ 72— S JBRENE DS Sl
B RO INEE

KR ORI, £ Rz

W (VHNgp0) **

NiAl{Metcod50NS) APS (1)

190 (156-230)

NiCrAl{Metcod43) APS (1)

282 (266-356)

Zr0,-7% Y ,0: (Ref ,827-423)
{H.C.Stark) APS{2)

355 [266-552)

NIAI-119% TiC-16%Zr0, APS (3)

259 [189-283)

NiAl-11%TiC-16%Zr0, APS (4)

309 (264-327)

NiAl-119%TiC~16%ZrQ, HVOF

475 (356-567]

NiAl-6%TiC-11%Zr0,APS{

197 {120-213)

3
NiAl-6% TiC-11%Zr0. APS (4

210 [155-234)

399 (356-458)

NiCrAl-25%TiC-24%Zr0,APS (3) ,

401 (307-502)

NiCrAl-25%TiC-24%Zr0, APS (4)

414 [330-502)

)
)
NiCrAl-23% TiC-30%Zr0, APS {4)
(
(
(

NICrAl-22% TiC-33%Zr0, APS (3)

364 (285-438)

NiCrAl-229 TiC-33%Zr0,APS (4)

382 (276-479) J
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