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SUMMARY

A test rig has been constructed for the study of dilute
turbulent suspension flow consisting of air and small spherical
glass particles in a 3.125 cm copper pipeline. Four particle
sizes were used : 35u, 751, 82u and 380u mean diameter, and
the Reynolds number ranged from 40,000 to 80,000 with mass flow
ratios of 0.5 to 3.0. A data logging system has also been

developed for rapid data recording and processing.

The experimental data of pressure drop measurement show
that within the present ranges of mass flow rates and particle
sizes, loading of particles would always result in higher pressure
drops and to a good approximation, the suspension friction factor

can be expressed as a simple function of the mass flow ratio.

Two methodé were used for the measurement of electrostatic
charges on the particles : the Deflection Method utilizing high-
speed photography techniques and the Electrostatic Ball Probe.

The charge to mass ratio was less than 10-5 C/kg and charges of
both signs were present on the particles. The charge current

was found to be the order of 10-? A and was always negative.

No correlations were obtained between the pressure drop and charge

current data.

The general equations of motion which describe the flow
characteristics under the simultaneous influences of gravity,
electrostatic, relaxation and diffusion effects are formulated
and numerical results of distributions of electric potential,
density, velocity, mass flux and diffusivity of the particles
have been obtained for various mass flow rates, particle sizes

and charge to ratios.



. While the effect of electrostatic charging has been shown
to be significant on the distribution of particulate density,
the distribution of particle velocity is mainly determined by
the drag force due to the relative motion between the fluid and
the particles. The predicted pipe flow distributions are shown
to be in reasonable agreement with experimental results obtained

by other workers.



SYMBOLS

Due to the large number of different physical quantities

included in various formulations, use of the same letters or symbols

for different entries or concepts has been unavoidable. Unless

otherwise defined in the text, the following symbols, with their

meaning, are understood:

0O O W > p
Hh (] -
(X

H M mog

e ]
=

Particle radius

Area of impact

Magnetic induction

Capacitance

Drag coefficient of a sphere

Diffusivity

Electric field

Fermi level

Inverse of relaxation time for fluid-particle
momentum transfer

Electric field force

Gravity force

Magnus lift force

Froude number

Charge transfer coefficient

Ball probe current

Current density

Mass flux of particles due to diffusion
Mass flux of particles due to relaxation
Elastic property as defined in text
Effective momentum transfer coefficient
Knudsen number

Characteristic length for charge transfer
Interaction length between fluid and particles
Mass of a particle

Air flow rate
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Solid flow rate

Particle concentration number density
Pressure

Maximum compression at impact

Average charge on a particle

Charge transfer

Charge to mass ratio

Ratio of rebound velocity to incoming velocity
Pipe radius

Reynolds number

Lagrangian correlation coefficient
Time

Integral time scale of turbulence
Duration of impact

Vélocity components

Mean fluid velocity

Fluid velocity at pipe axis
Frictional velocity

Electric potential

Contact potential difference
Coordinate system

Work function or volume fraction of particles
Angle of impact or inclination
Electrical conductivity

Permittivity

Viscosity of the fluid material
Viscosity of the fluid phase
Viscosity of the particulate phase
Viscosity of the gas-solid suspension
Density of the fluid material

Density of the fluid phase

Density of the solid particle material

Density of the particulate phase
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T Shear stress

v Poisson's ratio or kinematic viscosity
Gs Thickness of the viscous sublayer

a,B

Yy &n Characteristic parameters

Subscrigts

2,3 Tensor
£ Fluid phase
m Gas-solid suspension
P Particulate phase
w Pipe wall
o Pipe axis
Superscripts
* Dimensionless quantity

(a) q th component of a multiphase system
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CHAPTER I

INTRODUCTION

The dynamics of gas—solid suspension flows apply to phenomena
in the fields of pneumatic conveying, fluidized beds, heterogeneous
reactors, metallized propellant rockets and xerography. Apart from
the direct application to transfer lines in conveying svstems,
cases of fully developed turbulent pipe flow of gas—solid suspension
have been studied to clarify the basic hydrodynamic interactions
and their boundary conditions.

The majority of past experimental investigations has sought
to determine the overall pressure drops for various mass flow rates
and particle sizes. Although a few studies have emphasized the
measurements of particle velocity and density distributions, each
investigation, whatever its purpose, has been very limited in scope
and usually results for a few isolated cases were reported.

Among those who have directly measured particle velocity are
Hinkle (1) and Doig and Roper (2) who used high speed photographic
techniques. Doig and Roper's results show that the particle
velocity profiles are quite flat and that the particles have a finite
velocity at the wall. Similar results were obtained by McCarthy and
Olson (3) who photographically measured the particle velocity in
a horizontal pipe. Eichhorn et al (4) inserted two sets of fiber optic
rods in the suspension flow and calculated the particle velocities
from the time taken for a‘particle to travel between the two sets
of rods. More recently, Kramer and Depew (5) used an optical corr-
elation method to measure particle velocity in vertical pipe flows.
Soo et al (6) and Preskin and Dwyer (7) obtained their particle
velocity profiles from relative mass flux and concentration measure-
ments.

Attempts also have been made to measure the gas velocity
profiles when particles are present in the stream. Trotter (8)
tested several stagnation pressure probes in gas-solid suspension
flows. His results show that the gas velocity profile approaches
to a parabolic shape at low particle concentration and then flattens

out in the core region at high particle concentration. Doig and Roper
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observed similar trends in vertical pipe flows. Van Zoonen (9)
deduced similar gas velocity profiles from particle velocity
measurement by assuming that the relative velocity between the
particles and the gas was equal to the terminal velocity of the
particles. In contrast to the results of Doig and Roper, Trotter
and Van Zoonen, Soo et al and Preskin reported that the gas velocity
profile was unaffected by the presence of the particles. Preskin
made similar measurement but with a fiber optic probe.

Particle density distribution was measured by Doig and Roper
who used multi-exposure photography techniques. Van Zoonen used
a capacitance probe to measure particle mass flux and calculated
particle density distribution from the continuity equation. His
results indicate an increase in concentration of particles near the
wall. Soo et al also calculated the particle number density from
relative mass flux measurement and reported similar results. Both
Soo et al and Van Zoonen's results agree well with Doig and Roper's
results obtained by absolute measurement at low mass flow ratios.
However, at high mass flow ratios Doig and Roper reported that the
particle concentration reached a maximum at the pipe centre.

Measurements of friction factors and overall pressure drop
of gas-solid suspension flows have been made by many investigators.
Based on the assumption that addition of solid particles would always
lead to a higher pressure drop, Rose and Barnacle (10), Duckworth
and Rose (11) and Duckworth and Kakka (12) have independently
derived empirical expressions relating the excess pressure drop due
to the presence of the solid pafticles and the basic pipe flow
parameters. While the majority of the workers consistently reported
that loading of the solid particles always results in an increase
in pressure drop or pressure gradient, quite remarkable effects which
may be attributed to reduction of turbulence scale, thickening
of the viscous sublayer or electrostatic charging have been observed.
These involve both reduction and progressive increase in pressure drop

due to the presence of the particles (13 - 19).
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In pneumatic conveying systems, particles such as quartz,
plastics and foodstuffs become electrostatically charged due to
surface contact as they impinge on the pipe walls and other boundaries
in feeders and cyclone separators. When two bodies of different
fermi levels are brought into contact and then separated, the body
with the lower fermi level becomes positively charged and the other
negatively charged. The sign of the charge conforms to a tribo-
electric series (20, 21) and electrification tends to be intens-
ified by heavy impact, long duration of sliding, large exposed
surface area and intense rubbing (22, 23). Electrostatic charging
phenomena in gas-solid suspension flow have been studied by Cheng
and Soo (24) and Cole et al (25).

Many attempts have been made to predict the pipe flow charac-
teristics of suspension of fine particles, typically those by
Baw (26), Soo (27), Wakstein (28), Soo and Tung (29) and Nagarajan
and Morgatroyd (30). An extensive discussion of the influence of
gravity on the suspension flow characteristics, including considerations
of particle size, density and relaxation time, and properties of the
fluid was given by Soo (27). Cravity effect was shown to be
important in the flow of a suspension of sand in water (31) where
electrostatic effect would not be prominent. In the case of a
gas-solid suspension flow, the charges on the particles can give rise
to a space charge field which interacts with turbulent diffusion
and relaxation phenomena but gravity effect is small for small
diameter pipes or at large Froude numbers (27, 32). However, for
flows of gas-solid suspension in large pipes both effects will be
significant. '

The main objective of this studv is basically two-fold:

(1) The apparent anomalies among the pressure drop data obtained
by various workers suggest that experimental works should be carried

out to investigate the possibilities of both reduction and increase in



- 18 -

pressure drop of the suspension flow due to the presence of the
particles as a result of reduction in turbulence scale, thickening
of the viscous sublayer or electrostatic charging. However, we shall
concentrate mainly on the effect of electrostatic charging in this
work.

(ii) It is also desirable that an analytical model should be
developed to predict the effects of electrostatic charging, gravity,

relaxation and diffusion on the suspension flow characteristics.
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CHAPTER 2

EIECTRODYNAMICS OF A GAS-SOLID SUSPENSION

Although the effect of electrostatic charging can be excluded
by definition in theoretical analysis or when dealing truly with a
boundless system, electrification of the solid particles always
occurs when contact and separation are made between the solid particles
and a wall of different materials or similar materials but different
surface conditions (20 - 23) énd, in some cases may even have an

overshadowing effect on transport processes (6, 14, 33, 34).

2.1 Charging by Surface Contact

It is well known that electrification always occurs when two
bodies of dissimilar materials or surface conditions are brought
into contact and then separated. This charging phenomenon can be
best explained with the aid of the energy-level diagram. Consider
first two bodies with different Fermi levels completely isolated
from one another. The materials of these two bodies are for the
moment assumed to be metal; however, similar treatment is also
applicable to insulators or for a metal with an insulator. A
simplified energy level diagram showing the relative Fermi levels
Ef1 and Ef2 of the two bodies is given in Fig. (2.1).

Upon contact, electrons flow freely from the higher

Fermi level Ef2 to the lower Fermi level E When the Fermi

levels of the two bodies become equal, no girther electron flow
occurs. Fig. (2.2) shows the new situation after the two bodies
have equalized their Fermi levels. The surface of the body (1)

is now at a different electrical potential from the surface of the
body (2) and the potential difference between the two bodies is
known as the contact potential difference Vc. Since the electron
flow is never verv large, VC is usually of the order of 1 volt

or less. Further, VC can be expressed in terms of the work

functions ¢, and ¢, of the two bodies as



]

.-20..

Fig. 2.1. Energy diagram of two dissimilar bodies

completely isolated from each other.
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9 °,
)
Negatively charged Positively charged

Tig 2.2. Origin of the contact potential difference.
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Subsequent separation of the two bodies leaves the one having
the lower work function ¢2 positively charged and the other negatively
charged. The sign of the charge conforms to a triboelectric series
{20, 21).

To develop the basic relationship for charge transfer between
bodies by impact or collision, consider first the collision of two

elastic spheres of radii a; and a,, masses m and m,s material

£ 5

densities ;i and Eﬁ, material conductivities o, and Tps potentials

1
V1 and VZ’ and velocities u, and u,. The angle of impact © is

defined in Fig. (2.3). Theltrue cintact area and the duration of
the impact depend on the nature of the contact surface. Even very
smooth-appearing surfaces are irregular on a microscopic scale.

In fact, on initial contact, one would expect to have at most three
contact points. However, under the extremely large pressure of
impact, deformation immediately occurs to allow these points to

develop into an area of contact. For the idealized system as shown

in Fig. (2.3), Rayleigh (35) gave the duration of impact AT, as
1 2
5 E e
AT = 5,207 (k, + k,) (2.1.2)
12 1 2 a,a, > aulzcose
and the mean area of contact A12 as
By T
3 / 12 3
AlZ = 5.563 (kl + kz) [CE————;v P12 (2.1.3)
N 2
where ﬁulz = [ul - u2| is the velocity of approach at the beginning of
the impact, kl and k2 are the elastic properties given by
(1- vi)
k B ———
1 ﬂEl (2.1.%)
and
(1-v2)
k2 = — ) (2.1.5)
mE

2



=

Iul- uzl

i\

A
12

Area of impact

Fig. 2.3. Impact between two elastic spheres.



- 24 -

vy and v, are the Poisson's ratios, and El and E2 are the

moduli of elasticity of the spheres. The maximum compression P12

which occurs during the impact is given by

3
5 B N,
P, = 0.535 (k; + Kk, T \Fl "5, (? - a%)

2
*
Au,; (1 + ) = (2.1.6)

where y* is the ratio of the rebound velocity to the incoming velocity.

Over a contact time ﬂle, the current density J,, through the

12
mean area of contact Ao due to charge transfer from sphere (1) to

sphere (2) is given by

01 02
le = hlz (v1 - vz) = II- (vl - vc) = 'I; vc - Vz (2:357)

where h12 is the charge transfer coefficient at the contact surface,
Vc is the contact potential, and the characteristic charge transfer lengths

21 and %, are expected to be of the same order as a; and ap respectively (24).

Based on a heat transfer amalogy (32), Cheng and Soo (24) gave

h12 as

-1
i i

919 94ks 9% '

hyo =72 ) 0.2 (2.1.8)

12 2% 1%2

The rate of change of potential of each sphere is given by

av, av,
S \a@ ) " ST, T ek o (2-4-2)

where C1 4nslal and C2 4ne232 are the capacitances of the spheres,

and e

and € are the permittivities.

1 2

Combining equations (2.1.7) and (2.1.9), we obtain

: (dv ) p [av,\

by Ko, Co\a@e /= MotV - V) (2.1.10)
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For a mean potential difference (VI-VZ) during the contact,
the charge transfer per impact le can be obtained from the integ-

ration of equation (2.1.10)

Qp = hyy (V) = V))A,0T), (2.1.11)

where the mean potential difference (V1 - Vz) is given by

q q
V-V, = V4 Tl—"' - 7 : (2.1.12)
Cc 'ﬂE.lal 'ﬂﬁzaz

and qa; and q, are the charges acquired by the spheres.
Finally, combining equations (2.1.2), (2.1.3), (2.1.6) and
(2.1.11), we obtain

4 3 4
5 alaz 5 ml - m2 5
Q,, = 12.56 (k, + k.) <}——————- —_—
12 1 2 al + a2 m,m,
At B
*\5 5 5
(1 ; Y ) 5u12 cosf h12 (V1 Vz)

(2.1.13)

It is worth noting that in reality, the charge transfer
coefficient h12 and the contact potential difference vc(x by ¢2)
are strongly influenced by absorbed surface lavers of moisture

and surrounding humidity (23).

2.2 Dynamics of a Cloud of Charged Particles

The problem of a cloud of electricallv charged particles has
been treated analvtically by Soo (32, 36) from the point of view
of a continuum. In general, the forces and moments acting on a solid
particle consist of those due to the net charge, electric dipole
in the electric field given rise by the charged particles and
external field, and magnetic dipole in the induced magnetic field.
Let us consider a large number of unifermly charged particles being
kept within a radius R, in a vacuum. The force Pt acting on a

particle due to electric and magnetic fields is given by



= 9 =

F, = q (5% UzB) + W(E:E) (2.2.1)
where q is the average charge per particle, E is the electric

intensity, U_ is the velocity, P is the dipole moment and B is

p
the magnetic induction which is usually negligible.

If the external constraint is suddenly removed and the
particles are allowed to spread into the vacuum, the momentum

equation in radial (r) direction is given by (32)

dv

n—L = B + ‘g}'(PE) (2.2.2)
dt
T .
1
where E = —— [4e(Dp 22 ad (2.2.3)
4reqr? / (m) P
0
—_ (3)
or = — 'Y (2.2.4)
411'5.‘01‘2 = M'r
r
for M, - [Anppr'z dr {(2,2.5)
o
. 3(er -1
and P = (—)-—-—-———-—- EOE (2.2.6)
FpfliKey *:2) '

In the above, vp is the particle velocity in the r-direction,
p_ is the density concentration of the particles, p is the density
; . 2 g P, ;
. of the solid material, m is the mass of a solid particle and €, 18

the dielectric constant.
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Substituting equations (2.2.4) and (2.2.6) into (2.2.2),

we have

m (E —1) i\ 2 N
% _ 1 (_%)2 SR T (a) X B
dt o 4mr2 PpE “r n (4m)2rS

o]

It is seen from equation (2.2.7) that the dipole effect due to
the gradient of electric intensity produces a deceleration effect
against the motion of the particles. The ratio of the force due to

dipole Fd to that due to electrostatic repulsion Fr is

F 12(e_ - Dm
F_d Rz r (2.2.8)
r ppley + 2)bnr?

For a uniform particulate density distribution and r+ R,

the ratio of Fd/Fr becomes

s o el (2.2.9)

Therefore, for a dilute particulate svstem (i.e. E; >> pp),

the dipole effect due to self-field is negligible.

2.3 Turbulent Flow of Charged Gas-Solid Suspension

We now consider an axi-symmetric svstem with charged particles
moving axially at velocity up. The electric field Er at a radius
r is equal to that due to a line source along the axis and is given
by
r

= 1 E 1 L]
Er Treg [211pp (m) r'dr (2.3:.1)

(o]

or ‘ = 1 -El M'
il Tre  \m r (2.3.2)
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r

for H'r =[2ﬂppr'dr'
(2.3.3)

o

The equation of motion of the particles in the radial (r)

direction due to electric and magnetic field forces is given by

P 1 (2.3.4)
o por T _JBB+°p(E)Er ’ R

where J is the current density due to the mass motion of the particles

l.€.

q
J = pp(;)up . (2-3-5)

and the magnetic induction B, in the circumferential (8) direction

)
due to the axial motion of the particles

- (2.3.6)
Be > uJr
where p is the permeability of the particle field.
Similarly, it can be seen from equations (2.3.2) to (2.3.6)
that the effect of the induced magnetic field on the motion of the

particles becomes significant only when
W2 ke (2.3.7)

Since lfuao is the square of the speed of light in the medium
under consideration, we can again neglect the effect due to the
induced magnetic field in particulate system. In the case of a
turbulent suspension flow of charged solid particles in a pipe made
of conducting material, the inside wall of the pipe forms a closed
equi-potential surface regardless of its charge and there is no

electric field inside of the pipe due to its wall (CGauss law).
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This would mean that the particles will be driven towards the wall
by electrostatic repulsion among themselves and eventually settle
at the pipe wall if there is no fluid turbulence; a sustained
gas—-solid suspension will therefore have to be due to turbulent
diffusion from the wall. The order of magnitude is such that for
small glass beads being transported in air at a loading ratio of

1 kg of solids per kg of air, equation (2.3.4) shows that at radius
1 cm from the pipe axis, the acceleration due to the electric

field is about 10 times that due to-gravity for a charge to mass
ratio (q/m) of 0.002 coulomb per kg (36).

2.4 Static Reduction

Very large electric charges are nearly always produced when
materials are handled or manipulated but they are not often observed
because in most circumstances they immediately leak waay or become
neutralized. The build up of these charges can constitute fire and
health hazards because of the danger of arcs and high voltage break-
down. A detailed survey of harmful static electrification is given
in Reference (37). The methods that are commonly used in static

reduction can be summarized as follows:

(a) Relative Humidity: The use of water sprays to raise the humidity
(i.e. leaving a water film on the material surface) is an effective
method of decreasing the electrical resistance of hydrophilic sub-
stances (e.g. glass, glazed porcelain), others such as polythene

are less ready to accept water films on their surfaces. Several
workers (38, 39, 40) have observed that static electrification

in fluidization varies with the relative humidity of the fluidizing
gas and at a humidity of about 607 would prevent excessive build-up

of charges during fluidization. However, it should be noted that

the charges on particles of insulating material will not be dissipated
even in damp conditions unless there is a conducting path to earth

available (e.g. earthing wires).



(b) Conductivity Agents: Static reduction can also be achieved
by treating the surface of insulating materials with electrically
conducting films (e.g. metal carbon, conducting rubber). This
technique could be useful in pneumatic conveying and fluidizing
systems provided the related medium does not hinder the free move-

ment of the particles.

(c) Air Ionization by Electrical Discharge: By ionizing the
surrounding air, ions from the air can neutralize the charge
resident on the static sources. The efficiency of utilization

of ionized air will depend on the effectiveness of the static field
in 'pulling' in ions for neutralization of the static charge. Air
ionization can be effected by application of a potential of about

8 - 12 kV to a set of fine wires so that a corona discharge is set
up at the tips of the wires. However, this method is effective
only in the absence of a conducting neighbouring surface because

such objects would attract the generated ions by induction effects.

(d) Air Ionization by Radioactive Substances: Static elimination
by radioactive sources is an established technique (41) but generally
is not very effective when the time available for neutralization is
short. Also, a limit may have to be put on the source size for
safety reasons. « rays provide the highest concentration of ions

but if the source also emits y rays, the system may be unsafe.

B rays sources are capable of generating as many ions as a rays

but have a greater penetration and are readily available free from

Y rays.
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CHAPTER 3

MOTION OF SOLID PARTICLES SUSPENDED IN A TURBULENT FLUID

Preparatory to the analytical treatment of gas-solid suspension
flow, it is desirable to give a brief account of the transport
phenomena of solid particles suspended in a turbulent fluid. When
the stream conditions are such that the flow is inherently turbulent,
the interactions between the particles and the fluid are far more
complex than in the case of laminar flow. Consequentlv, this
situation is generally less amenable for detailed analysis. The
starting point for such an analysis is the motion of a single
particle in a turbulent field. It is well known that no established
and completely satisfactory procedure is available for treating this
subject. The coverage here is intended to demsonstrate the need

for a different method of approach.

3.1 Diffusion of Discrete Particles in a Turbulent Fluid

For very dilute particulate systems (i.e. the volume fraction
of the particles, ¢, is less than 17), we may neglect the inter-
actions between the particles through mutual collisions and through
effects on the flow of the fluid in the neighbourhood of the particles,
and regard each particle as being alone in the flow field. (This is
usually true because under this condition (¢ < .0l1), the particles
are at least 5 particle diameters apart).

The character of the particle motion depends on its size relative
to the scale of turbulence of the flow as well as its density
relative to that of the fluid. Owen (42) suggested if the scale
of the mean motion of the fluid is the radius of the pipe R, then
the scale of the energetic eddies is of the order of R/10., The

condition for imperfect response to the energy containing eddies is

10u
T
F =

(3.1.1)
R
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where u_ is the frictional velocity at the pipe wall, (R/lO-uT)
is the time scale of the small eddies and the inverse of relaxation
time F for momentum transfer between the fluid and the particles
is given by
3 CDIU Al '
F = 7" AP "-'-'1_- (3- 1.2)
a(l + 2o,/p
P
In equation (3.1.2), a is the radius of a particle, Iu = upl
is the relative velocity between the fluid and particles, ;'is the
density of the fluid, ;% is the density of the particles and the
drag coefficient CD is a function of the particle Reynolds number

(Rep = 2ap ]u - uplfﬁj i.e.
o = & (Rep) (3.1.3)

For slow relative motion (Re_ < 1), Stoke's law of drag of

a sphere applies (i.e. C

5 2&/Rep) and equation (3.1.2) reduces to

9u (3.1.4)
a2(2p + p)

is influenced by the relative turbulent intensity

F =
s

Generally, CD
between the fluid and particles. In fact both reduction and increase
in CD as compared with that given by the so-called stgndard drag
curve (43) have been reported (44, 45).

The condition for imperfect response to the large eddies whose

scale is comparable with the pipe radius R is

u
X

= (3:1:5)
R

A simplified situation of the turbulent flow of dilute gas-—
solid suspension is the case of single particle motion in a turbulent

stream. Based on the effects treated by Basset, Boussinesq and Oseen

and subsequent modifications by Tchen (46), the equation of motion of
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a spherical particle, from a Lagrangian view can be written as

4n a3 p du =
3 °p EEE = 6ma(U - Up) - ? al g—i
1l 4r 3 d -
Y5 & ar W-Eg)
y I8
+ 6a2(npil) (d/dt) (U - Up)d'l'
+ Fe (3:1.6)
(t - r)i
t
(o]
where
d 3 ’
— = — -v
dt R R (3.1.7)

The meaning of the various terms in equation (3.1.6) is as
follows: The term on the LHS is the force required to accelerate
the particle. The first term on the RHS is the viscous drag from
Stoke's law. The second term is due to the pressure gradient in the
fluid surrounding the particle caused by the acceleration of the
fluid. The third term is the force required to accelerate the
apparent mass of the particle relative to the ambient fluid.

The fourth term is the so-called "Basset" term which takes account

of the effect of the deviation in flow pattern from steady state,

The last term Fe is the force due to external field. 1In general,

the second, third and fourth terms on the PHS of equation (3.1.6)
become important only if the demsity of the fluid becomes comparable
to or higher than that of the particle. The Basset term constitutes
an instantaneous flow resistance which becomes substantial (i.e.

many times its value at steady state) when the particle is accelerated
at high rates (47).

With various assumptions and approximations, Tchen (46)
took a Lagrangian spectrum of turbulence and treated a stationary
case (i.e. without considering the probability for a particle to be
at a certain state at any time but considering what would happen
if it is there). Tchen's study was further extended by Hinge (48)

in the determination of intensities and diffusivities. He assumed



an exponential form for the Lagrangian correlation coefficient

RL(t) as

RL(t) =  exp (-t/TL) (3.1.8)

and obtained the following relationships:

Ry i B £ (3.1.9)
- Y1 *1
a2 S'L
and
ER G 1 - g2 {;xp(- Fst) - exp(-t/TL)
D 2 e — - L
f (FSTL) 1 L 1 - exp( t/TL) (3.1,10)

where 02 and EE are the mean square velocity fluctuations of the
fluid and the particles, Ty is the integral time scale of turbul-

ence (Appendix 1) and G is defined as

T e (3.1.11)
(20, + p)
It can be seen from equation (3.1.9) that if Hb =p (i.e.

G = 1), the velocity fluctuations and diffusivities of the fluid
and particles are the same (i.e. the fluid and particles move
together). For solid particles in air, ;% >> p (i.e. G = 0), the
particle fluctuation velocity is less than that of the fluid unless
F.T. >> 1, which should be true for very small a. For short

i
diffusion times (TL >> t), equation (3.1.10) reduces to

%
Wetie— - gty A (3.1.12)
Py At Fely a?

Under these conditions, the particle spread can be much less

than that of the fluid if FSTL is not much greater than unity.

For long diffusion time (t >> TL), equation (3.1.10) reduces to

D (3.1.13)
_P_ = 1
De
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These results of diffusivity ratio (equations (3.1.12) and
(3.1.13)) were first given by Tchen.

Several workers have assumed that the very small particles
would follow the fluid exactly which gives the immediate results
that the ratio of Dp/Df is unity for all time. In contrast, equation
(3.1.10) predicts (Dp/Df) = 1 for long diffusion time only. Using
the concept of spectrum of isotropic turbulence and an approxim—

ation for RL(t), Soo (49) obtained

a2
u
_:__2 = 1__;_K2.'..§-‘-}-Kn—'§-.-‘-3—il(e+-o.. (3.1-14)
o2 22 2" ]
for K << 1, where
2
S'L

is defined as an impulse response parameter.

To account for the effect due to wall interference, Soo and
Tien (50) introduced a perturbation parameter e(= a3G/8) and
modified equation (3.1.14) into

EE ﬂi 2 1 1 } 2e

et et 1 ey (o @S T eny (6 Berks (@) < 5

u? v K2 ) K%y
where y is the distance from the wall. (3.1.16)

It is seen that the presence of wall effectively reduces the
intensity of motion of the particle.

By the introduction of a pseudo—turbulent velocity field,
Ahmadi and Goldschmidt (51) were able to solve equation (3.1.6)
numerically and obtained solutions for particles of different
sizes and densities. Their results indicate that D_ increases
with particle size but decreases with particle density. Further,
as the particle size approaches zero, the ratio of DPIDf becomes

unity and is independent of particle densitv.
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Experimental determination of the turbulence characteristics
of a suspension of small glass particles (50 = 210u) was made by
Soo et al (33). Within the range of moderate solid loadings
(0.2 - 0.4 1b/min), they found that the scale of turbulence and
eddy diffusivity were not appreciablvy affected by the presence of the
particles and that the turbulent motion of the particles was anisotropic
with (Dp}Df) < 1. Similar results were also obtained by Preskin
and Dwyer (7) and Kada and Hanratty (52). More recently, Suneja
and Wasan (34) studied the dispersion of both charged and uncharged
potassium chloride particles under transverse flow conditions and
found that both the diffusion and concentration distribution of the

particles were affected by the presence of charges on them.

3e2 Effects of Electrostatic Force

Particles are usually charged in gas-solid flow systems and
in the case of a gas-solid suspension flow in a metal pipe, there exists a
layer of surface charge at the inner pipe wall being equal in magnitude
but opposite in sign to the total charge enclosed by the pipe wall
so that there is no electric field inside the pipe due to the wall.
The electric potential V at an inner point is given by the Poission's

equation

q)\ Pp
2 = e ———
L (m) o (3.2.1)

where pp is the local density of particles, (q/m) is the average
charge to mass ratio and ¢ is the permittivity of the fluid (air).
The force FE acting on a particle due to the local electric

field E is given by



= ey o

If no other external forces exist, the concentration of the
particles is higher at the wall than at the centre, and in the case
of a non-conducting pipe, effect of non-uniform charge on the wall

may show up.

3.3 Effects of Gravity Force

An extensive discussion of the influence of gravity force on
suspension flow was given by Soo (27). 1t was shown that gravity
effect was negligible in small pipes or at high Froude numbers but
more significant in the flow of water-sand suspension, where electro-
static charge effect would not be prominent.

Gravity effect can be neglected if the material densities of
the fluid p and particles E; are the same or if the intensity of
the particle motion due to fluid drag or electrostatic force is
much greater than that due to gravity. For a pipe making an angle
® with the direction of gravity, the axial and vertical components

of gravity force acting on a particle are simply

FA = mg cos O £3.3.1)

and

Fv = mg sin 6 £3.3.2)

3.4 Effects of Magnus Lift Force

The existence of Magnus effect, the lift force acting on
particles suspended in a fluid has long been recognized. Poiseuille

(53) noticed a corpuscle-free region near the wall of the capillary
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during his study of blood flow phenomena. Vejlens (54) observed

the trajectories of spherical particles being released from near the wall
of a square-cross section tube and found that the particles moved
rapidly away from the wall as the particle size increased. One

extensive study on this subject was done by Saffman (55) who gave

the 1lift force acting on a sphere of radius a in the radial direction

as

= Tl iy du i >
¥ 6.46 ()" (u - u - Aw) [o= | a (3.4.1)
where Au is the effective velocity of the sphere and |du/dr| is

the fluid shear. Saffman further showed that this lift force existed

even if the sphere was prevented from rotating.
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CHAPTER &

CONTINUUM MECHANICS OF A GAS-SOLID SUSPENSION FLOW

The continuum mechanics of a multiphase system has been
treated by Hinze (48) and extensively by Soo (32), and it has been
demonstrated that when dealing with a particulate svstem or a gaseous
mixture of disparate molecular masses, continuum mechanics can be
extended to treat the motion of an individual component interacting
with other components of the mixture. Treating a mixture as a number
of pure components occupying the same volume in space, the density

of a mixture P is given by

bm = I o (4.1)
(q)
where D(q) is the density of component (q) of the mixture occupying

the volume of the mixture of n components (g=1,...n).

The i th component of velocity of the mixture Umi is given by

(q) ., (q)
ppg U = z ol Uiq (4.2)
(q)

and the continuity equation of the mixture is therefore

ap
m 9 L (4. 3)
ot i ij (pmumi) 0

Illustrating with a Newtonian fluid, the momentum equation

of a mixture can be written in the following form,

pe WLy L o 2P e wn Ch) | 8 5.. #aF
m 3x. m ji m V.. "m2 “m ji Pm mi (4.4)
dtm ji
where
— e A 3
gt " st Yy 3 ’ (4.5)



the ‘deformation tensor,

ou_. al .
mi mj
(a).. = + (4.6)
b ax. ax.
j i
the dilatation,
au
1 mk
- i o e el
®n 2 (Am)kk X, ” (72

and Pm is the overall static pressure of the mixture, Mo its viscosity,
5 2 - ; : 5 :

umz = Cm 3 L cm is the bulk viscosity and Fmi is the 1 th comp

onent of the body force.

For the component (q) of the mixture, the momentum equation

can be expressed as

(@) ., (@)
v, T _P(q)‘sji & um(q) &ji(q) - umz(q)e(q)sji
dt(q) axj
¢ p@p @, @ 5 pla) o ) _y (@)
¢ ®) ' :
where (4.8)
ARECLy B med (@ _3_
2c (@ et M B 9
P(q) is the static partial pressure of component (q), Fi(q) is the

i th component of body force on a unit mass of (q), p(qp) is the
time constant of momentum transfer between component (q) and (P),
and the deformation tensor and dilatation have similar meaning as
defined by equations (4.6) and (4.7) respectively. Further, the

interaction of components is such that

(q) (p) * *
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4.1 Behaviour of a Dilute Gaseous Suspension of Particles

Recognizing that in a particulate system, particles of different
sizes constitute different phases from the point of view of continuum
mechanics, the general formulation of such a system is very comp-
licated. Here we shall consider the idealized case of a dilute
suspension (¢ < .01) of monodispersed spherical particles such that,
in spite of visual discreteness, it may be treated as a quasi-

continuum. In addition the followiﬁﬁ assumptions are made:

(i) The fluid is incompressible and the effect due to its bulk

viscosity can be neglected.

(ii) In a dilute suspension with a volume fraction of particles

¢ less than 0.01, the particles are at least 5 particle diameters
apart and therefore particle-particle interaction is negligible being
compared with particle-fluid interaction. Further, the motion and
statistical properties of the fluid are not affected by the presence
of the particles (7, 33, 52).

(iii) The drag force acting on the particles is mainly due to the
relative motion between the particles and can be found bv summation

of the drag forces upon individual particles.

(iv) The random velocity of each particle due to its own thermal

state is extremely low and Brownian motion can be neglected.

(v) Deceleration of the particles only results in dissipation
of energy in wakes and does not contribute to recovery of static
pressure; this basic mechanism being confirmed by the kinetic theory

of a mixture of disparate molecular masses (32).

(vi) Electrostatic charges on the particles are of the same sign
and magnitude, and the presence of these charges can give rise to

a space charge field which may interact with turbulent diffusion

and relaxation phenomena, though the effects due to electric and
magnetic dipoles can be neglected if the electric potential gradient

is small (section 2.2).
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For the sake of generalization, we shall term the phase
constituted by the particles as the particulate phase which has
a particulate density distribution Pp such that the density of

the suspension (mixture) P is given by
P BT (4.1.1)

where , is the density of the fluid phase. For ¢ < 0.01, p can
be approximated by the material density of the fluid E:

4.2 Dynamic Equations of a Dilute Suspension

For a solid particle of finite size, we know that there is
a velocity distribution around the particle due to its relative
motion and when the relative velocity is high enough, the existence
of a wake is expected. Therefore, the concept of continuum mechan=-
ics when applied to a particulate suspension must be properly
qualified by examining the nature of the fluid motion surrounding
the particles.

In the absence of shear motion and body force, the momentum
equation of a gaseous suspension of uniformly sized particles can

be obtained from equation (4.8) as

du . '
dU. El = o ap 3
P2 4 pp dt ax (4.2.1)

It is noted that equation‘(4.2.1) treats the particulate phase
as a true continuum i.e. momentum is transferred from the fluid to
the particles and vice versa. Soo (32) suggested if the particles
are to exert sufficient 'drag' on the fluid, the interparticle
spacing (2aj) must be smaller than 2(§ + a) in which & is the
boundary layer thickness at separation and a is the particle radius.

According to the experimental results obtained by Froessling (43),
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§ is given approximately by

5 < (18/Re iy (4.2.2)

where Rep is the particle Reynolds number.
For a uniform particulate density distribution pp( = ¢ E;),
aj is given bv
1 1
— 3 Iy 3 - -
a, = a=(1 a (4.2.3)
;= Coylo )3 = (1/4)

This leads to the condition for successful transfer of momentum

of mass motion with the particle accelerating the fluid

§ +a 3 a.
i

or

3

oy > 5,1+ 18fnep)* )~ C4.2.4)

P
otherwise the fluid simply acts as a free stream with the kinetic
energy of the particles dissipated completely in their wakes.
The order of magnitude is such that for a suspension flow of small
glass particles (;% ~ 2500 kg/m3) in a 3.125 cm diameter pipe with
an average air velocity u of 20 m/s and Rep = 2, it would require

3 and a mass flow rate

a mean particle concentration of Pp = 39 kg/m
(v R® pp;) of 0.6 kg/s or a mass flow ratio of 32.
(It should be noted that these figures are used for demonstration
purpose only. At high mass flow ratios, particle deposition at the
pipe wall and saltation may occur and the flow is no longer fully
developed).

To account for all situations, Soo (32) introduced an effective

momentum transfer parameter K, and modified equation (4.2.1) into
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for Km = 1 when particles are accelerated by the fluid, and Km <
when particles are decelerated by the fluid. In the absence of
experimental information, Km can only be expressed as a discontin-
uous function of the parameter {2ap(u - u )/;}(23)_2n -2/3 as
shown in figure (4.1), though a smooth trgnsition is expected.
Gﬂp is the particle number concentration i.e. Pp = &-% a3 E; np)

With this understanding of the qualified continuum approx-
imation, the momentum equation of a suspension of single species
of particles now becomes

pdU; /dt + K p dU, /dt = -2P/ 3, + a(ﬂajiyaxj

.. ) 8x. i
+Km3(up(AP)le X +oF;

+Kmppfpi/m (4.2.6)
and that for the particulate phase

du ./dt = - p )oP/3x. + p F(U.-U .) + 3 A )..)/.
pp pll 5 (pp/pp) / X pp ( i p1) (up( p)31)/ X

+p f . +p f'. 2.
op pl/m pp pl/m (4.2.7)

where fpi is the force acting on each particle by external field
forces, f;i is the fluid force acting on each particle given by
equation (3.1.6) and Fi is the body force acting per unit mass of
the fluid. For a dilute suspension (ppfpp << 1), the pressure
gradient term in equation (4.2.7) can be neglected.

The momentum equation of the fluid phase is obtained by

subtracting equation (4.2.7) from equation (4.2.6), i.e.

dei/dt - -(I-Kmpp/pp)BPfaxi+3(uAji)/3xj— Kmep(Ui-Upi)
+F, - K p f' ./m
i mp pi
(4.2.8)

For a dilute gas-solid suspension, viscous forces are mainly
contributed by the principal fluid while transfer of momentum of
the particles taken place through the action of particle diffusion
D, which is defined as

D = (4.2-9)
p = ¥p/Pp
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Fig. 4.1. Effectiveness of momentum transfer from

solid particles to the gas. (Ref.60).
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In place of the continuity equation which is convenient in
the absence of relaxation phenomena or external field forces, the

equation of diffusion of the particulate phase may be written as
3 ot ‘= —-3(J .+ J_.)/9x. (4.2.10)
op/ ( Dj FJ)/ 3
where
J.. =-D 3 ax. Ly (4:2.11)
D] P pp/ ]

is the mass flux due to diffusion (Fick's law) and

J,.. = 0.~ Bl (4.2.12)
F] pP( P] J)

is the mass flux.due to external fields (i.e. relaxation).

4.3 Fully Developed Turbulent Flow of a Gas-Solid Suspension

The equations of motion of a fully developed turbulent flow of
gas-solid suspension based on the foregoing analysis can now be
reduced to simple forms, and in terms of the coordinate system
(r, z, ¢) as shown in figure (4.2), fully developed flow exists with
/3t =0, v=v, =0, w = wp = 0 and 3u/3z = Ju,/3z = 0. For a
pipe making an angle © with the direction of gravity, the overall
momentum equation for the suspension in the z-direction may be

obtained from equation (4.2.6)

-(8P/3z)m - (o + Kmpp)gcose + {ar(rzr + Kmrpzr)/ar}/r
2 {a(Tz¢ y Kmsz¢)/a¢}/r =0 (4.3.1)

For Eb << p, the pressure gradient term in equation (4.2.7)
can be neglected and the equation of motion of the particulate phase

becomes
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Fig. 4.2. Co-ordinate systen.
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“» @ - E/op)gcose + {a(rrpzr)far}/r + ot /2¢}/x

. Fpp(u - up) =0 (4.3.2)

and similarly for the fluid phase

—(aP/Bz)m - pgcosH + {aCfrzr)/ar}/r + {arz¢/3¢}/r

-Kmpppgcoselpp - KmFDp(U - Up) =0 (4.3.3)

In equations (4.3.1) - (4.3.3), F is the inverse of relaxation

time for momentum transfer given by equation (3.1.2) and the 'shear

stresses' T and T of the particulate phase are defined as
pzr Pz¢
= p D 3u_/ar (4.3.4)
Tpar = Pplp?Y%/
and
\
=p D (3u_/3 (4.4.5)
e Po p( up/ $) /x _

Next we consider the diffusion of the particles. Under fully
developed flow conditions, the sum of the mass fluxes due to

diffusion JD and field force JF must be zero so that there is no

net deposition of particles at the wall.,K (Equations (4.2.11) and
(4.2.12) ). = Thus,
Jo 4 J me =D + U -U) =0 (4,3.6)
D ¥ 5 V05 pp( E )

where (Up =~ U) can be determined from the equation of motion of

an individual particle under steady state condition,

du /dt = F(U - U) + F = (4.3.7)
p/ t ( p) P/m 0
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Combining equations (4.3.6) and (4.3.7), we obtain
-D Vp + F /mF =0 4.3.8
R A p/ ( )

where the field force Fp includes the electrostatic force F_,, the

E
Magnus 1ift force FL in the radial direction and the gravity force

FG i1.e.

Ep = FE + FL + FG o~ (4.3.9)

The electrostatic force ?E is given by equation (3.2.2)

(4.3.10)
Fy qvV
and the gravity force FG can be expressed as
= - - o /o i 4. |11
FGr (1 plpp)mg51n8c05¢ (4.3.11)
in the r-direction and
= - il i i L T
oo (1 p/pp)mgsmesmrp ( )

in the ¢-direction.

For the present study we shall consider the case when the
particles are not too small compared with the thickness of the viscous
sublayer 65 which is related to the fluid velocity u at the core by

=7
5, = 60(u°R£_J/;)8 R (4.3.13)

and since the shear rate 3u/3r is significant only within §¢, the
lift force F, can be neglected. (See equation (3.4.1)).
Re-writing equation (4.3.8) in terms of components (r, ¢),

we have

poapP/ar = (qfﬂﬂ(pp/F)BV/Br - pp(l - E/Ep)gsinﬁcos¢/? =0

(4.3.14)
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in the r - direction and

-Dp(app/3¢)/r = (qlﬂ0(pp/Fr)(3V/3¢)

+ Dp(l - E/Ep)gsinesin¢/F = 0 (4.3.15)
in the ¢ - direction.

The electric potential V is given by the Poisson's equation,

equation (3.2.1) as

(3 (xaV/ax) [ar}/x +{32V/3¢2}/x? = =5 (a/m) /e, ~ (4-3.16)

and we note that for a pipe made of conducting material, V is

umiform at the pipe wall, i.e. 3V/3¢ =0 at r = R,

4.4 Characteristic Equations

It is seen from the previous section that with well defined
boundary conditions, equations (4.3.2), (4.3.14), (4.3.15) and
(4.3.16) can be solved simultaneously to give the distributions
of Ups Pp> Dp and V of the particulate phase. In order to Reep
the solutions general, it is convenient to introduce the following

dimensionless quantities:

== * * = .
r* = r/R; »p pp/ppo,

* = . % = / . * =
uk up/uo, v V(q,uD/Dst, D A Dp/Df (4.4.1)

where Pp, is the particulate density at the pipe centre, Df is the
turbulent diffusivity of the fluid (Appendix I) and Fg is the inverse
of relaxation time when Stoke's law of drag of a sphere applies

(Equation (3.1.4)). (The asterisk denotes dimensionless quantities).
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Upon normalization of equations (4.3.2), (4.3.14), (4.3.15)
and (4.3.16) with the above dimensionless quantities, we obtain the

following characteristic equations,

~yp* + (1/1%)d(rp*DEdut/or%) [3r

+ (1/r*2)3(p*D;Bu;/a¢)/3¢ + BF*p* (u* - u;) =0

(4.4.2)
—D;Bp*lar* - (p*/F*)avx/ar* - in(p*/F*)cos¢ =0
(4.4.3)
-D;(llr*)ap*/3¢ = (p*/F*) (1/x*) vk /3¢
+ in(p*/F*)sing = 0 (4.4.4)
and
(1/x*) 3(x*3V%/ar*) /ar* + (1/r*2)32vV% /542 = ~—lap*
‘ (4.4.5)

where the characteristic parameters, a, 8, y and n are defined by

& 2 (n2
a (ppoiﬁeo)(q/m) (R /Dst) (4.4.6)
S u
B =R FS}Df (4.4.7)
y = 2R2gcosf(1l - E/Ep)/nfuo (4.4.8)
and
n = 2Rgsind(1 - p/pp)/Dst (4.4.9)
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It is seen that a, B, y and n are infact correlation parameters
characterizing the effects of electrostatic diffusion, relaxation
and gravity on the particulate phase. While electrostatic and
gravity effects are governed by o, and y and n respectively, B is
the ratio of relaxation time F-1 to diffusion time (RZ/DP) for _
F~ Fg and D, ~ Df.

Further, combining equations (4.4.3) and (4.4.4), we obtain

(9VX*/3r* + Incos¢) /(8V%/3¢ - Inr*sing)

= (9p*/3x*) /(3p*/3¢) (4.4.10)
which in turn yields an approximation forp * as
p* = exp(-V* - Inrkcos¢) (4.4.11)

Equation (4.4.11) implies that under fully developed flow
conditions, the distribution of the particulate densitv is influenced
only by the electrostatic and gravity forces.

Using assumption (ii) in section 4.1 that the motion of the
fluid phase is not affected by the presence of the particles, the
velocity distribution of the fluid can be approximated by a power
law of the form

1
7

u = uo(l - r/R) (4.4.12)

or

1

uk = (1 - rx)7 (4.4.13)
Due to the difference in inertia of the particles and fluid,

at a solid boundary, particles may have finite velocity even though

the fluid attains zero velocity there except at very low pressures.
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Soo (27) suggested that the motion of the particles can be treated
as in a regime corresponding to a rarefied state of gases with their
random motion sustained by fluid turbulence and a slip velocity

u at the wall
pw

= - g
B LplBup/Br' (4.4.14)

r=R-a

where Lp is an interaction length between the two phases and is

given approximately by s

L, v a2y /e (4.4.15)
in which Al = @4 - ﬁp; (Aﬁz)i is the R.M.S. relative intensity.
(section 3.1)

Re-writing.equation (4.4.14) in dimensionless form, we have
et * [ar* 4.4.16

u;w Knplaupfar 1r*m1 ( )

where the Knudsen number Knp is defined as

The boundary conditions for the characteristic equations

are as follows:

(1) rk =0; pk=1, V*x =0,

(ii) r* = 1; (3V%/3¢) = 0, u;w = -Knp]Bu:IBr*I.
(iii) * =0, ¢ =u/2; 3/3r* =0.

(iv) ¢ =0,m 3 3/3¢ =0 for r* = 0>1.

With the above boundary conditions, the characteristic equations
(equations (4.4.2) = (4.4.5) and (4.4.11)) can be solved numerically
by finite difference approximation, the method of solution being

described in Appendix 2.
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4.5 Simplified Characteristic Equations

Following a procedure used by Soo and Tung (29) who assumed
constant Dp and F, equations (4.3.14) and (4.3.15) can be both

integrated to

D lalp /o, ) = =(a/m) (V/F) - (x/F)(1 - p/p )gsinbcoss
(4.5.1)

and after similar normalization procedure used in the previous

section, equations (4.3.2), (4.5.1) and (4.3.16) become

—dyp* + (1/T%)a(r*p*au/or) [ark + clfr*zia(p*au;/a¢)/a¢

+ Bp*(u* - u;) =0 (4.5.2)

p* = exp(-V* - Inr*cos¢) (4.5.3)

and

(1/x*)3(x*avx/3r*) /ax* + (1/r*2)32V* /342 = -4ap*
(405-4)
The characteristic parameters a, 8,y and n and V¥ are now

re-defined as

(o]

B Do 2 ) Ca /M)A (BE [0, B) (4.5.5)
B =R F/Dp (4.5.6)
¥ = 2R2gcost(l - ;/Ep)/npu (4.5.7)
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n = 2Rgsind(1 - E/EP)/DPF (4.5.8)

v* = (a/m) (V/D ) (4.5.9)

However, no details were given by the authors regarding the
approximations of F and Dp used in their analysis. In the case of
a non-depositing suspension flow with negligible gravity effect
(i.e. n =0, y =0, 3/3% = 0. Soo (27) obtained the following

approximations for p* and V*:
p* = (1 - Jar*2)-2 (4.5.10)

and

V& = 21n(1 - jar*?) (4.5.11)

for o << 1.

Thus, at the pipe wall (r* = 1), V¥ is a constant

V% = 21n(1 - }a) (4.5.12)

For comparison purpose, numerical solutions of equations
(4.5.2) - (4.5.4) have also been obtained, the method of solution

being described in Appendix 3.
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” CHAPTER 5

FRICTION FACTOR OF A GAS-SOLID SUSPENSION FLOW

Similar to single phase flows, generalization of pressure drops
in gas-solid suspension flows can be made in terms of friction factors.
The pressure drop is related to the total shear stress at the pipe

wall 8 by
R
e -7 i) (5.1)

and the overall friction factor of the suspension Cfm can be expressed

as

T
w

Pu?/8

i (5.2)

where U is the mean velocity of the fluid, R is the pipe radius and

(BP!Bx)m is the pressure gradient along the pipe.

Based on the assumption that addition of solid particles would

always lead to higher pressure drop, many workers have obtained empirical

relationships between the excess pressure drop due to the solid particles

and pertinent pipe flow parameters. Of the earlier study, the method
of approach of Rose and Barnacle (10) may be considered typical. They

subdivided the overall pressure drop AP as

me AP + 6Pp (5.3)

and similarly for Cfm

Cfm = Cf + Cfp (5.4)
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where AP is the pressure drop due to the fluid in the absence of the
solid particles and ﬁPp is the excess pressure drop due to the particles
(Fig. 5.1). Their work was carried further by Duckworth and Rose (11)
who derived from experimental data some useful design equations for

pressure drop in both hydraulic and pneumatic conveying systems.,

Whilst the majority of the workers consistently reported that
loading of solid particles always results in an increase in pressure
drop, quite remarkable effects which may be attributed to electrification,
turbulence reduction or thickening of the viscous sublayer of the fluid
have been observed. These involve both reduction and progressive

increase in pressure drop due to the presence of the particles.

For particles in the 1 mm diameter range, Clark et al (19) examined
the pneumatic flow of sand, granite and carborundum particles and
observed that if a particular material is conveyed for a long period, the
pressure difference required to maintain the transport progressively
increases and can reach a value of some 10 times the initial one.
Following their work, Richardson and Mcleman (14) found that not only the
pressure drop increased but so did the relative velocity between the
particles and the fluid. They suggested that the phenomenon might be
explained by the acquisition of electrostatic charge of opposite sign by
the main body of the particles and by a dust layer deposited on the pipe
wall due to attrition of the particle material. Thus, the particle-wall
impact is increased by electrostatic attraction which would account for

an increase in both relative velocity and pressure drop.

Referring to the moderately dilute suspensions of small particles
within the 10-100 u diameter range, several workers have observed
reduction in pressure drop (i.e. AP, < AP) due to the presence of the
particles (14-18). However, the explanation offered by the workers for

the cause of this anomalous phenomenon is somewhat diverse.

For small perspex particles, Richardson and Mcleman (14) suggested
that due to frictional electrification, the particles and the dust layer
deposited on the pipe wall might acquire like charges, thus the particles
are driven more towards the pipe axis by electrostatic repulsion

resulting in a reduction in pressure drop.
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In an attempt to explain the reduction of pressure drop due to
loading of particles, Soo (32) expressed T, as the sum of the shear
stress 1' due to the fluid with the presence of particles and that due

to particle-wall collision T s

(5.5)

T = %' =T
w P

It is recognized that within the range of solid loading where
such a phenomenon occurs, the velocity profile of the fluid is
unaffected by the presence of the particles (6,60) and further that the
contribution to T, by ) is negligible (15,61). Hence, equation (5.5)

becomes '
Ty = T (5.6)

Following the approach used by Prandtl who expressed the shear

stress T of the fluid in terms of a mixing length & as

2

= g2 du
Soo (32) gave
1 = 2 ﬂ 2
S R (5.8)

where ip is the mixing length due to the presence of the particles.
Thus,

T 12
] - ...__22 (5.9)
$ P

Therefore, the decrease in pressure drop may be attributed to a
reduction of mixing length due to dissipation of energy by the particles
(Fig. 5.2)

Alternatively, Owen (42) suggested that the particles, being driven

towards the pipe wall by electrostatic repulsion, tend to congregate at
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such a distance from the wall that their relaxation time is comparable
with the eddy life time there. While the rate of energy transfer

from the mean flow to the turbulence near the wall 1is
E, = pu?f , (5.10)

the rate at which work must be done by the turbulence to maintain zero

net rate of particle deposition is

- 2
E, oot F (5.11)

where vp is a drift velocity (Sections 2.2 and 2.3)

Utilizing the experimental results of stratified flows (62),
Owen proposed that the turbulence can be affected appreciably when the
Richardson number, being defined as the ratio of E,/E;, exceeds about
0.1. In the case of Soo's (6) experiment where reduction in pressure
drop was observed, Owen showed that Eo/Ei exceeds 0.1 even for a charge

to mass ratio of 10.—6 C/kg.

More recently, Jotaki and Tomita (63) proposed that reduction in
AP or Cg, due to presence of the particles may be attributed to
thickening of the viscous sublayer of the fluid phase due to additional
energy dissipation by the particles. Extending Townsend's (64) theory
of attached eddy at the pipe wall, they obtained an approximation for

the dimensionless sublayer thickness R, ,

[ s(1e ™)

asuT 16
Ry & = (5.12)
v - 2T L) Dpw
1o Egoop
Y p

where 68 is the thickness of the viscous sublayer (see equation (4.3.13)),
F is the inverse of relaxation time of the particles when Stoke's law
applies (see equation (3.1.4)), [%w is the particulate density at the pipe

wall and the friction velocity u. is defined as
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4 i
u = (?-) = (-cf—m> (5.13)
p 8

In order to derive equation (5.12), the following assumptions

were made by the authors

(1) There is no relative motion (mean) between the fluid
and particles.
(ii) The drag force acting on the particles is mainly due to
the fluctuation velocities of the fluid and is governed
by Stoke's law. 8
(iii) The particles do not respond to fluid turbulence and
have no fluctuation velocities of their own.
(iv) The density distribution of the particies is uniform

(i.e. p = constant).
pw

It is seen that assumptions (i), (ii) and (iii) are somewhat
contradictory. In order to satisfy (i), it would require a << 1
which makes Fg very large i.e. the relaxation time of the particles may
become comparable even with the characteristic time of the small eddies.
In that case, the particles will response to fluid turbulence and there-
fore have their own fluctuation velocities (Section 3.1), thus modifying
the drag force accordingly. Further, the assumption of umiform
particulate density distribution is also restrictive since it has been
shown experimentally that the particulate density varies both radially
and circumferentially (6). Nevertheless, for a suspension flow of
35y glass beads in a 3.12 cm diameter pipe with mean air velocity of
30 m/s and p py/p~3, equation (5.12) predicts a 12.5% increase in sub-

layer thickness due to a 207 friction reduction.

In an attempt to test Jotaki and Tomita's theory, Kane et al (18)
examined the pneumatic flow of 10-60 u glass beads and observed friction
reductions in both vertical and horizontal flows, being more significant
in the former. Because of the finite size of the anemometer probe used
in their air velocity profile measurement, velocity traverses were
limited to the buffer layer region only and the effect of presence of
particles on the sublayer thickness was not determined. However, their

method of air flow measurement, by placing an orifice in line with the
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suspension flow, is in suspect. Some test works have in fact been
carried out with similar orifice arrangement and it was found that for
a known air flow rate, the pressure drop across the orifice with
presence of particles in the stream was higher than that due to clean
air flow alone, thus causing error in air flow calibration e.g. a 5%
overestimate of air flow rate will cause an apparent friction reduction

of about 107 (Equation (5.2)).

It is seen from the diversity of explanations offered by the
workers that the question of friction reduction due to presence of
particles is far from being solved and the need for further investigation

is evident.
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CHAPTER 6

EXPERTMENTAL STUDY

The main objective of the experimental program is to examine the
effects of electrostatic charging on the pressure drop of a gas-solid
suspension flow. While it is possible to determine whether the
electrostatic charges developed on the particles have any significant
effects on the flow characteristics by related pressure drop measure-
ment, a thorough investigation would require the determination of the
statistical properties of both the particulate and fluid phases which
is beyond the scope of this work. Although pressure drop measurement
is straightforward, measurements of other parameters and the need for
a high degree of accuracy in data recording require the use of both

reliable equipments and experimental techniques.

6.1 General Description of the Test Rig

The test rig used for the present study is a modified version of
the one used previously by Duckworth and Chan (65), and has been designed
for the study of many aspects of gas—solid suspension systems. Details
of construction of the test rig can be found in Reference (66) and a

brief description is given here.

The general layout of the apparatus is shown in Fig.(6.1) in which
the main items of equipment are listed. Ambient air was pumped through
the pipeline via the conical entrance section by a centrifugal air
blover. The pipeline was made up of three lengths of solid drawn copper
pipe of 3.125 cm nominal bore, a 15m test section, a 2m vertical section
and 2 15m return section. Pressure rings were fitted at convenient
intervals along the test section for pressure drop measurement. Air
flow rate was controlled by means of a by-pass valve and was metred by
an orifice plate located at the entrance section. Solid particles were

separated from the air flow by two cyclones. The feed hopper enclosed
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LIST OF ITEMS

4.
5 I‘I

T

10.
11.
12.
13.

14.

15.
16.
175
18.
19.

Conical entrance section.

Air flow orifice plate.

3M Ionizer.

Pressure transducer.

Transparent T-section.

Pressure ring.

Electrostatic ball probe.

Reinforced elbow.

Horizontal test section, 15m long and 3.125 cm bore.
Vertical section.

Return section.

Cyclone separator.

Flap valve.

Intermediate storage hopper.

Force transducer for solid flow rate measurement.
Solid feeding hopper fitted with an orifice plate.
Air box.

Air flow by-pass valve.

Air blower.
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inside the air box was fitted with an orifice plate which can be
selected to give required mass flow rates. As soon as the feed
hopper was emptied, solid particles were returned to it from the
intermediate storage hopper by alternative open-close operation of
the two spring-loaded flap valves, thus ensuring continuous operation.
A transparent T-section was fitted at the feed point for observation

of the flow of particles entering the pipeline.

6.2 Pressure Transducer

When studying the phenomena«wf gas-solid suspension flow, it is
frequently required to measure the magnitude and variation of
pressures in the system. These pressures which extend over a wide
range of intensities may be static or transient. Pressure measure—
ment utilizing electrical pressure transducers in place of the
conventional multiple U-tube monometer system is often preferred,
especially when a large amount of data is required. There is a wide
range of such equipment available on the market and in fact several
manufacturers offer good pressure transducers which are suitable for
most purposes but frequently the needs are so unique that a special

design is required.

Most transducers are so designed that a pressure differential
will cause a variation of capacitance, inductance or resistance
which is then tranformed into voltage voltage output by means of
bridge circuit network. The outputs from the capacitance or induc-
tance type transducers would require further rectification when used in
conjunction with data logging equipment. For this reason, it was
decided that a resistance type transducer should be used and further,
the need to meet the requirements‘of high sensitivity, high natural
frequency and linear response has led to the conclusion that a

diaphragm type transducer would be most appropriate.

Ten diaphragm type transducers were built and the details of
construction of the transducers can be found in Reference (67). The
pPressure sensing element is basically a steel diaphragm, having four
strain gauges mounted on its surface (2 on each side). As the

diaphragm deflects due to the pressure differential acting across it,
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the strain in the diaphragm is sensed by the strain gauges which are
coﬁnected up to form a Wheatstone bridge circuit, the output being
proportional to the pressure differential. The transducers were
designed to respond linearly for pressure differential below .5 psi.
Each transducer has been calibrated statically and dynamically, and

the calibration equation takes the general form
AP = CyV + C,yV2 (6.2.1)

where AP is the effective pressure differential in cm of water, V is
the voltage output of the transducer, and C; and C) are the calibration
factors. The second term on the RHS of equation (6.2.1) is introduced
to account for the slight non-linear behaviour of the transducer at
high pressures. Auxiliary amplification circuits with close-loop gain
of about 100 were also used to boost the outputs from the transducers
(Fig. 6.2).

6.3 Pressure Drop and Friction Factor Measurements

Measurements of static pressure distribution along the 15m test
section were made at five longitudinal positions. (At the early stage,
eight positions were used). For the present range of mass flow rates,
the acceleration length (i.e. the distance required to reach fully
developed flow condition) was found to be about 3m downstream of the
solids feed point. Within the fully developed flow region, the
pressure gradient due only to frictional effect remained sensibly
constant and the total pressure drop AP, was regarded as a linear
summation of the pressure drop AP due to the flow of 2ir alone under
the conditions prevailing in the test section and the excess pressure
drop &Pp attributed to the presence of the solid particles (Chapter 5).
It should be noted that this scheme would give useful and logical

results as long as AP, > AP.

The air friction factor cf_was pre-determined prior to each
session of test runs and updated if necessary. Only a very thin layer

of dust was found to be present on the pipe wall and did not appear
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to have any appreciable effect on the air friction (Fig. 6.3).

6.4 Air Flow Rate Measurement

Air flow rate was determined by measuring the pressure drop
across the orifice plate which has been calibrated for the present
working range. The empirical relationship between the flow rate

Rk and the pressure drop AP across the orifice is given by

Mf = .00785 (APB)i , kg/sec (6.4.1)
where ~ is the density of ambient air and AP is in cm of water.
Although special care was taken to ensure the air box leak-proof, a
small leakage was detected and the calibration equation had to be

modified by a leakage factor Lg such that

Mf = .00785 (LfﬂPf,)i , kg/sec (6.4.2)

where Lf e o

Air velocity profile measurements were made by traversing the
pipe radius with a Pitot tube and was found that one-seventh power

velocity distribution gives excellent agreement with experimental

results. Thus
1
" 7
u - uo (1 ot _R_') » (6-413)
u, = 1.2u - (6.4.4)
- Mf
and u = = (6.4.5)
'I'TRzp

where u is the core velocity, u is the mean velocity and R is the

pipe radius.

In addition, air humidity was determined by means of a Casella

wet and dry hydrometer and checked before and after each test session.
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6.5 Solid Flow Rate Measurement

Solid particles were introduced into the air stream from the
gravity feed hopper and mass flow rate was controlled by the orifice
place. For the larger particles, the feeding system worked very
efficiently without the need of pressurization of the hopper.

However, slight pulsations occurred at low flow rates of the small
particles, probably being caused by bridging or cohesive effects.

The weight of solids in the feed hopper was measured by means of a
linear force transducer in the form of a cantilever beam which

was freely supported at its ends and any change of strain in the

beam due to its deflection caused by the weight of solids in the feed
hopper was sensed by four strain gauges mounted on it. The strain
gauges acted as the four arms of a Wheatstone bridge circuit whose
output is directly proportioned to the weight of solids in the hopper.
Thus noting the change of voltage signal AS from the transducer over a
time interval At, the mass flow rate of the solids Mp can be evaluated

from

M = C.é.s-.

where Co is a calibration constant. The signal from the force trans-
ducer was continuously monitored on a CRO and any deviations from the

mean flow condition can be easily detected.

6.6 Particle Size Measurement

Four types of small spherical glass beads, ranging from 15y
to 385y in diameter were used for the present investigation and micro-
scopy was used as the absolute method of particle size analysis since

it is the only method in which individual particles are measured.

The most difficult task in microscopic measurement is perhaps
the preparation of the slide which should contain a uniformly dispersed
representative sample of the particles. However, if a permanent slide
is not required, an effective method is to mix a small sample of the
particles with a dispersing fluid (i.e. the mounting medium) and a drop
of the mixture is then evenly spread on a microscope slide for photo-

graphing.
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For the small glass beads, glycerine was found to be a
satisfactory mounting medium and for the larger particles, sticky
tape was used. It can be seen from the micro-photographs of the
four types of glass beads that except for the few shattered fragments,
the particles are roughly spherical in shape (Figs. 6.4 - 6.7).
The particle size distributions are represented by the cumulative
percentage frequency curves as shown in Figs. 6.8 - 6.11 and the mean

particle diameter is defined by the 50Z cumulative frequency.

6.7 Electrostatic Charging Measurement

The phenomenon of electrostatic charging in particulate
systems has already been described in Chapter 2. In practice,
dispersoids such as mist, fume, smoke and the very fine particles
are charged as a result of the method of their formation and further,
the experimental results obtained by Kunkel (68) show that all dust
particles are electrostatically charged upon being dispersed into a
cloud and that the charging depends more on the surface conditions
of the particles and the nature of the surface contact involved than
the surrounding conditions such that very small changes in these

factors could entail large variations in the observed effects.

Various techniques have been developed to measure charges
on the particles in gas-solid suspension flows but they can only
provide qualitative results because of the large number of uncon-
trollable factors involved (6,24,25,69,70). Soo et al (6) used an
electrostatic ball probe in conjunction with a fiber-optic probe to
measure charges on small glass particles. Electrostatic probes have
also been developed for monitoring solid flow rate in particulate
systems (69,70). Cole et al (25) derived a relationship between the
charges on the particles and the leakage current taken from the pipe
wall of a suspension flow. Suneja and Wasan (34) studied the
dicpersion of charged potassium chloride particles in turbulent air
stream and charge measurement was made by means of a Wenix ion
spectrometer. A 3M static meter has also been suggested as an
alternative but it is believed that these instruments could only

provide relative static measurement.
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Fig. 6.7. Micrograph of Type 4 glass beads.
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For the present work, two methods were used in the
measurement of charges on the particles. The electrostatic ball
probe was developed when it became apparent that the deflection
method, utilizing high speed photographic technique would be too

time consuming for the amount of data required.

i b Charge Measurement by Deflection Method

The deflection method used in the early part of this work
is somewhat analogous to the deflection of an electron beam.
Consider first a particle of mass m, and charge q, travelling with a
steady velocity upo along the axis of a square section duct as shown
in Figure 6.12. If an electric potential V is suddenly applied
across the duct in the y direction, the subsequent deflection of the

particle, assuming slow motion, is given by

a%y = &
a2 . E(m)' Fs at , 6. 7:1.3)

where E = V/2R is the electric field acting on the particle and the

inverse of relaxation time Fs is given by equation (3.1.4)

Equation (6.7.1.1) has a general solution as

/
Yy = (i)k%) (st 4 Bt - 1), (6.7.1.2)
s

m

and for short deflection time

y =(§)(%8) . (6.7.1.3)

Thus noting the deflection of the particle and the time of
deflection, the charge to mass ratio (q/m) can be evaluated from

equation (6.7.1.3).

In order to observe the deflections of the particles, a
transparent viewing section (3.125 x 3.125 cm) was fitted at about 8 m
downstream of the solid feed point, two 10 cm metal plates being

secured on its side walls to form the electrodes (Fig. 6.13).
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Fig. 6.12. Deflection of a charged particle under the influence

of an electric field.
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Fig. 6.13. Transparent viewing section used in particle deflection measurement.
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High electric potential was supplied by a Brandenburg power pack
which has a voltage range of O - 30 kV. A Hycam high speed cine
camera was directed vertically above the transparent section and with
the film running in a direction perpendicular to the flow direction,
the paths of individual particles entering the section were therefore
traceable. Each run the camera produced a 50 ft length of 16 mm
film. The order of magnitude of the deflection is such that for a
suspension flow of 80u glass particles, air velocity of 20 m/sec and
a potential of 10 kV being applied across the electrodes, equation
(6.7.1.3) predicts a maximum deflection of .8x10-3m for a charge to

mass ratio of 10-5 c/kg.

To carry out the deflection measurement, the film was
projected onto a screen with suitable magnification and_knowing the
time interval between each frame, time-deflection curves were obtained.
Deflections toward both electrodes have been observed and the mag-
nitude of deflection was found to be much smaller than that predicted,
thus making accurate measurement very difficult. It was concluded
that charges of both signs were present on the particles and that the
charge to mass ratio (q/m) was less than 10-5 c/kg. Because of these
limitations, the analysis procedure was too slow and tedious to yield
good statistics, and it became apparent that an alternative method of

charge measurement should be used.

6.7.2 Electrostatic Ball Probe

The electrostatic probe theory has been developed by Cheng and
Soo (24) and is mainly based on the analysis of charge transfer between
two bodies outlined in Section 2.1. In the case of a ¢loud of

particles of mass m, and radius 'a, colliding with a stationary sphere

1
of mass m2(>>m1) and radius a2(>>al), the charge transfer le produced

by each particle per impact can be obtained from equation (2.1.13) as

B~

1

= 12.56 (kl + kz)5 a m

1 1

3. 8
5 5 (14
Q5 (

(6.7.2.1)

where u, can be treated as the mean velocity of the particles.

\
5 5
—_ ) u,” cos® hlZ(V1 v

2)
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For a local concentration of particle P1» the effective

charge current I_, due to successive charge transfer from the particles

12
to the sphere is therefore

ﬂ/z
1 = 2% [ Ny.p.ula, + a )2 Slz sin6 do (6.7.2.2)
12 : &l L B | 2 m
o
where the collision coefficient Ny, is defined as the ratio of the

collision cross-section area of the particles to the projected area

of the sphere taken normal to the direction of the particle flow.

Substituting le from equation (6.7.2.1) into (6.7.2.2), we

obtain after integration,

1
o 875
2 4/ 1+r* 1
B el Al & i gby s 1Ky KD (2 ) caad( B
P1
k6 15l e 3)
& : Q
or Ta, pyuy ( . ) (6:.7:2.4%)

where El is material density of the particles and (Q/m) is defined
as the effective charge transfer per unit mass of particles. In

general, the collision coefficient n,, is governed by an inertia

12
parameter y and a Stokesian parameter ¢ being defined as (32,59)

2. p. 08 s
P e 1 R (6.7.2.5)
9ua2
18 ; u,a
and iy et ) (6.7.2.6)
M P

For y > 50 and ¢ < 100, which is true for the very small

particles, 19 is very close to unity (32, 59). Further, for a
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metallic sphere and non-conducting particles (i.e. oy >> 0;), the
charge transfer coefficient hy; can be obtained from equation (2.1.8)
o) b |

Rypg N =— & == (6. 72:7)
2 a)

Based on the foregoing analysis, a ball probe inserted into

a suspension flow of particles would pick up current I proportional

b
to the local mass flow;,pup and the effective charge transfer, i.e.

= -Q-
. Ao w (Z) B T2

where A is the projected area of the ball probe.

Using a dimensional analysis approach, similar relationship

was also obtained by Batch et al (69)

¥ il
b i)
I = — = f (ep,d,A,p u ,pp,op) (6.7.2.9)

£ d23u2 PP
P

where Ep is the permittivity, Up is the conductivity and d is the
particle diameter. Their results indicate that for a given mass flow

of particles, the probe current can change with the shape of the probe
head.

Although in the absence of absolute measurements of hjys, njz
and other parameters, it is not possible to evaluate quantitatively the
charges on the particles from the charge current, the ball probe can
still provide a means of monitoring the dynamic behaviour of electro-
static charging. It essentially consists of a traversing gear
and a ;625 cm stainless steel ball as shown in Fig. 6.14, the
details of construction being given in Reference (46). A small
length of pipe in the fully developed flow region, about 8 m
downstream of the solid feed point, was cut away to provide for
the insertion of the ball probe. Because of the small magnitude
of the charge current, amplifying instrument with high input impedance

would be required and after a number of trial runs, a Levell D.C.
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Fig. 6.14 (a). Electrostatic ball probe.
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Fig. 6.14 (b). Electrostatic ball probe assembly.
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multimeter was found to be acceptable. This instrument not only
has high input impedance but also high A.C. cut-out capacity and
it produces a voltage output directly proportional to the current
input, thus making on-line data logging possible. In additionm,

a R-C network was also used as a filtering device (Fig. 6.15).

6.8 Air Ionization

In order to determine the effect of electrostatic charging
on the pressure drop and friction factor, it is desirable to "vary"
the charges on the particles so that comparisons can be made between
identical rﬁns. The methods that are commonly used for static
reduction have been outlined in Section 2.4 and in this work, radio-

active source was chosen because of its simplicity in operation.

Air ionization was provided by a 3M ionized air source
uit, Model 907. The ionizer is cylindrical in shape and can be
fitted directly in line with the air flow (Fig. 6.16). Doubly
positive charged a particles are emitted from the radio isotopes of
Polonium 210 which are safely contained in small ceramic beads lined
on the inner surface of the unit. The ionization of the air
produces effectively a conductive path to drain off any charges on

the nearby surfaces.

6.9 Data Logging and Processing

It can be seen from the previous sections that mass flow
rates, pressure distribution and current output from the electrostatic
ball probe have all been conveniently transformed into D.C. signals
which are compatible with most recording instruments. For the
present work, the data signals were first pre-amplified by means of
integrated circuit operational amplifiers before being fed into the
input channels of a Solartron Data Logger which was programmed to
scan the addressed input channels continuously at a constant scan
speed of 4 CNL/sec. The total scan period was set to allow for at
least six scans of each input signal so that time averaging could be
made. The signals were then output sequentially in BDC form on
paper tape by a Facit tape punch, being driven by a built—-in drive
unit of the data logger. Manual entries such as date of experiment,

ambient temperature and pressure, air humidity and physical properties
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of solid particles were entered on the data tape via a keyboard
and further, in order to identify each bit of information on the
tape, an index number was entered prior to each manual entry or
data scan. The data tapes were then processed by computer
programs and stored on disc files for future use. The overall
procedure of the data logging and processing system is summarized
by the block diagram as shown in Fig. 6.17 and the functions of
the computer programs .‘?CPYl, #PDPI, #PDPZ, #PJO3 and # PJO4

are assfollows:

#(TYl : To process data tapéé produced by the Solartron/
Facit system and store results on disc files.

#PDP1 : To compute air velocity distribution, air friction
factor and other pipe flow parameters.

#PDP2 : To compute mass flow rates, pressure distribution
suspension flow friction factors, ball probe current,
charge transfer and standard deviations of input
signals.

# PJO3 : To sort out data for graphical analysis.

# PJO4 : To perform graph plotting utilizing the Calcomp

graph plotting system.

In addition, the mass flow rates and probe current were
continuously monitored on a storage type CRO so that fluctuations
in the system could be observed and test runs with high fluctuations

were deleted.
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CHAPTER 7

DISCUSSION OF ANALYTICAL RESULTS

The main objective of the theoretical analysis outlined
in Chapter 4 is to describe the electrostatic and gravity effects
on the pipe flow characteristics of gas-solid suspensions. The
two sets of charactefistic equations (Section 4.4 and 4.5) based
respectively on the present and Soo and Tung's (29) treatments
were solved by the numerical methods given in Appendices 2 and 3.
In the present analysis, the particle relaxation time F-1 is a
function of the local relative velocity Iu—upl and drag coefficient
Cph which itself is determined from a set of equations relating CD
and particle Reynolds number ReP (2aB|u—up|§), proposed by Morsi
and Alexander (59), and the particle diffusivity Dp is governed by
the field forces whereas both F and D, were assumed to be constant

P
by Soo and Tung.

In view of the large number of variables involved in the
problem, a series of test cases with mass flow ratios in the range
of 0.7 to 2.7, typical charge to mass ratios of 10”6 to 10-4 c/kg
and particle sizes of 35u ( #1) and 75y ( #2) have been studied and
the results are present in graphical form as shown in Figs. 7.1 =
7.36 and 7.37 - 7.60, summaries of the results being given in
Tables 7.1 and 7.2. Graph plotting was performed by computer
programs# PJO5 and #PJOG, utilizing the Calcomp graph plotting
system implemented on the ICL 1905 digital computer. ( x, o and ©
denote distributions in upward vertical, horizontal and downward

vertical planes).

We shall first examine the solutions obtained by the
present method (i.e. Figs. 7.1 - 7.36) in which «,8,Y, and pn are

correlation parameters characterizing the electrostatic, diffusion,
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relaxation and gravity effects on the suspension flow. The
present study indicates that electrostatic effects are usually
negligible when a is less than 0.1. B is the ratio of relaxation
time F—1 to diffusion time (R2/DP) for DP “ D¢, and the analysis
shows that large values of B tend to give particle velocity profile
close to that of the fluid. The gravity effect on the pipe flow
is characterized by y and n, and at large values of y, the velocity
of the particles may change from concurrent to counter current flow
with respect to the fluid. When D, is small, n becomes large for

P
Bp >> p and particle deposition on the pipe wall may occur.

Within the present range of mass flow rates, the electric
potential of the particulate phase, being constant at the pipe wall,
is symmetrically distributed about the pipe axis and appears to be

independent on the size of the particles.

The effeﬁt of electrostatic charging on the suspension
flow is perhaps most evident from the results of the particulate
density distribution Pp with respect to different values of q/m.
Recalling the definition of a (equation 4.4.6), it is obvious that
the extent of electrostatic effect on Pp will depend not only on
q/m but also on the mass flow rates and the size of the particles.
At low mass flow ratios (Mp = .02 kg/sec and uy = 40. m/sec) or
q/m < 10-5 c/kg, Pp being pre—-determined by gravity and diffusion
effects is almost unaffected by the presence of charges on the
particles. As expected, the particulate density at the bottom of
the pipe pp(R,ﬂ) is higher than that at the top pp(R,O), the ratio
of pp(R,n) to op(R,O} being 2 and 4 for the 35u and 75p particles,

and further p_ is uniformly distributed in a horizontal plane

P
through the pipe axis (e.g. Figs. 7.13 and 7.15; Figs. 7.31 and
7.32). As the mass flow ratio increases, the charges on the

particles become more significant. For an increase of q/m from

10-5 to 10_4 c/kg, DP(R,n) and pp(R,O) increase by 227 with

"
M,

Pipe axis. Under these extreme conditioms, op is no longer

.02 kg/sec and uy, = 20. m/sec, and by as much as 40% with

.04 kg/sec, resulfing in a lower density of particles at the



-97_

uniformly distributed in the horizontal plane (e.g. Figs. 7.7 and
7.9). Generally, electrostatic effect is less significant at high
air velocities even though the effective mass flow ratio may not be

low (e.g. Figs. 7.1 and 7.3; Figs. 7.13 and‘'7.15).

The velocity distribution of the small particles (35u) is
symmetrical about the pipe axis whereas that of the larger particles
(75u) deviates slightly from axial symmetry with their motion
lagging relatively more behind the fluid. Because of the lower
density of particles at the top of the pipe, a greater particle
velocity occurs at the top than at the bottom as a result of
momentum balance. The characteristic slip velocity of the

particles at the wall u__ is governed only by the Knudsen number

Knp. Whilst larger anwleads to greater Upy at the wall, for the
same Knp, upy decreases as the particle size increases. The
predicted velocity distribution of the particles are in good
agreement with experimental results obtained by Soo et al (6).

As shown in Fig. 7.61, their results indicate that the particles
(50p glass beads) follow almost exactly the motion of the fluid at
the pipe centre whereas the present analysis predicts (upofuo) ~.93
and v.9 for the 35p and 75u particles respectively. Even at high
charge to mass ratios (q/m % 1074 c/kg), the particle velocity
distribution is affected only to a negligible extent by the presence
P"p
appears to be at R/4 below the pipe axis and shifts slightly further

of charges on the particles. The peak of the mass flux p

to the bottom at high charge to mass ratios.

In contrast to the theoretical analysis described in

Section 3.1, the present analysis indicates that Dp is less than

that of the fluid Dy and in the case of the smaller particles (35u),

Dp remains sensibly constant in the core region. Generally, the

ratio of DP/Df is unaffected by Mp but decreases as u, increases and

(¢]

the distribution of Dp is not influenced by the charges on the
particles. However, it is worth noting that the present analysis
cannot predict Dp near the wall because of the unknown boundary

conditions there. In general, particles are driven to the wall by
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gravity and/or electrostatic forces. A completely non- .
depositing gas—solid suspension flow will have to be due to
turbulent diffusion except very close to the wall in the viscous
sublayer where turbulent diffusivity vanishes and Magnus 1lift
force becomes significant. Very fine particles (2a < 1lu) are
able to traverse the sublayer through the action of Brownian
motion but for the larger particles with negligible Brownian
diffusivity and relaxation time still being small compared to the
characteristic time of the eddies just outside the sublayer, some
more powerful mechanism must be called into play to enable the

particles to reach the wall.

Although the numerical solutions based on Soo and Tung's
method (Figs. 7.37 — 7.60) are similar to those predicted by the
present analysis (Figs. 7.1 = 7.24), in contrast to their
assumption of conétant F (i.e. |u-u | = constant), the particle
velocity distributions indicate that |u~up| varies significantly
in the radial direction. However, these results also show
similar trends of the effects of electrostatic charging and gravity

on the flow characteristics.

We now examine the validity of the continuum approximation
and its associate assumption. For fully developed gas-solid

suspension flow in horizontal pipe, equation (4.3.3) reduces to

oP L g
7 = =l Erplaca) =D (7.1)

and that for air alone becomes

aP 1 2
5 g ) 9 e
where the momentum transfer coefficient K %l for u > Uy, as
suggested by Soo (32) and (3P/3x), and (3P/3x) are constant across
the pipe section (Section 4.2). Further, the assumption of the

motion and statistical properties of the fluid not being affected
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by the presence of particles, as guided by the experimental results

of various workers (7,33,52), implies that

(% AR /A & _
Fpp(u up) = = K + = constant (7:3)

We see that equation (7.3) can only be satisfied if both
pp and (u - up) are constant, i.e. uniform particulate density
distribution and particle motion constantly lagging behind the fluid.
In fact the present results indicate that Fpp(u - up) is a function
of r and ¢, and up can be greater than u near the pipe wall.

A plausible explanation is that K is not always unity even though
particles are accelerated by the fluid but varies according to the
local particle density concentration and relative velocity such

that Kmep(u - up) remains constant.

In spite of the inability to predict the overall pressure
drop of the suspension, the present analysis indicates that for
charge to mass ratio less than 10-5 c/kg (i.e. gravity effect being
dominant) , Pp and u, are not influenced by the charges on the
particles and therefore if Fpp(u = up) can be regarded as the con-
tribution of pressure drop due to the particles, electrostatic

effect on the overall pressure drop can also be neglected.
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ANALYTICAL CURVES OF VARIOUS DISTRIBUTIONS IN A FULLY
DEVELOPED TURBULENT GAS-SOLID SUSPENSION FLOW.

( FIGURES 7.1 - 7.60 )
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FIGURE :7-73 VARIOUS DISTRIBUTIONS IN A FULLY DEVELOPED TURBULENT

CAS-GOLID SUSPENSICN rLOW. PRARTICLES TYPE 21.
PIFE FLOW FPRRAMETESS : R=0_ 156E-01 M, UD=0.40CE 22 M/GeC. 0-""--".1 GE-04 U/KG,
KNP0, 13CE 206 'BF=5.9360-02 SD.M/SEC. MP=0. 2oCE-QLIEAPT), 6. 2008 201 (T F" KL/GEC .
PIFE INCLINATION = 30.0°, X 0.5 :8 .6, B:180.0°,; 3IR.

CRTA CCHPUTED BY #XFDTEB. FLOTTED BY #PJ0S (TEST 00-13-2-1R ).



114 -

1 1 1 1 i
3. 50¢ o vy Belee =1.'2 > ] .. 202

TELECTRIC POTENTISL {il'l xig-®

s.5oe

R=

. 350 1-‘-.,"'-.’? ll 1 l.lz}'f.' 1.750
FARTICULATE BENSITY (KG/CU.W

S 06E

H

1 nAne
Loaew

1 ] A
0.Co2 f 15 2060 3,250 .00 b « Pl
PARTICLE VELOCITY (M/3(LY x1071

T T =

0,700 1.%0¢ 2,30 3 3900 . 700
MESS FLuX (KG/S0. MalL

HI—
‘K
—
(%]
L

R=

0,052

a0 s «ing <3 5 702 * 505
PRARTICLE CIFFUSIVITY (8Q.M/300) X103

FIGURE :/. 14 YARICOUS DISTRIBUTIONS IN A FuULLY DEV
CAS-S0LID SUSPENSION FLOW. PARTI

P1PE FLUH FPARAMETERS : R=0. 156E-01 M. UD-2.
NP=D.10CE Q0. DF-5.3350-02 SJ. M/SEC. MP:2.200F-DILEAPT), !
PIPE INCLINATION = 30.0°. % =0.0":0 30,6 . [@-1

LOPED TURBULENT
LES TYPT #1.
OCE-24 C/KG,

B
ol
C

40CE 02 M/GEC. O/MuD.%

. -

@ 9
(‘.“l -
(%]

CATA COMPUTED 5Y #XFCTE, PLOTTED SY #2005 (TEST 00-14-C-1R ).



11D =

P T T T T
=7 500 5002 -3, 40 2.3 -1.272 2208

ELECTRIC POTENTIAL (V) X10-2

D.330 1 1""{' IIIJ" I l-.‘Jl‘J 1.320
FARTICULATE BENSITY (KG/CU.M)

=

2 T T ¢ T ¥
D.6CC 1.080 2.000 b R 2000 S.000
PARTICLE VELGCITY (M/SCC) X108~

T T T T+ }
0.700 1.906 2.350 3,190 3,406 1708
MRSS FLUX (KG/SQ.MaGLO) X2

< ~or ~'v— _I. ac '-3-!-' . 5. 'm* 7 s0c
FARTICLE DIFFUSIVITY (S0.M/300) Xx19°

FIGURE :/.75 qulub' DISTRISUTICNS IN A FULLY DFV;L“DEQ TURBULENT

5-SOLID SUSPENSION FLOW. PQQ..(LkS TYPE &1
IPE FLOW PAFAMETERS : R=0.156E-01 M, UD=0.4DJE 02 #/50C ""‘1—-.4 -03 C/KG,
‘IF’ 5.10CE 00y DE=0.3360-02 SQ.M/GE(. MP.-0.200E-01(EXPT), O.202E- "‘\T'.""J KGAGEC .
PIRE INCLINBTION = 99.C. x 0.0, =30.6"; 2-180.C e

CRIA COMPUTED BY £AFCTE, FLOTTED BY £°2.05 (TEST 02-15-0-18 1.



=

T ¥ T T
5 ol SRS 300 2 -2 300 N

ELELTRIC Pn’CNT’HL V) xiet

2.
-
L

3 1 i L] 1
“0. 290 ¢.310 L6 1,13 1.219 1.290
FRP"LULH" DENSITY (KG/CU.M)
(=]
(%]
< —
=]
ﬂ- -
‘;
"
=
3
ey
[<]
& T T T T
0.c52 2.022 2.5 3,50 1.060 < 0w

PARTICLE VELGCITY (M/3ECY X194

& T 1 | T 3
0.20C 1,708 1-17C 4 36

Mas53 iLux rKCfaa *Emf.U X101t

1 L 3
. 50c : 00 s X2 6. 102 5.90 T 700
PRRTICLE DIFFUSIVITY (53.M/6L0) X103
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sHTH SONPUTED BY £UEDEE, RATRD BY SRS (TEGT BO-23-0-18 ).
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~ SUMMARY 0OF TEST CASES i

G(M,N) UP(1,N)
Ds oM KNP HMFX ud RKPOD HMP RmP CA cB cc CE. Gy Figure
G(1,N) UP(1,1) UP (M, N)
00=09=0U=1A 0,356=04 0.10E=04 410 402 204 2409 1,97 4020 0,75 9435 .¥30 ,220 ,207 0,20g=02 5.7 0.0 0.59 1459 7.1
00=02-0~1A 0,35E-04 O0,350E-04 ,10 «2 20, 2.06 2,02 ,020 0,80 ¢.44 ,930 ,218 ,208 0,69E=01 5.7 0,0 0,59 1.57 7.2
00'03'0"1‘! 1.,35E~04 01105'113 .10 .[‘-2 20, 1|9C 2.17 021 0.98 1-’5 .930 .210 +198 °|26E 00 507 0.0 0.59 1050 T3
00=04-U-1A 0.35E~04 0.10E=04 ,15 02 20: 2:,00 2,05 4020 D75 1.5 «931 292 278 0.27E=02 5.7 0.0 0.59 1.53 ,7.4
50'05'0’“1A GoSBF'EM 0.50E=-04 115 nnz 20, 1-97 2,09 020 0,79 1.44 930U .2&9 cZ?S UoﬁbE'01 5,7 0.0 0.5¢ 1|51 7.5
00=06=0-1A 0,35E-04 O0.10E=03 ,15 .02 20, 1.09 2.24 ,021 0,97 ¢.76 ,930 ,289 .267 0.25E 00 5.7 0.0 0.59 1.449 7.6
00=07=0=1A 0.,35E-04 0.710E=04 ,10 .04 20, 4.97 1,97 ,040 0,75 9.985 ,930 ,220 ,207 0,56E*02 5.7 0,0 0,959 1459 7.7
0p=né~0=4A 0,35E=N4 0.,50E-04 .10 ,Ug4 20y 4,05 2,07 ,049 0,86 1.55 ,930 1215 4203 0.,18E 00 5,7 0.0 0.59 155 7.8
00-09=0=-1A 0,35E-04 DN.10FE=03 10 .04 20, 3.48 2,33 ,040 1,26 2+27 ,929 ,200 .188 0,46F 00 5¢7 0.0 0.5 .33 7.9
00=10~0=1A 0.35E-04 0.10E=04 415 +U4 20¢ 4409 2,05 4040 0475 1+85 ,931 292 278 0,53E=02 5.7 0.0 0.59 1:+53 7.10
G0=94=0=9A 0.35E=04 0.50E~04 .15 04 204 5.90 2,14 4049 0.85 1.54 9350 ,286 +272 0.18E 00 5.7 0.0 0,55 1449 7.11
U0=q2=U~q4A 0.35E-04 0,.10E-C3 ,45 .04 20, 3.52 2,46 042 4,27 2.29*,930 »270 ,255 0.47 0O 5,7 0.0 0.,56.4,34 . 7.12
00-13'0"1“ 0.35E=04 H.40E~i4q W10 !('2 A, 1.09 1.88 ,020 0,86 1+16 n92° u196 -1&7 C.735E=03 2.9 0.0 0430 1!67 2:13
00-94=0-4A 0,35E-04 0.50E=04 41U o2 40+ 1.09 1,89 (020 0,88 198 .926 ,4195 ,186 0,18E=0y 2+9 0.0 0.30 166 7.14
00=95-0=1A 0,35E-~04 0,10E=C3 ,10 .02 40 71,05 1,93 .020 0,93 1,25 .¥26 ,192 .184 0,726=04 29 0,0 0.30 9,65 7.15
00~96=0-9A 0,35€E-04 0.10C=04 ,15 L2 40. 1,03 1,99 ,020 0,86 1.16 .929 273 ,263 0,69E-03 2:9 0.0 0.30 1.56 7.16
60=97-C=4A 0.35E=04 0.50E=04 ,15 +C2 40, ¢.03 2,00 ,020 0,88 1098 Y29 .272 .262 0,17E=04 2.9 0.0 0.30 1.58 7.17
00-18=0-1A 0,35E-04 0.10E-03 ,15> ,U2 4. 1.02 2.04 ,020 0,92 1.44 .929 270 ,250 0,68E=09q 2+9 0.0 0,30 4,56 7.18
00-49-0-1A 0.35F-04 0.10E=N4 ,10 ,04 40, 2.95 1,88 .040 0,86 1+16 .926 ,196 .187 0.15E=02 2.9 0.0 0.30 .67 7.19
00=20-U-1A 0,35E-04 0.50E-C4 ,qU ,04 40, 2.97 1,90 ,040 0,E9 1:¢0 .926 ,494 ,485 0.36E=01 2.9 0.0 0.30 1.66 7.20
G0=21"0=1A D0.,35E-04 0.10E=03 10 +U4 484 2.912 1,97 1041 1,00 .34 + Y206 ,490 ,484 0.14E 00 2.9 0,0 0.30 9462 7.21
U0-22-0-1A 0.35E-04 0.10E~04 .15 .14 40, 2,07 1,99 040 0,86 4,96 ,929 ,273 .263 0,14E=02 2,9 0.0 0,30 158 7.22
C0-23-0=4A 0,35E-04 0,50E~04 ,19 U4 40, 2,05 2,01 ,04C 0,89 9.40 .929 ,279 «269 0,34€"04 249 0.0 0.30 1457 7.23
00-24=0-1A 0.356-54 0,10E-03 .45 ,04 40, 2,00 2,08 ,047 0,99 1.93 ,929 ,267 .257 0,136 00 2,9 0,0 0.30 153 7.24
U9=04-0=-2A 0,75€E-04 0.90E-04 ,90 ,U2 20, 2,66 1,55 ,020 0,26 3.97 .609 +123 063 O0,16E=04 1+2 0,0 2,72 9,08 . 7.25
09=02-0-2A 0,75F-04 0.50E~04 ,10 .02 20, 2,45 1,67 ,020 0,40 5.89 ,095 ,074 .053 O0,37E 00 1.2 0.0 2.72" 1.87 7.26
0q~04=G-2A 0,75FE=04 0.,10E-04 ,45 .02 20, 2,25 1,83 .020 0,26 3.96 .0887 0231 2122 0,94E=04 12 0.0 2072 472 = 3:27
04-02-0-2A 0,75E-04 0,50£-04 ,15 ,U2 20, 2,44 1.75 ,021 0,40 5.50 ,896 ,194 ,053 0,376 00 4,2 0.0 2,7z 1.87 7.28
0y-07-U-2A 0,75E-04 0.,10E~24 .90 ,04 20, 5,80 1,56 ,040 0.26 4.U3 609 ,9122 .063 0,32E~09 1+2 0.0 2.72 2.03 . 7.29
UqeqU=0-2A 0.,75F=N4 0.10E=04 .95 .04 20, 4,49 1.83 ,040 0.26 4.Uq ,68S +229 120 0,27E=D4 12 0.0 2.72 1.72 7.30
Uqmq3=0-2A 0,75E=04 0,90E=04 ,1U U2 40, 1,35 9,54 ,020 0,51 1.¥8 .905 ,092 ,062 0,49E=02 0,6 0.0 9,36 2,04 7,31 -
01r14=0-2A 0,75E-N4 0,50E=04 ,qU ,02 40. 1,32 1,58 ,020 0,56 2.19 %05 ,090 .0860 O0,90FE 00 0,6 0.0 1.36 2.0  7.32
0q=16-0~2A 0,75E=04 D0.10E=04 ,395 U2 40, 9.35 1,52 ,020 0+¢59 1.¥8 ,890 ,406 .096 0,41E=072 0.6 0.0 4.36 2.07 7533
09-97=0-2A 0,75€-04 0,50E~04 ,1> .02 40, 1,83 1.57 ,020 0,56 2.19 .©98 ,405 ,095 0,906 00 ~ 0.6 0,0 1.36 2,03 7.34 "
09=19-0-2A 0,75E-04 0,10E=04 ,10 .04 40, 2.67 1,54 ,040 0,59 1.9 ,905 ,062 ,082 0,82E=02 0,6 0.0 1.3¢6 2.04 7,35
Otr20-t-2A 0,75E-04 0,50E-04 ,10 ,U4 40, 2,60 1,62 ,049 0,62 2.43 ,900 ,088 ,079 0,20E 00 0.6 0.0 1.36 1499 7.36
0y=22-C-2A 0,75F-N4 0.90E=04 ,15 .04 40, 2.70 1,52 ,040 0,51 .99 ,090 v106 .096 0.83FE=02 0.6 0.0 9.3¢ 2.07
09+28-0-2A 0,75E~04 0,50E-04 ,1> ,U4 40, 2,62 1,62 ,041 0,63 2,43 ,8697 103 ,093 0,20 00 0.6 0.0 9.3¢6 2,00
02=01=0-2A 0,75E-04 0.,10E=04 ,10 ,02 20, 2,92 1,4y ,020 9,02 .02 .67y ,048 ,068 0.18E=01 1.2 0.,y 0.00 2,298
1+2 0.1 0.00 9,95

0gw02-U-2A 0,75E-04 0,50E=04 ,10 ,02 20, 2,55 1,60 ,020 1,54 1,94 ,594 ,065 065 0,39 00

= == : Table 7.1: — Summary of analytical results for the flow characteristic equations (4.4.2) - (4.4.5)
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00~09-0-18
0n=g2-0-18
00-03-0-18
go=p4=0-18
go-05=0-18
00=n6=0-18
00=07=0-18
gu=ps=0=-18
p0=-n9=0-148
00=10-0-18
00=qq9-0=18
_00=92-0-1B
00=13-0-18B
00=q14=~0-18
00=15=0-18
00=q6=0-48
00=q7=10-48
00=q8=0-18
00=459=0-48
00=20-0~-48
§0=24~0=48
00=22-0-18
00-23-0-18
Go=24=-0-18
fg=04-0=2B
0z2=-p2=0-28
04=0¢-0=-24d
0q=02=0-28
01=04-0-28
0q=05=0-28
f01=07=0=28
01008'0'28
01910'0'2d
04=91~0-28
0y#q3~0=-p8
09=q4=0-24d
31*16'0-26
Uqwq7=0=-28
qmq9=0=-24d
0p=20~0L=pd
0q=22~0-28
0g=23-0-28

DS

0.35E=-04
0.,35E~04
0.35E=04
0.35E-04
0.35F-04
D.35E~04
0,35E~04
0.35E=~04
U.3bE'-’14
0,35E-04
0.35E=04
0.,35E-04
0035E'04

0,35E-04

0.35E=04
0.35E=04
G|3bE-q‘
0,35E-04
0,35E=04
0.35E-04
0,35E=-04
0.35E-04
D.35E~D4
DI35E-D4
0,75E~04
0.75E-04
0,75E-04
0,75E~04
D,75E-04
0.75E-04
0,75E-04
0.75E=04
0,75E=04
0.75E-04
0.75E=04
0,75E=04
0.75E=04
0.75E=~04
GOTSE-Uq
00755'04
0,75E-n4
0,75E=04

an

0.,106-04
0.53&‘34
0010E'03
Ul1UE‘U4
3.50E~04
0.10E=N3
0-13E‘04
0030&”04
0.10E=03
0.10E-04
0.,50E=04
0.10E=03
0.,10E=04
0.,50E=04
GO1GE~06
G-1UE'G4
0.50E=04
0.10E-33
30105-34
0.50E=-04

0.10E-04
5.30E'34
00105“94
G -53&'04
0,10E=-04
0050&‘34
0-10&‘04
D.50E=04
0.10E=04
leUE”04
0.10E~04
0.50E-04
0!19E*U4
0.,20E=04
0.,10E~04
0.50E=D4
0010&‘04
0,50E~04
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MP

1,80
1,84
1.98
191
1:96
2:10
180
1.89
2:+14
1.92
2,00
2.26
157
1.58
1.59
Y407
1.68
171
1.:+57
1.58
162
1.68
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3'17
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.08
3031
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2020 0,72
020 0,78
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0,34E=02
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0,32 00
0,32E=02
UOTQE-U1
0,31E 00
0,69E=02
0,17 00
0,57 00
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CHAPTER 8

DISCUSSION OF EXPERIMENTAL RESULTS

A series of test runs with air and solid flow rates in the
range of .016 - .045 kg/sec has been carried out in both air and
ionized air. For each test run, at least 6 sampling signals of
mass flow rates, pressure drops and charge current were recorded
and mean values were computed by means of time averaging, standard
deviations of the signals being given in Table 8.1. The large
deviations of the solid flow rate signals were mainly due to pul-
sations occurred at low feeding rates and did not appear to correlate
with the deviations of other signals. Typical traces of mass flow

rates and charge current signals are shown in Fig. 8.1.

8.1 Analysis of Pressure Drop Data

Following the procedure of dimensional analysis used by
Duckworth and Rose (11), it would seem appropriate to correlate the
pressure drop data in terms of the pertinent variables and since we
are only concerned with the fully developed flow region, the pressure
gradient (9P/8x), and friction factors Cep and Cgp are therefore
related by equations (5.1 - 5.4). Further, it has been shown by
Duckworth and Rose that for a given size of particles, the following
functional relationships exist
(8.1.1)

Ct

m = f; (Re, Fr, M /M

g

and Cf

- f2 (Re, Fr, Mp/Mf) (8.1.2)

where Re ( = 2RplU/fi) is the pipe flow Reynolds number, Fr ( = u2 f2Rg)
is the Fronde number and (Mp/Hf) is the mass flow ratio.

In order to demonstrate the above relationships, parametric

curves relating (3P/3x), Cg, and Cfp to Re, Fr and Mp/Mf were plotted

m



= 6N =

Particle p P 2 4
Standard Type 71 Type 72 Type 7 3 Typel7 4
Deviation
Ball probe current | .004-.012 | .004~-.012 | .005-.016 | .025-.050
Solid flow rate .070-,330 | .040-.160 | .020-.016 | .020-.120
Air flow rate .001-.004 | .001-.004 .001-.004 | .001-.004
Pressure drop .002-.006 | .002-.006 | .002-.006 | .002-.006

Table 8.1.

Typical standard

deviations of data signals.
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Fig. 8.1 (a).

Fig. 8.1 (b).
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Fig. 8.1 (c) -
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Fig. 8.1 (d).
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Fig- 8-1 (e)o

Fig, 8.1 (f).
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Fig. 8.1 (g).

Fig. 8.1 (h).
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Fig. No. Particles Mf (kg/sec) Mp (kg/sec) ! —Ib (pa)
8.1 (a) Type #1 L0344 .0175 .0390

G B .0181 .0324 .0190

R () Type #2 .0300 .0191 .0240
"(d) » .0179 .0346 .0110

YES ) Type 7 3 .0326 .0186 .0200

G i .0182 0462 .01;;"

S Type # 4 .0352 .0155 .0028
") " .0180 .0157 | .0023

Fig. 8.1. Typical traces of mass flow rates and ball probe

current. ( Time scale = .5 sec/cm )
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for each type of particles. As shown in Figs. 8.2 - 8.5, (BP/ax)m
increases almost linearly with Re along each of the constant M, curves
and the spacings between the curves appear to be dependent on the
relative difference in Mp. The curves numbered with an asterisk
denote test runs in ionized air. Although the results of the typei¥1
particles show considerable scatter, the trend is still evident.

Under dynamically similar conditions, the pressure drops measured

in 'ionized air' were generally higher than those measured in
'unionized air', which corresponds to higher charge current being

measured in the latter case.

The curves showing the functional relationships between Cfm
vs. Re and Cfp vs. Re for various Mp have the same trend as that of
a single phase Newtonian fluid. (Figs. 8.6 - 8.9 and 8.10 - 8.13)
Both Cg and Cfp approach to some sensibly constant values at high Re
and again, the spacings between the curves seem to be dependent on

the relative difference in Mp.

The effects of Fr on (BPIBx)m, Cem and Cfp are shown in Figs.
8.14 - 8.25, and upon comparison with the Re parametric curves (Figs. 8.2-
8.13), the seemingly similar behaviour of the Fr parametric curves

suggests that equations (8.1.1) and (8.1.2) can be reduced to
Cfm = f3 (Re, Mp/Mf) = f, (Fr, Mp/Mf) (8.1.3)

and CfP = fs (Re, Mp!Mf) = fs (Fl’, M]_)/Mf) : (8.1-4)

Further, plotting (BP/B§)m, Cg,, and Cfp vs. (Mp/Mf) for
various Re as shown in Figs. 8.26 - 8.37, we see that Cfm and Cfp
increase linearly with (Mp/Mf) and are almost independent of Re.
Thus, if the effect of electrostatic charging can be completely
neglected and the presence of particles would always lead to higher

pressure drop, Cem and Cfp can be expressed as a single function of

1, /M) ,

Cem = Cp + £ (M;/Mg) (8.1.5)
and cfp = £ (M;/Mg) (8.1.6)
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To a good approximation, the present results show that

/ M
£ M /M) = kK-—E (8.1.7)
S M
f
where k = .016 for type #l.particles
= ,.035 for types #2 and #3 particles
= .038 for type#é particles;

within the ranges of .7< (Mp/Mf) <2.7 and .4 x 105 < Re ¢ .6 x 10°,

In general, the present pressure drop results are in good
agreement with those obtained by Duckworth and Kakka (12) and for

similar ranges of mass flow rates, they gave

fa\CZ fMD
He

where C; and C, are correlation constant.

Similarly, McCarthy and Olson (3) obtained for high speed gas—
solid suspension flow ( .2 x 10% < Re < .5 x 105)

c M M\ 2
= = 1+ ,3(-—") + 5(-—2) (8.1.9)
Cf Hf M

f

8.2 Analysis of Charge Current Data

Earlier results of charge measurement using the deflection
method as described in Section 6.7.1 are not presented here and only
the charge current results obtained with the electrostatic ball probe
will be analysed. Charge current was measured with the ball probe
fixed at the pipe axis and in all readings taken, the charge current
was negative. Background current was checked in both air and ionized
air and such current if existed was not measurable. Both air
humidity (36 - 467) and air ionization were found to have only

negligible effect on the ball probe current.

As shown in Figs. 8.38 - 8.41, the charge current I, increases

with both Mp and Re but does so more rapidly with the latter, and this
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is further seen by plotting the dimensionless current I, vs. (Mp/Mf)
(Figs. 8.42 - 8.45). Upon comparison of the magnitudes of I, for
the 4 types of particle, it is seen that over the same ranges of MP
and Re, I is much greater for the small particles (e.g. I for the
type# 1 particles is about 8 times that for the typeﬁéd particles).
However, I, appears to be dependent on the initial state of the
physical conditions of the particles, being much higher in the first
runs than those measured during the subsequent runs for the same MP
and Re. Similar phenomenon was also observed by Cole et al (25)

during their investigation of electrostatic charging effects in high

speed gas-solid suspension flow. There are two apparent reasons.

Recalling the charge current equation (6.7.2.3), the potential
difference (V; - V) which accounts for the charge transfer produced
for collision with the ball probe is independent of Mp and Re (Subscripts
1l and 2 denote the particles and the ball probe respectively). By
definition, (V; = V,) is made up of two parts, V.( =91 = ¢2) and
(qy/4mea,) for an earthed probe (Section 2.1). Although V. cannot be
determined from the present data, usually being of the order of 1V, it
is expected to be negative because the work function of steel ¢, is
greater than that for glass ¢;. According to the charge measurement
carried out by Soo et al (6) q; is positive for glass particles being
transported in metal pipe. For -ve charge current, the magnitude of
V.(-ve) must be always greater than (q)/4mea;), and if the particles
are initially uncharged (i.e. q; ™~ o), the effective potential
difference (V; - V) at the impact is therefore entirely due to Ve
Upon collision with the pipe wall and other boundaries, the particles
become positively charged (i.e. q > 0) and the potential difference at
the impact is reduced from V. to (V. + qj/4mea;), resulting in lower
charge transfer and hence lower current. Alternatively, both the
contact potential difference V. and conductivity o, are highly
influenced by absorbed surface layers of moisture and even a slight
change in surface conditions of the particles can cause large variations

in V. and 03, thus altering the rate of charge transfer.
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If the characteristic charge transfer length 2; is comparable
with a;, as suggested by Cheng and Soo (24), the charge transfer
coefficient hys is therefore given by equation (6.7.2.2) as (o1/a;)
for op%; >> 03%p. For 35u glass particles (P; = 2400 kg/m3;
Ey = .6 x 101! N/m?; vy = .25; ¢; = .6 x 10710 farads;
07 = .2 x 107 mho/m; u; = 25 m/s; P = 1.5 kg/m3; qy/m = 107° c/kg),
a 6250u steel ball probe (E; = 2 x 1012 N/m?; vy, = .3), V_ = -1V and

c

012 = 1, equation (6.7.2.3) predicts a charge current of about
.4 x 107124 which is much smaller than the average experimental value

(.2 x 1077A). This suggests that modification of hj, or 2; is required.

Defining %; as a critical distance of separation beyond which
no charge transfer can take place, Cole et al (25) suggested that
21/a; is of the order of 107° and that the contact area at the impact
is given by 2maj;%;.Z,, where Z_ is a modification factor, taking into
account the surface roughness of the particles (23). Based on the
modified 21 which effectively increases the rate of charge transfer
by 105 times, the charge current becomes .4 x 1077A and is in good

agreement with experimental results.

Correlation between pressure drop and charge current data was
made by plotting (3P/9x),, Cgp and Cfp vs. (Q/m) as shown in Figs.
8.46 - 8.57. It can be seen that for constant Mp and Re, the pressure
drop and friction factors are generally higher at low (Q/m). Although
earlier charge measurement using the deflection method (Section 6.7.1)
has suggested that (q/m) is less than 107° c¢/kg, in the absence of
simultaneous measurements of V. and q, any explanation for such
phenomenon must be largely speculative. For small glass particles of
50 = 250y diameter range, being transported in a brass duct, maximum
(q/m) of about 3 x 10~® c¢/kg was measured by Soo et al (6). If
their results can be used as a general guide to the order of magnitude
of electrostatic charges acquired by the particles in the present work,
it is readily seen from the analytical results (Chapter 7) that for
(q/m) < 1073 c/kg, the flow characteristics and the overall pressure
drop are not affected by the charges on the particles. The difference
in (Q/m) measured under dynamically similar conditions might have

been caused by changes in surface conditions of the particles which
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would not only affect Vc and o0j, but also the physical friction
between the particles and the pipe wall, thus showing up a

difference in pressure drops.
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PRESSURE DROP DATA CORRELATION CURVES

( FIGURES 8.2 - 8.37 )
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915]

*+OBO X

/P BY #PJ03.

M.Dl

KG/SEC

0. 172E-01
0.172E-01
0. 181E-01
0.223E-01
0.2982E-C1
0.332E-01

PLOTTED BY +#PJI01

(C1-05-12-14-02-001 .

T.%¢C
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FIGURE &.79

GLASS BEADS TYPE #£2.

CONSTANT PRRAMETERI(S)

CURVE 01
CURVE 02*
CURVE 03
CURVE 04%
CURVE 05
CURVE C5*
CURVE 07*

BATA COMPUTED BY #PLFZ. 2

MP, KG/SEC

3% +OEO X

(.:

0. 19CE-Ci
C. 130E-01
0. 246E-01
2. 2450-01
0.343E-01
0.344E-01
0. 365c-01

[ #PJ03. PLOTTED BY #PJC4

SUSPENSICON FRICTION FARCTOR, CFM VS. FROUDE NUMBER, FR.

(02-03-10-14-02-0G] .
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FIGURE :8.20 SUSPENSION FRICTION FACTOR, CFM VS. FROUDE NUMSER. FR.
GLASS SEARDS TYPE £3.

CONSTANT PARAMETER(S) : MP, KG/SEC
CURVE 01 X 0. 18SE-01
CURVE 02* ® 0. i87E-01
CURVE 03 3 0.243E-01
CURVE 04" & C.245E-01
CURVE 05 + 0. 343F-Ci
CURVE 06 % % 0.344F-01
CURVE 07 @ 0. 364E-01
CURVE 03 * © 0. 365:-01

DATA EOMPUTED BY #PCPREZ.

Q/P BY #£PU03. PLOCTIED BY #PU04

103-09-10-14-02--00) .
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FIGURE :8.27 SUSPENSION FRICTION FACTOR, CFM VS. FROUDE NUMBER, FR.
GLASS BERDS TYPE #4,

CONSTANT PRARAMETER(S) : MP, KG/SEC
CURVE D1 = x 0. 156E-01
CURVE 02* © 0.195:-01
CURVE 03 [  0.204E-C1i
CURVE 04* &  0.204F-01
CURVE 05 +  0.294E-01
CURVE 06 * = 0.250E-01
CURVE 07 ©  0.3i2E-01
CURVE 08* o 0. 324E-01
CURVE 03 (@  0.4050-01
CURVE 10* B8  0.401E-01
CURVE 11 &  0.454:-01
CURVE 12* @ 0.453E-01
DATR COMPUTED 3Y £F0PZ. O/P 8Y £°.03. PLOTIED 3Y £5.004 (04-05-120-14-02-00} .

7900
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1.412

FIGURE :8.22 PARTICLES FRICTION FACTOR, CFP VS. FROUDE NUMBER, FR.
GLASS BEADS TYPE #£1.

CONSTANT PRARAMETERLS) MP, KG/SEC
CURVE © . = C. 172e-01
CURVE 02" © 0. 172E-01
CURVE 03 0 C.181E-01
CURVE 02 & 0.225E-01
CURYE 09 =t . 232E-C1
CURVE 06 0. 332E-01

DATA COMPUTED BY #POFZ.

/P BY #PJ03. PLOTIED 5Y #PU05 (01-03-11-14-02-00) .
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FIGURE : 8. 23 PARTICLES FRICTION FACTOR., CFFP VS. FROUDE NUMSER. FR.

GLASS

BERDS TYPE #2.

)

CONSTRNT PRARAMETERIS

CURVE
CURVE
CURVE
CURVE
CURVE
CURVE
CURVE

2RTA COMPUTED BY #POFz.

.
-

Ol
p2*

03

O* +OE0O x

S/F BY #5.03.

MP, KG/SEC

0. 180E-01
C. i30E-01
.246E-01
~2458-01
. 343E-C1
). 344E-01

3 'Ja..:L _Ui

CJ(? QOO

PLGTTED BY #F.104

(02-0%8-11-14-02-00:
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FIGURE : &.2%4 PARTICLES FRICTION FACTOR, CF® VS. FROUDE NUMBER, FR.
GLASS SERDS TYPE £3.

CONSTANT PARAMETER(S) : MP, KG/SEC
CURVE 01. x  0.i85€-01
CURVE 02 & . 0.187E-01
CURVE 03, 3  0.243E-01
CURVE 04 <&  0.2450-01
CURVE 05 +  0.343E-0
CURVE 08*F = 0.344E-01
CURVE 07. ©  0.354:-0l
CURVE 08 &  0.3550-01

ORTH COMPUTES BY $PDFZ. O/P BY £P403. PLOTIED BY £P004

103-08-11-14-02-00}
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FIGURE :&8.25 PARTICLES FRICTION FACTOR. CFP VS. FROUDE NUMBER, FR.
CLRSS BERDS TYPE #4.

CONSTANT PRARAMETER(S) MP, KG/SLC
CURVE 01 X 0. 156E-01
CURVE 0Z* © 0. 195¢-01
CURVE 03 = 0.294E-01
CURVE 04* &  0.204E-01
CURVE 05  + ). 294E-C1
CURVE £5% = 0. 230E-01
CURVE 07 @ 0. 312E-01
CURVE 03* & 0. 324F-01
CURVE 03 [T 0. 405£-01
CURVE 10* B 0.401E-01
CURVE 11 @ C.454t-C1
CURVE 12* B  0.453F-01

DATR COMPUTED BY #PCEZ. O/P BY #P.073. PLOTTED BY #PU04

(04-09-11-14-02-00) .

7500
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FIGURE : 8.26 PRESSURE GRADIENT,
CLRSS BEADRS TYPE £1.

CONSTANT PARAMETER!(S) @ RE

CURVE C1
_Curve oo¥
CURVE 53
CURVE 04
CuRvE 05*

DO *+DHO X
Q
"~

o =
CURVE 06 0.3
CURVE 97* 0.5
CURVE 03 (5

[DF/DX) V3.

:fzﬁu
°/MF

05¢ 08
08 635
94t 03
bt 05
24t €3
26k 03
T4t 03
VoE 08

DRTA COMPUTES 8Y ¢PLT2, J/P OY #7403, PLIOTTEE BY

T
1.%3%

M35S FLOW RATIC.

FAr sl
#2101

{MP/MF .

£01-04-023-14-07-05
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F1CGURE :8.27 PRESSURE CGRACIENT, (DP/DX) V5. MASs FLOW RRTIO, (MP/MF.
CLRSS BERDS TYPE &2,
CONGTANT PARAMETER(S) RE
CURVE C1 > 0.403E CS
CURVE -02* 0 0.400F 05
CURVE 037 & 0.447E 0S5
CURVE 224 & G. 495 45
CURVE 65% + C.3932F 65
CURVE 0% % 0.528€ 03
DATR COMPUTED BY £°0PZ. T/P 5Y £°003. FLOTTED SY #5104  (00-Da-03-14-07-00)
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0. 34!

0.7¢¢

CONGSTANT PRARAMETER!

DATA COMPLTED BY £°LFZ, O/P BY #2003, PLOTTED BY #P.0%

8l

CURVE
CURVEC
CURVE
CURVE
CURVL
CURVE
CURVE
CURVE
CURVE
CURVE

01
g2*
03
pa*
g5
De*
355
=
ca*
63
1k
47

[DF/DX) V5.

e
05
mne
g S |

£
03

ne
o ot
ne
L8
s
-l
f-'r\:
o

[l x

>

falz
wd
ne
= S
E s
o

HEO O % +

i
L

MIGS FLOW RATIC,

(3-Chr-03-14

e ]

IMP/MF] .

=g7-0C" .
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FIGURE

. 8. 29 PRESGURE
GLASS READS TYPE 24

CRACIENT,

(DF/DX) VS. MASS FLOW RRTIC, (MP/MF).

.

CONSTANT PARAMETER(G) RE
CURVE 01 X 05
CURVE 02* o 55
CURVE 03 O £ 05
CURVE 04* & S
CURVE 05, + 05
CURVE 06" % 05
CURVE 57 © 05
CURVE £9* o 65
CURVE 22 [ 05
CURBVE 16* O £s
LUQ’L 1 & b
CURVE 12* @ 05

BATR CONPUTED BY

#°LPZz, CIF BY

(01-04-C3-14-07-0C! .

002, P

3,600
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4.142

3.990

3.822

3.180

3.c23

85
(5]

PR _T_q T T T
0.5320 &80 €.330 1.112 1.Z70 1.5%0 1.%30 1.750

FIGURE : 8. JO0 SUSPENSION FRICTION FSCTOR. CFM VS. MASS FLOW RATIO. (MP/MF).
GLRSS BERDS TYPE #1.

DATA COMPUTED BY #POPZ.

CONSTANT PARAMETER(S) RE
CURVE 01, X 0.405E 05
CURVE 02" @ C.403F 05
CURVE 03 O 0.454F 05
CURVE 04 <& 0.436F 05
CURVE £5* + 0.434F 05
CURVE 06 0.535E 05
CURVE 07 @ 0.574E G5
CURVE 08" © 0.578E 05

J/P BY ££303. PLOTTED BY £5.104

(01-04-10-14-07-C0)



X10

C.740

CFM

FIGURE : 8. 37 SUSPENSION FRICTION FACTOR,
BEADS TYPE £2.

1,060

=

£.580

C.200

0,822

0. 427

0,700

GLRSS

CONSTANT PRARAMETER!(S) :

CURVE
CURVE
CURVE
CURVE
CURVE
CURVE

DATR COMPUTED 8Y #FDP2z,

01
2%
03*
04

05*

=
06

1.900
MP/MF

T
2,320 2.700

RE
x 0.4C3E €5
& 0.400E 05
& 0.447E 05
& 0.435E 05
A 0.452E 05
* 0.528E 03

o/P BY #PJ03. PLOTTER BY #2004

CFM VS. MRSS FLOW RRTID,

(MP/MF ).

(02-04-10-14-07-000 .

4,900



1,680

=207 <

1,900

1.340

1,180

CFM

1.%900

FIGURE : 8. 32 SUSPENGION FRICTION FACTOR,

CLASS BERDS TYPE £3.

CONSTANT PARAMETER!(S) :

CURVE 01

CURVE 02*
CURVE ©

CURVE 0a*
CURVE
CURVE 06*
CURVE O
CURVE 03
CURVE 09
CURVE 10

DATR COMPUTED 8Y £P0PZ,

RE

0.408E
0.403E
0.452E
0.450E
0. 433¢C
0. 4353E
0.532E
C.530E
C.574¢t
0.566E

NEHOS ¥ +ORG X

C/P BY £P.003.

QOOODOOO
ALALhLaLh e en

=
G_‘
=
0S5

e
LV I

CFH V3.

PLOTTER 3Y $PJ04

M3SS FLOW RATIO,

(MP/AME)

f03-04-10-14-07-0G3 .
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FI1CGURE :8- 33 SUSPENSION FRICTION FSCTOR, CFM VS. MASS FLOW RRTIO. (MP/MF).

GLRASS BERDS TYPE 24,

CONSTANT PARAMETER(S) : RE
CURVE 01 x 0.405E 05
CURVE 02* © 0.401E CS
CURVE 03 @ 0.455C 0S
CURVE 04* &  0.454t 05
CURVE 05 +  0.499F 0S
CURVE 06% = 0.438F 05
CURVE C7, ©  0.533F 05
CURVE 03" ©  0.935C 05
CURVE 09 . @  0.577E 05
CURVE 10* B 0.5755 05
CURVE 11 ©  0.6039E 0S

OATA COMPUTED BY £PDPZ. J/F BY £P103. PLOTTED BY £°00

(04-04-10-14-07-00) .
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X102

1.770
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CFF
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1.512

1.430
= et
®
152
X

T I 1
£.330 1.119 1.210 1.430 1.330 1.750
) b i

FIGURE :8. 3% PARTICLES FRICTION FACTOR, CFP VS. M3SS FLOW RATIO, (MP/MF).

CLASS BERDS TYPE #1.

_CONSTANT PARAMETER!S) RE
CURVE 01 X 0.40SC 05
CURVE 02* © 0.408E €5
CURVE 03 0.454F 035
CURVE 04 <& 0.438E 05
CURVE 05% + 0.494E 05
CURVE 06 % 0.535E 65
CURVE 07 O 0.574F £S5
CURVE £3* ©  0.575F 25

DATR COMPUTET BY #FOPe.

aOfF BY ££J03.

PLOTTED BY #°.04

101-C4-11-14-07-003

1.912
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FIGURE :0. 35 PARTICLES FRICTION FACTOR, CFP VS. MASS FLOW RATIO, IMP/MF).

CLASS BERDS TYPE £2,

CONSTANT PRRAMETER(S)

- CURVE
CURVE
CURVE

CURVE
CURVE ¢

CURVE

DATA COMPUTED BY $#PDPZ. O/F BY #PJ03. PLOTTED SY #£U04

RE
x 0.403E
O] C.40CE
& 0.447F
& 0.433¢
- 0.432¢
- D.HZ3E

05
G3

05

05

]

o

(02-04-11-14-07-007 .



1.430

=21F =

1.330

1,170

1,010

“X10

0.850

cFp

FIGLRE :Olj5' PARTICLES FRICTION FACTOR, (FP VS. MISS FLOW RATIO,

CLRSS BERDS
CONSTANT PRRAMETER(S)

CURVE 01
CURVE Cz*
CURVE 0!
CURVE 0a*
CURVE 05
CURVE 0g*
CURVE 07
CURVE 3%
CURVE ©9
CURVE 10%

DATH COMPUTED BY #PEFZ.

MP/MF

TYPE #3.
RE

0.406E 0S5
0.403E G5
0.452E G5
G.450E C5
0.484F 05
+393E U5
yaa2k B8
-D3GE G5

.574E G5
.566E 65

NEO0e%x+O106 x

ololole e

S/P BY £303. PLOTTED BY #P004

(MP/MIF ) .

103-04-11-14-07-001 .

AL (o ¥
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0.930 1.09¢ 1,250 1.410

~X10
£.770

CFP

FIGURE : J. 37 PAR

Tl
GLRSS
CONSTANT PARRMETER(S) =

CURVE 0
CURVE O
CURVE 03
CURVE ©
CURVE ©5
CURVE 06*
CURVE 07
CURVE ©

CURVE 09
CURVE
CURVE 11

CURVE 12

DATR COMSUTED BY £PLF:

CLES FRICTION FARCTOR,
BERDS TYPE #4.

T Me/MF

CEP VS

0.406F 08
0.401E 0S8
0.455E 0S5
.454E £5
.433F 65
+438E B85
523E 65
5C G5
BI7E 05
SB75E 65

ExnE Aas

HeDBose%+D00x
ED:WKDCDFDF)CJCDKD

&

m

- | =
A T
SE 85

<> Q/P 'BY #PJ03. PLOTIED BY #£PU04

M3CS FLOW RRTIO.

(MP/MF 3.

(04-04-11-14-07-00] .

3.600
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CHARGE CURRENT DATA CORRELATION CURVES

( FIGURES 8.38 - 8.57 )



4.8500
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4.000 4. 483

3.500

3.200

MP, XG/SEC X102
z.800

2,422

2.003

&

O]

1.500

1.000 1,420 1.90¢

-
2.2%

2, 2 2.500
18 (-VE!, AM® X108

FIGURE :S. 38 MAsS FLOW RATE OF ®ARTICLES. MP VS. SALL PROSBE CURRENT, I8

GLRASS BEQDS TYPE #1.

CONSTANT PARAMETER(S) : RE
CURVE 01 X 0.405E 05
CURVE 02* © 0.4038F 55
CURVE 03 3  0.454F 05
CURVE 04* & 0.436E 0S
CURVE 05* + 0.45%E 08
CURVE 05, * 0.535L 05
CURVE 077 @®  O.578F 05

DATR COMPUTED BY #PDPz.

a/F BY #F.J03.

PLOTTED B8Y £PJ04
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3,400
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102
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MP, XCG/SEC X102

e

3.
1

2.500

2.20C

X ' o® © © B . #

500

-_: ] 1) ] )
0.600 1.000 1.400 1.90C 2.200 2.50¢ 3007 3 90 3806
18 (-VE}, AMP X103 .

FIGURE :8. 39 MASS FLOW RATE OF PRARTICLES, MP VS. EALL PR3BE CURRENT, IB.
GLRSS BERDS TYPE £2.

CONSTANT PRRAMETER(S) RE

CURVE 01 x 0.404F 05
CURVE 02 ©  0.400FE 05
CWRVE 03* @  0.447€ ¢
CURVE 04 &  0.495F 05
CURVE 05* + 0.492F 05
CURVE 068° % 0.528E 05

DATA COMPUTED BY #PDPz. O0/P 8Y #P.03. PLOTIED BY #°2U04 (02-12-02-13-07-00) .
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7.0 8120
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MP, -xcrsgt X102

4.100

2,508

x @ 2 * s T m

700

1] 1 1 1] )
1,000 1.20¢ 1,400 1,500 1.30¢ 2.003 2.200 2,406 2.500
IB (-VE), AMP X108 :

FIGURE : 8. 40 Mass FLOW RATE OF PRARTICLES, MP VS. BALL PROSE CURRENT, IS.
GLASS BEARS TYPE £3.

CONSTANT PARAMETER(S) RE
CURVE 01, X 0.405F 05
CURVE 02 &  0.403F 05
CURVE C3. [  0.452E 05
CURVE £4° & 0.450F 0S5
CURVE 65 <+  0.494F 05
CURVE 068 %  0.493F 05
CURVE 07 @  0.532F 05
CURVE 03* ©  0.530F 05
CURVE 03 [@  ©.574F G5

BATRA COMPUTED 8Y #PDPZ. O/P BY #PU03. FLOTTED BY #PU04 (03-12-02-14-07-00) .
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$.700
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FIGURE :8. %47 MRSS FLOW RATE OF PARTICLES. MP VS. BRLL PROBE CURRENT. IB.
GLASS BEADS TYPE £4,

CONSTANT PARRMETER(S)

CURVE
CURVE
CURVE
CURVE
CURVE

CURVE ¢

CURVE
CURVE
CURVE
CURVE
CURVE

CURVE

DATR COMPUTED BY #PCFZ.

01
02*
03
04*
05
pe*
07
pg*
g9
iC
11

12

%*

RE

0. 405E
0.401E
0. 455
0. 454t
0. 499E
0. 438E
0.533E
0. 536
0. 373
OLSTSE

Q. 540CE
Wae WAL TL

0.647E

BhDBEOEe¥+OBHO X

&/F BY #PJ03.

05
C3
03
03

ne
L8 ]

=
N od

=
G5
0s
L B |
ns

-

85

ms
W

035

PLOTTIED BY #FJC4

104-12-02-14-07-08) .
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FIGURE : 8. 42 Mass FLOW RATIO, (MP/MF) VS. DIMENSIONLESS CURRENT NUMBER. IN.

CLASS BERDS TYPE #1.

: MP, KG/SEC

CONSTANT PRRAMETERI(S)

CURVE 01 X 0. 172E-01
CURVE 02* © 0. 172E-01
CURVE 03 O 0.18iE-01
CURVE 04 <&  0.2285-01
CURVE 05 + 0.292E-01
CURVE 05%* % 0.317E-01
CURVE 07 O 0.332E-01

CATR COMPUTED BY #FDPZz, C/P BY #PJ03. PLOTTED BY #PU04

(01-13-04-00-22-00) .
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FIGURE : & 43 MASS FLOW RATIO. (MP/MF) VS. DIMENSIONLESS CURRENT NUMBER, IN.
GLRSS BEADS TYPE #2.

5.00

CONSTANT PRRAMETER!S) MP, KG/SEC
CURVE 01 X 0. 189E-01
CURVE 02* © 0. 1S0E-01
CURVE 03, @ 0.246E-01
CURVE 04" &  0.245E-01
CURVE 05 + 0.343E-01
CURVE 05: 3’ 0.344E-01
CURVE 07; O 0. 365F-01
CURVE 03° © 0.4585-01

DATA COMPUTED BY #PCP2.

O/F BY #PJO3.

PLOTTEDC SY #PJ04

102-13-04-00-C2-001 .
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FIGURE :8. 44 MRSS FLOW RATIO, (MP/MF) VS. DIMENSIONLESS CURRENT NUMBER, IN.

CLRSS BERDS TYPE £3.

CONSTANT PRRAMETER(S) : MP, KG/SEC
CURVE 01 X 0. 188E-01
CURVE 02* © 0. 187E-01
CURVE 03 o) 0.243E-01
CURVE 04* &  0.2456-01
CURVE 05 + 0.343E-01
CURVE 05* % 0. 344£-01
CURVE 07 O 0. 364E-01
CURVE 08* & 0. 365t -01

DATA COMPUTED BY #PLFZ.

J/P BY #PI03. PLOTTED SY #P.C+

(03-13-04-00-02-00] .

6.7900
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FI1GURE ;8.45' MRES FLOW RATIO. (MP/MF) .vS. DIMENSIONLESS CURRENT NUMBER, IN.

GLASS BERDS TYPE #4.

CONSTENT PRARAMETER(S)

MP, KG/SEC

CURVE 01 X 0. 156F-01
CURVE 02* © 0. 196E-01
CURVE 03 D .204E-01
CURVE 04* & C.204E-01
CURVE 05 + .234F-01
CURVE 06%* =% 0. 250E-01
CURVE 07 @ 0.3i2E-01
CURVE 08 & 0. 324E-01
CURVE 09 @ 0. 4058 -01
CURVE 10* B 0.401E-01
CURVE 11 & 0. 454E-01
CURVE 12* = 0. 453E-01

ORTR COMPUTED 8Y #PDPZ.

0/P BY #PJ03. PLOTTED 3Y $PJ04

(04-13-04-00--02-0C)

1.232
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FIGURE :8.46 EFFECT OF ELECTROSTATIC CHARGE ON PRESSURE GRADIENT.
GLRSS BERADS TYPE #£1. :

CONSTANT PRARAMETER(S) : RE MP, KG/SEC
CURVE 01 X 0.404E 05 0. 173E-01
CURVE 02 @ 0.433E 03 Q. Ev8E-01

OATR COMPUTED BY #PCOPZ. O/P BY #2U03. PLOTTED BY #2004 1(01-14-03-00-07-02) .
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FIGURE :0. 47 EFFECT OF ELECTROSTATIC CHRRGE ON PRESSURE GRRDIENT.
GLASS BEADS TYPE #2.

CONSTANT PRRAMETER(S)

CURVE
CURVE
CURVE
CURVE

01
02
03
04

OEE X

RE

0.401E
0.401E
0. 493t
0.612E

Q0
tAaeaen

Q0

DATR COMPUTED BY #PDF2, O/P BY #P.03. FLOT

TED BY #PJO4

MP, KG/SEC

0.343E-01
0. 1S1E-01
0. 189E-01
0.245t-01

(02-14-03-0C-07-02) .
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FIGURE ;: & 48 EFFECT OF ELECTROSTATIC CHSRGE ON PRESSURE GRADIENT.
CLASS BEADS TYPE £3. :

CONSTANT PRARAMETER(S) : RE MP, KG/SEC
CURVE 01 x  0.405E 0S 0. 187E-01
CURVE 02 @  0.496E CS 0. 196 -01
CURVE 03 3  0.93%E CS 0. 34SE-01
CURVE 04 &  0.573E €5 0. 185E-C1

DRTA COMPUTED BY #FLP2z, J/F 3Y #PJ03. PLOTTED BY #P.'04 (05-14-02-00-07-023 .
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FIGURE :5-49 EFFECT OF ELECTROSTATIC CHARGE CN PRESSURE GRADIENT.

GLASS BERDS TYPE #4.

CONSTANT PRRAMETER(S) - RE
CURVE 01 x 0.403E 03
CURVE 02 © 0.483E 0S5
CURVE 03 & 0.%535%t 03
CURVE 04 & 0.985¢€ 035
CURVE 03 + 0.685t 05

DATR COMPUTED 8Y #PDP2. O/P 5Y #PJ03. PLOTTED BY #PJ04

P, KG/SEC

0. 155¢-01

. 201E=01
0.201E-01
0.201E-01
0.201E-01

(04-14-02-00-07-02) .
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FIGURE : 8. 50 EFFECT OF ELECTROSTATIC CHARGE ON SUSPENSION FRICTION FSCTOR.

| | i
1.300 2.20C 2.80C 3.0 - 3,406 3.900 1.20¢
Q/M, C/KG X10°

GLRSS BERDS TYPE #£1.

CONSTANT PRRAMETER(S) : RE MP. KG/SEC
CURVE CI x  0.404F 0S 0. 173E-01
CLRVE 02 ®  0.495¢ 05 0. 179E-C1

DRIR EOMPUTED BY #PDPZ. /P BY #PJ03. PLOTIED 3Y $°U04  (01-14-10-0G-57-02) .
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FIGURE : .57 EFFECT OF ELECTROSTATIC CHARGE ON SUSPENSION FRICTION FACTOR.

GLRASS BERDS TYPE #2.

CONSTANT PARAMETER(S) : RE
CURVE 61 x 0.401E 03
CURVE 02 & 0.485E €5
CURVE 03 0O 0.612E 0S5

T T
2.90C .2 3.50C

MP., KG/SEC

0. 181E-01
0. 183F-01
0. 245601

DRTA COMPUTETD SY #PCPZ, O/P BY #°.03. PLETTED BY #°PU04 (02-14-10-00-07-025 .
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FIGURE :0.52 EFFECT OF ELECTROSTATIC CHARGE ON SUSPENSICN FRICTION FACTOR.

GLASS: BEADS TYPE 3.

CONSTANT PRRAMETER(S) RE MP. KG/SEC
CURVE 01 x 0.405E €5 0. 187E-01
CURVE 02 © 0.436E 03 0. i360-01
CURYE 03 B 0.938€ 65 0..343E-01
CURVE 04 & 0.573E 05 0. 188£-01

DATR COMPUTED BY $£FDPZ, O/P BY #°U003. PLOTIED SY #2004 1(03-14-10-00-07-02) .

AL
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FIGURE :8. 53 EFFECT OF ELECTROSTATIC CHARGE ON SUSPENSION FRICTION FACTOR.
GLRSS BERDS TYPE #4.

CONSTANT PARRMETER(S)

CURVE 01
CURVE D2
CURVE C3
CURVE 04
CURVE ©

DRTA EOMPUTED BY #PCPZ.

+ORO X

3/F 3Y #PU403.

RE

«402e 05
<A8REI0D
+I30E: 05
.9585t. 05
-.B3GE 03

FPLOTTED BY #5004

MP, KG/SEC

0. 155t-01

(04-14-10-C0-07-021 .
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FIGURE :8.54 EFFECT OF ELECTROSTATIC CHARGE ON PARTICLES FRICTIGN FACTOR.

GLRSS BERDS TYPE #1.

CONSTANT PARAMETERI(S) : RE

CURVE O1 x 0.403E 05
CURVE D2 Q@ 0.4393t. 05

DATR COMPUTEDS 3Y #£PDPZ. /P BY #PU03. PLOTIED BY #PUD4

T
3.%0¢C

MP, KG/SEC

0.174£-01
0:179€-01

3
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FIGURE : &. 55 EFFECT OF ELECTROSTATIC CHARGE ON PARTICLES FRICTION FACTOR.
GLRSS BEADS TYPE #2.

CONSTANT PRRAMETER(S) : RE MP, KG/SEC
CURVE 01 X 0. 402E 05 0. 247E-01
CURVE 02 @ C.401E 05 0. 181E-01
CURVE 03 0] 0.483¢8 05 0. 189E-01
CURVE 04 <& C.812E €5 0.245t-01

ERTA COMPUTED BY #PCP2. O/P BY #2.03. PLOTIED 3Y #£U04  (02-14-11-00-07-07) .
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FIGURE : 8. 56 EFFECT OF ELECTROSTATIC
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GLRSS BERDS TYPE #3.

CONSTANT PRRAMETER(S)

CURVE
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CATA COMPUTED BY #FDPZ.

-
-

o1

(v ]
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CHRRGE ON PRARTICLES FRICTION FARCTOR.
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0. i88E-01

C/P BY #£PJ03. PLOTIEDR BY #PU04 (03-14-11-00-07-023 .
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FIGURE : &. 57 EFFECT OF ELECTROSTATIC
GLASS SERDS TYPE #£4,

CONSTANT PRRAMETER(S) :

CURVE 01
CURVE 02
CURVE 03
CURVE 04
CURVE 05
CURVE O
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CURVE ©

DATR COMPUTED BY #°0PE.
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0. 402E
0. 433t
0.535C
0.583E
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C. B35E
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0O *+DIO X

" Q/M. C/KG X105

CHARGE ON PRRTICLES FRICTION FRCTOR.

03
3
03
03
03
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S/P BY #°U03. PLOYTED BY #PJ04

MP. KG/SEC

0. 155E-01
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CHAPTER 9

CONCLUSIONS

The present study indicates that any measurement or analysis
of gas-solid suspension flow should always include consideration of
the effect of electrostatic charging, and within the present range

of variables, the following conclusions are reached ;

(1) The pipe flow of gas—solid suspension is basically a phenomenon
of interactions among electrostatic, gravity, relaxation and diffusion
effects which are governed by the characteristic parameters o, B, Y

and n. For giveﬁ fluid velocity profile, the distributions of

electric potential, density, mass flux and diffusivity of the particulate

phase can be completely determined from these parameters.

(2) The mathematical modelling of dilute gas-solid suspension flow
is a valid approach. Although results of computations of horizontal
flow are illustrated here, the present model is also applicable to
inclined flows, buoyant particles and mono-dispersed suspensions with

particle size distribution.

(3) The effect of electrification has been shown to be significant
on the distribution of particulate density whereas the particle
velocity distribution is mainly determined by the drag force due to
relative motion between the two phases. The extent of electrostatic
effect on the flow characteristics, however, depends very much on the
charge to mass ratio as well as the mass flow rates, being more
prominent at high mass flow and charge to mass ratios but less

significant at high air flow rates.
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(4) Inclusion of Magnus lift force in the analysis is feasible
but it is believed that its effect is limited only within the
thickness of boundary layer. However, depending on whether the
flow is upward or downward, the Magnus lift force might drive the

particles towards or away from the pipe axis.

(5) When dealing with a concentrated suspension, the basic
equations should be modified to take into account any deviations

of fluid flow characteristics due te presence of particles.

(6) The experimental results show that loading of particles
would always result in higher pressure drops and to a good
approximation, the suspension friction factor can be expressed as

a simple function of mass flow ratio.

(7) ~ The charge transfer current was found to be to the order
of 107 Amp and was not affected by air humidity. Although the
degree of air ionization was not determined, it is believed that
the effect of ionization provided by the radio-active source was
very small. With suitable modification, the electrostatic ball
probe can provide a means of monitoring solid flow rate in

particulate systems.

(8) Charges of both signs were present and the degree of
asymmetry varied with the proportion of particles colliding with
the pipe walls and other boundaries of the system. The net

effective charge to mass ratio was less than 10 ° c/kg.

Further work is currently being carried out at the City
University, using Laser Doppler techniques to measure the velocities
and turbulence intensities of both phases, and it is hoped that

these results can be used to refine the present analysis.
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APPENDIX 1

TURBULENT DIFFUSION IN FULLY DEVELOPED PIPE FLOW

Taylor's theory of diffusion by continuous movement has been
extensively treated in the literature (48, 56, 57) and for illustration
purposes, we shall consider a fluid particle initially at rest is
released at the origin of a cartesian coordinate system. After some

diffusion time t, the particle moves to a point (x, y, z) such that

t
x = IU(T)dT (A.1.1)
o
i
y = fv('t)d*r (A.1.2)
o
o
and z = ‘( w(t)dr (A.1.3)

where u(t), v(t) and w(t) are the Lagrangian turbulent velocity

components of the fluid particle.

Since the fluid is 'at rest' except for the turbulence, the
time mean displacements over all particles have the same properties
as the mean turbulent velocities i.e. x =y = z = 0. However, the
displacement variances will depend on the diffusion time, e.g. in the

y-direction

(=9 =T
las
M

t
1 d
7 = -a{-y = wv(t) J’v(-r)d-r (A.1.4)
0
and when the average motion of a great many fluid particles is con-
sidered, equation (A.1l.4) may be written in terms of the Lagrangian

correlation coefficient R(t) as

% QY2 gl IR(T_)dT (A.1.5)
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v(t)vit + 1)

where R() -
VZ

(A.1.6)

and v2 is the Lagrangian time average velocity.

If the turbulence is homogeneous and isotropic, u? = v2 = w2

and x2 = y2 = z2 e.g. the mean square displacement in the y-direction

becomes
€ t
y2 = 2 sz(ﬁ.(r)dr}'dc (A.1.7
0 0
In In general R(t) decreases from 1 to O in a time t; which is
defined by
t «
TL =fR(-r)dT -JrR('r)d'r = constant (A.1.8)
0 e
t
and AL = (;2)! JPR(r)dr = constant (A.1.9)
0

where TL is the Lagrangian integral time scale and AL is the integral
length scale of the turbulence. Thus, for t > t;, equation (A.1.7)
reduces to

e

1 d -
3 - @, (A.1.10)

which is similar to Einstein's equation for diffusion by Brownian
movement, i.e.
G2

s 4 dyc
D, ey (§.1.11)
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By analogy, Tavlor defined a turbulent diffusivity De

for t > t; as

)

[}
B 4
i
ot

(A.1.12)

Measurements of turbulent diffusivity in pipe flow have
been made by many workers (33, 52, 56-58) and using the correlation
of (DfIZRuo) vs. Reo( = ZREuolu) as suggested by Kada and Hanratty
£52), ug being the fluid velocity at the pipe centre, a summary of
experimental results is given in Table (A.1l). Comparison of these
data shows that greater extent of mixing exists in small pipes and
that (Df/2Ruo) is almost independent on Re,. For the present study

we shall assume

Df = .015 xR x u, (A.1.13)

for R £ .0156m.
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Authors 2R, 1in. Re x 10 DfIZRu0 % 102
Kada and Hanratty (52) 15 .20 110 .
( Water ) E .50 .080
Baldwin and Walsh (56) 8.0 2.9 .110
( Adr ) i 4.2 .100
= 5.3 .098
& 63 .110
Towle and Sherwood (58) 6.0 .12 .270
( Air ) st 25 .190
" .56 . 150
" 1.2 +130
12.0 44 . 200
" | .91 .180
|
Soo et al (33) 3.0 .38 . 400
( Air ) " .84 440
-
213 .570

Groenhof (57)
( Air )

D£/2Ru_r = ,04;

for 2R = 2.0 in. and Reo > el 10

5

Table A.1. Eddy diffusion of turbulent flows in pipes.
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APPENDIX 2

NUMERICAL SOLUTION OF EQUATIONS (4.4.2) - (4.4.5)

Since the flow under fully developed conditions is symmetric

with respect to a vertical plane through the pipe axis, only half of

the pipe cross—section is required for the complete solution. The

layout of the lattice of mesh prints used for the finite difference

approximation is shown in Fig. (A.2).

A2.1

Numerical Method

Re-writing the characteristic equations in difference forms

(dropping the asterisks for simplicity but all quantities are

dimensionless), we now have,

and

-dyp(i,j) + {llr{j)}a{r(j)p(i,j)np(i.j)aup(i,j)/ar}/ar
< {Ur(i,j)2}a{p(i,j)np(i,j)aup(i.j)/a¢}/a¢
+ BF(i,j)p(i,3){u(j) - up(i,j)} =0 (A:2.1.1)

-Dp(i,j)Bo(i,j)lar - {p(i,3)/F(i,3) }av(i,j)/or
- dnf{p(i,j)/F(i,j) }cosé(i) =0 (A.2.1.2)
"Dp(i,j){llr(i)}Bo(i,j)/3¢ - {p(1,3)/F(1,3) H{1/x(3) }aV(i,j) /3¢
+ dInf{p(i,3)/F(i,j) }sing(i) = O

(A.2,1.3)

{1/x(3) Ya{r(§)av(i,j) /ar}/ar + {1/r(§)2}92V(i,]) /34?2
=—4ap(i,j) (A.2.1.4)

p(i,j) = exp{-V(i,j) - inr(j)cosé(i)} (A.2.1.5)
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o= 1

Fig. A.2. Layout of the lattice of mesh points.
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r(j) = {j - 1}n (A.2.1.6)

$(1) = {i - 1}w (A.2.1.7)
1

u(j) = {1 - r(j)}? (A.2.1.8)

for i =1, mand j =

h=1/(n - 1)

and

w=a/(m~- 1)

1, n; and the step sizes are

(A.2.1.9)

(A.2.1.10)

At each mesh point (designated by the indeces i in the ¢~

direction and j in the r-direction), the finite difference appro-

ximations for the partial derivatives of a continuous function f(r,d)

are given by

Bf(i,j)/ar

]

9f(i,j) /3¢

a2f(i,j)/ar?

{£(i,j+1) - £(i,j=1)}/2h, for j = 2, n-1

(A.2.1.11)
{£(i,j-2) - 4£(i,j-1) + 3£(i,j)}/2n,
for j = n (A.2.1.12)
{-£(i,j+2) + 4£(i,j+1) - 3£(i,j)}/2n,
for j = 1. (A.2.1.13)

{£(i+1,7) - £(i-1,7)}/2w, for i =1, m (A.2.1.14)

{£(i,j+1) - 2£(i,3) + £(i,j-1)}/n?
for j = 2, n-1 (A.2.1.15)

{—f(i9j-3) + 4f(i’j—2) = 5f(isj-1) + Zf(i-;j)}/hz
for j = n (A.2.1.16)
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= {2£(i,j) = 5f(i,j+1) + 4f(i,j+2) - £(i,j+3)}/n2
for j =1 (A.2.1.17)

azf(i,j)f3¢2 — {f(i+1,j) = Zf(i’j) + f(i_19j)}/wz
for i =1, n (Aa2.1:18)

and by symmetry
f(i-1,j) = £(i+l,j), for j =2, n and i =1 or m. (A.2.1.19)

Substituting the difference approximations into equations
(A.2.1.1) - (A.2.1.4) it can be shown in general that

up(i,j) = b(i,j) + b(i,j+1)up(i,j+1) + b(i+1,j)up(i+1,j)
+ b(i,j-l)up(i,j-l) + b(i—l,j)up(i-l,j) (A.2.1.20) .

and

V(i,j) = c(i,j) + c(i,j+D)V(i,j+1) + c(i+1,j)V(i+l,])
+ c(i,j-1)V(@,j-1) + c(i-1,j)V(i-1,j) (A.2.1.21)

where b's and c's are the difference coefficients to be determined

at each mesh point (1,j).
The boundary conditions for up(i,j) are now given by

up(i.j) = {4up(i.j"1) - up(i,j'Z)}/{Zh/Knp + 3}
for j = n (A.2.1.22)

and
up(isj) = {4up(isj+1) ™ up(i,j+2)}/3

for j =1 and ¢(i) = 7/2 ( m must be an odd number)
(A.2.1.23)
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A.2.2 Computational Procedure

The finite difference equations (A.2.1.1) - (A.2.1.5) can
be solved systematically by means of a Gauss-Seidel type iterative
process in which a first approximation is used to calculate a second
approximation which in turn is used to calculate a third and so on.
The process is said to be convergent when the difference between
successive approximations approach to some reference value. The
rate of convergence can be improved considerably by using the most
recent iterates as soon as they are available. Computer programs
(#XFD7A and # XFD7B) have been written to perform the iteration and the

computational procedure is summarized as follows :
1. Set master iteration counter g to 1.
2. Assume initial ppo from

ppo = cléMp/ﬂRzuo)

where c1(=1.2 to 1.6) may be treated as a calibration constant

(Reference 6).
3 Compute the characteristic parameters a, B, y and n;
step sizes h and w; (r(j),j=1l,n),(¢(i),i=1,m) and

(U.(J) »J=1,n).

4. Assume initial ((V(i,j), pp(i,j),j=1,n),i=1,m) from equations
(4.5.11) and (4.4.11) respectively.

5. Set iterative counter k to 1.

6. Compute current V(i,j)'s and pp(i,j)'s from equations
(A.2.1.4) and (A.2.1.5).

74 Check for convergence

L}
Mo
2

|1- {pp(i,j)}k/{pp(i,i)}k_1| £8 fori=1,mn; ]



10.

11.

12.

13.

14-

15'
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where § is the limit of convergence.

(a) If the above is true, go to step 8.
(b) If false, set k to k+1. If k .LE. 100,

go back to step 6, otherwise terminate execution.

Assume initial ((np(i,j),j=1,n),i=1,m).
Set new iteration counter p to 1.

Compute ((F(i,j),j=2,n-1),i=1,m) from equation (3.1.2)
in which the drag coefficient CD is calculated from a set

of ' C, vs. Re ' equations proposed by Morsi and Alexander (59).

Compute ((Dp(i,j),j=2,n-1).i=1,m) from equations (A.2.1.2)
and (A.2.1.3).

Compute ((up(i,j),j=1,n),i=1,m) from equation (A.2.1.1).
Check for convergence :

1 - {up(i,j)}pf{up(i,j)}p_1| € 6§ fori=1,m j=2,n
(a) If the above is true, go to step 14.

(b) If false, set p to p+l. If p .LE. 100 go back

to step 10, otherwise terminate execution.

Compute new mass flow rate H; by integrating ppup across

the pipe section i.e.

T R
M' =2 [ f p_u rdrds.
P 00 PP ¢

Check for convergence

e

1 -M'/m | <6
PP
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(a) If the above is true, case solved.
(b) If false, set q to q+l. If q .LE. 100, compute

{p_1} = {ppo}old(Mpr;) and go back to step 3,

fpo’new

otherwise terminate execution.

In conclusion, it worth noting that the equations being
solved are of course the finite difference equations. Stability
and convergence are therefore not directly associated with the original
characteristic equations and hence the system equations will not always

converge for a given set of a, B, y,n and Knp.

A.2.3 Computer Program # XFD7B

The function of #XFD7B is to perform the iteration process

outlined in the previous section. "

Program Symbols

C1 ¢, as defined in A.2.2.
CA, CB, CC, CE characteristic parameters a, 8, y and n.
CFA air friction factor Cf.
DF turbulent diffusivity Df, (?leec).
DP particle diffusivity Dp, (m~/sec).
DS particle diameter 2a or d, (m).
EO permittivity €49 (farad/m).
F dimensionless inverse of relaxation time F*.
FS Stokesian inverse of relaxation time Fs’ (sec_l).
G dimensionless particulate density p*p.
step size h, (m).
KNP Knudsen number Knp.
M, N number of mesh points (Fig. A.2).
MP dimensionless solid flow rate (Mp/Rzppouo).
MPX solid flow rate Mp, (kg/sec).
MX dimensionless mass flux (p u /p_ u )

2 o PP POO
PG Fpp(u - up), (kg/m sec”).
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QM charge to mass ratio (q/m), (c/kg).

RE pipe Reynolds number Re.

RHOF fluid density p, (iata").

RHOP particle density Ep’ (kg/mS).

RMP computed solid flow rate, (kg/sec).

RPO particulate density at pipe axis ppo, (kg/ms).
RR pipe radius R, (m).

sScC Schmidt number (Df/Dp).

THA pipe inclination 6, (radian).

uo fluid velocity at pipe axis u s (m/sec).

UF dimensionless fluid velocity u¥*,.

UN mean fluid velocity u, (m/sec).

UP, UQ dimensionless particle velocity u;..

[1)'4 fluid velocity at (R-a) from pipe axis, (m/sec).
Y dimensionless electric potential V*,

VF volume fraction of particles.

VISC dynamic viscosity u, (kgsec/mz).

VR electric potential V, (V).

W step size w, (radian).

Input Data Sequence

1. (REF(I),I=1,4), M, N, RLT

where (REF(I),I=1,4) is a 32-character general heading of each series
of test cases, RLT is the limit of convergence and the data format

is (4A8, 213, F5.3).

2. (REF(I),1=5,6), DS, MPX, QM, RPO, UO, KNP, SC;

3. EO, RHOF, RHOP, RR, THA, VISC

where (REF(I),I=5,6) is a 10-character case title and the data formats
are (A8, A2, 7E10.3) and (8E10.3) respectively.
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Results and Estimation of Computing Time

DP, G, MX, PG, UP, V and VR at each mesh point are listed
on line-printer. For M=11 and N=11, the mill time is about 38 sec

per case on the ICL 1905E.
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LATIUN BY BXFAT MK 5A. UATE 04/U5/76 TikeE 22.01:30
WURK(EL)
SEND TO(GEDMSeMICUMP)
L tST <tLP)
PRUGRAN (XtUu/g)
CUMPACT
INPUT 5 = CRy
QUTPUT 6 = LFY
Usk 7 = EUT/UNFURMATIEU(HYB66000CHNS) /512
TRACE 0
EnD
V K CHAN

PRUGRAM #XFU7U
NUMERICAL SULUTIUNS OF EGUATIUNS (&.4.2) - (4.4.5)

METHOD CUTLINED IN APPENLIX 2

EKROR CONDITJIUNS

ItLAG = 1 MU ERRUR

IrLAG = 2 KeE GUT JF RANGE (mXPS1)

[FLAG = 3 CA GREATEXR ThAN 1,9

IPLAG = 4 ARG IN EXP(AKGL) GREATER THAN 2.2 (HAPST)

ItLAG 25 £XCPV FAILS Tu CUnVERGE

IFLAG = 6 ARG IN EXP(AKG) GrEATER THAN 2,5 (HACPV)

IFLAG = 7 Leny 1ST UERIVATIVE Ur G(l,J) DETECIEU (#XFL78)
IrLAG = & ke JUT OF RANGE (BXUFF)

IFLAG = 9 PXCUP FALLS TU CONVeRGE

ItLAG =10 REP BUES FAILS 10O CUNVERGE WITH MPX

OO ooanaoaana

MASTER Xtu7g
| RAL KNP,ME, X, MEPX
| DIMENSION Ketto)
‘ CUMMON /BLAY/ R{21),B(5),C(21,5),UP(21,21),r(21,21),G(21,21)
CUMMON /8LAT/ MX(21,21):76(21,21),k(21),UF (€1),UP(21,21)
COMMON /BLR1/ UQ(21,21),V(21,21)sV(21,21)24(21+21)
CUMMON /BLRZ/ KNPIUMsRPU» %, M1, 110, W N1, RLT, He W
C“MHUH JHLAS/ CD’Q!U{’!LC:CL:JSJ*'plls'*.SJtU.F(r"uP‘ :“*‘"JP:RN,THh,UG.UY,vIS-{:

0



aQan

o200

o0

aOon

200

50 FURMAT(4AB,2152F5.3)

51 FURMAT(BE10,9) = 250 -
52 FURMAT(AB,AZs/E10.3)

60 FURMAT(1HZ, OAD,S8X,4H( M=,]2,4H N=,12,6H HKLT=sF5,3,2H )7)

61 FORMAT(7H US=,E10,8,7h E0=,E10,9,7H RHUF=,£10.3,
| 7H RruP=,£10,48,7H RR=,E210,8,7H THA=,E10.3,
2 7H Ul=,E10.8//77 NISC=,E10.3,7H KNFz,E10.3,
3 7H UdH=s,E10,8,7H C1=,e10.48,/H CA2210.3,
4 7H Lossil1d,9, 71 CC=re10.9//7H Cc=sE10.3>
> 7H MP=,&10,3$, 7H RMP=,£10,9, 7H VF=,e10,3,
6 7H UYz,c10.98,7H DFs,E10,8,7d MPX=,210,3)

62 FURMAT(//8BH LrLAL =,12)

64 FURMAT(/25H ((G(1,J)sJd=1,N),151,M) $,//CE10.3,1VE11.3))

65 FURMAT(/25H ((V(1,J),J%1,N),i21,M) $,//(E10+.3,1VE11.3))

66 FURMAT(/26R ((VR(lsJ)eJd=1aN),r121s1) t2//7(E10.8,10E11.,3))

67 FURMAT(/26H ((UP(1,J)aJ=1sN),1515M) $2//7(E1VU,5,10E11.3))

68 FURMAT(/26H ((MXC1ad)ad212N),121oM) 2,//CE1VU.8,10E11.3))

69 FURMAT(/26M ((DP(LsJd)sJ=1sN)s1=1sM) $4//7(E1V,8,10E11.3))

70 FURMAT(/26H ((PGCiaJ)sJ=1oN), 1290M) 20//7(E1V.S,10E11.3))

71 FURMAT(1HZ2,8A0,A2,5X,4H( M=,12,4H N=,12,6H KLI=2F5,3,2H V///

1 24H SUMMARY UF TEST CASES ///715X,2HuUS,8X,2HAM,5X, 3HKNP,
2 AH MPX,3H U0,51 KPO,4H HMP,4X,3HRMP,SH GIN,5H G“N,
3 5H UP11,5H UPIN,5H UPMN,4Xs2HCA,7X,2hCH,4Xs2HCC,5H CE»
4 4H C177)
72 FURMAT(1X,A8,A2,2510,2,2(1X,F3.2),F4,0,2F5,4,1%X2F49.,3,2F5,2,
1 SC1XeF4,3),E10,2,2F6,1,2F5,2)
REWNIND 7
KASE=(

P123.14159<27
DATA INPUT

READ(S,50) (REF(I),!
100 ReAD(5,52) (Kek(l), ]

1,4)sMaN,RLT
2,6),0S,MPX,0M,RPO,U0,8NP,SC

-
-
-
-

TSET FOR END UF INPUT
Irt UD LT, 9« ) GO TU 400
READ(S,51) EUsRAUF» RHUP, KR, THA, VISC
MiT=0
C120.0
101 ITN=0
MEED.0
RMP=0,1
VEZ0.0
CALL #XPST TU PRESET INITIAL CONDITIONS AND CUMFUITE BASIC PARAMETERS
Calbl XPSTCIrLAG)
IbC IFLAG JNEe 1 ) GO TU 60
CALL #XCPY TU COMPUTE DIMENSIUNLESS PARTICULATE DENSITY G(I1,J)
AND ELECTRIC MPUTENTIAL V(1,J)

114 CALL XCPV(IFrLAGL)
It ¢ IFLAG NE. ¢ ) GU TU 360
124 11N=0

TEST PUR 15T UVERIVATIVES UF G(l,J) WITH RESFECT Tu R

DU 126 1=1.M

DU 126 J=2.N

Itl FUR(G,L,d) kW, 0.0 ) GO TO 350
126 CUNTINUE
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(o e ]

e 1 35 WS |

128

130

1391

133

154

136
137

142

146

300

CALL FXDPF TU GUMPUIE PARTICLe DIFFUSIVITY LP(IsJ) AND TIME

CUNSTANT F(Lad)
] - 251 -
CaLL XDPF(IFLAG)
I*¢ IFLAG +NEte 1 ) GO TD S$60
CallL #XCUP TU COMPUTE PAKIICLES VELUCITY UPL1,J)

Cal.l. XCUP
CALL HRSCT TU TEST CUNVERGENCE AND RESET UGQt(I,J2 = UP(I,J)

CALL HSCT(UP;UU;UIFF,H,N’
ITN=sI TN+

IF¢ DIFF .LEs RLT ) GU TO 134
Ie¢ ITN JLT. 100 ) GU TU 128
IHLAG=?Y

GU TO 360

CUMPUTE MASS rLUX MX(I,J), SOLIDS FLOW RATE RMP & VOLUME FRACTION VF

DU 137 I=1.M

DU 137 J=1.N

PGLI,J)=F CTau)RG(Lau)*ABSIUF (J)=UP(L1,J))*FS*U*RPU

IrC QM ,LT, ,1E=€0 ) GO TU 136

VECI»J)=DF #F S®V(isJ) /Ut

DP(IsJ)=0P(1sJ)ebF

MXCI ,J)=GCLlau)euP(l,g)

DU 142 J=2:M1
ARSOO%P1#(R(JU+1)#R(U+1)=R(J)I*R(J)I/FLOAT(M)

DU 142 [=1.M1

VESVF+,208aR#( G(laJd)* G(l,J+1)* G(l+1,u*1)+ Gei+1,4))
MPEMP+ , 208 AR (MX (T, J)*MXCL,J+ 1) +MXC I+, 0+ 1)+MX(1+1,J))
ARS0.5%Pl*R(c)er(2)/FLOATINMNT)

DU 146 [=1.M

VEEVF+AR®( G(1,1)+ G(1,2)+ G(I+1:2))/9,

MPEMP+AR® (MXC(T121)+MX(L,2)+1X(1+122))079,

MRE2., 8P
RMUP=RR*RR#RP Y *UQ#MP
ViS2,#RpP0 Vi /(RHOP*FL)

CUMPARE MPX wlTH RMP

Ite ABS(1,=MFX/RNP) ,LE. ,0% ) GU TU &00

RPO=RPO*MPX/HMP

MIT=M]T+1

IFg MIE ey 30 Y GO O 189

ItLAG = 10

Gu TO 360

CI1=RP(#*P | #*KR* R« UD/MPX

KASE=KASE*1

WHITE(6,60) (REFCL)2I=1:6),MsNsRLI

WRITE(S,61) bSr:UJRHﬁFJHHUPJHH:IHA:UO:V]SC!ﬁNP,UM!C1:
CA,CB,CC,CE, MP,RMP,VF,UY, DF, MPX

WRITE(6,69) ((UP(LsJd)sJdstail),151,M)

WRITE(S5,64) C(U(ird)ed=T1eW)e[=10M)

WRITE(6,68) ((MXCLladdsJ=1aN)sl=1aM)

WRITE(6,70) C(PG(Llad)ad=1,N)s1=121)

WHITE(&,60) (REF(L1)2]1=1:,6),MsNsKLI

WHITE(H,67) ((UPC(L,J),J=1,N),i51,M)

HRITE(8,65) C((VLLlad)sd=1aN)s1=1,M)

WRITE(E,)66) ((VR(1,J)rsJ=1sN)si21sM)

STORE RESULTS ON UISC FILE FUR GRAPH PLUTTING PROGRAM #rJ0s

WKITE(7) (REFCI)>1=1,6),MN,0S8, THA,UD KNP, QM ,KPU,UA,CH, CC,
CE P RHP, VE L, UY, DF , ((DPC1,U),GC1,J2,MXC1,0),PGCT,d),



é UP{IJJ)JV(IJJ)SVH(IIJ”J=1IN}J1=1JHJ'RK'MPX’C1
Gu TU 100
350 iPLﬂG:7 < s
300 NHITt(éJbUJ (Hk;‘!)ll=1jb):HleHLl
ARITE(6,61) hﬁibb:RﬂUF:H“UP;HR,lHﬁ;Uﬂ;VlSCJ“NP.@M:C1,
1 CA,CB,CC,CkaMP,RIIP,VFUY, UF, HPX
WHITE(68,62) irLAG
GUW T0 100
400 R=AIND 7
WHITE(G,71) (REF(L1)215128),Ms0NaRL1T
DU 410 K=1,KaASE
ReEADC(7) (REFCi)s121,0),MsN,LS, THA,UD,KNP,QM,KPU,LA,CB,CC,
| CEINP!RHPIVFIUYOUFI((UP{llJ)lu(llJ,JMX(I’J)IPG(I’J,J
4 UPCL2d) o VL ,0)aVR(L,J)sJd=1,0N), 1514M) 3 RR, MPX,C1
410 WHRITE(E,72) (REF(1),155,6),0S,UM,ANP,MPX,U02RPOsMP,RMP,G(1,N),
1 GCM,N)LUPCT1,1),UPCT,N),UP(M,N),LA,CH,LC,CE,CY
REWIND 7
ST10P
EnND

» LENGTH 1588, NAME Arbu/b

FUNCTION FURCF212J)

CUMPUTE 15T UERIVATIVE UF FCI,J) WITH RESPELT Tu K

= g

DIMENSION F(e1421)
CUMMON /BLRE/ KHP;UM;RPU:H;H1,HCQN0N1IRLTSHIH
Ire J «EQ. Y ) GU TU 104
Ire J +EQ., N ) GU TU 106
FLR=0.5#(FLLaJ*1)~F(lad=1))/H
ReTURN

104 FURS0 0% =F(lsd+2)+4 . %F (LlsU+1)=8s%F(1sJ))/H
ReTURN :

106 FURZ0,5u(F (Ll d=2)=4,2F (1,J=-1)+3,%F(1,J))/H
R=TURN
EnD

» LENGTH 141, NAME FUR



>

aao

LENGTH

anaoaa

103

101
102
103
104
105

106
107

108

FUNCTION FDWLF212J)

CUMPUTE 1ST UENRIVATIVE UF F(i,J) WITH RESPELT TuU W

DIMENSION F(e1,21)

CUHHQN /BLARZ/ KNPLUM,RPUO,M, M1, MC, N, N1,RLT,HsW
TEE dawela ™ edrs o1 JEQs M ) GO TO 303
FURS0 o Sa(F(l®10)=F(l=15U))/W

RETURN

FiWzD,.0

RETURN

EnD

70, NAME FUW

SUBRUUTINE FNEW(Y, M, XBEG,UX, N, XINTLYINT,IC)

#rMEW IS A NEWTUN'S FURWARD INTERPULATION SUBKOUTINE

CUMPUTE YINT FOR GIVEN XINT FROM Y(M)

DIMENSION Y(1U),U(10)
[u=1 i
MUSINTC(XINT=XBeG+DX)/ZDX)
Ir¢ MeN=1 ) %21,121,%01%
Ikt MO ) 120,120,102
It MO~M ) 109,108,124
It M=M0=N ) 104,105,105
MUSM=N

FrO=FLOAT(MU=1)
XUSXBEGHFMU®LX
Us(XINT=XUdZLX

A=l

YINT=Y(HMU)

DU 107 151,N

NERUIESES |
DCI)eYLlJe1)=Y(J)

It N=% ) 121,110,108
JU 109 K=2.0N

DU 109 [=KaN

LaN+K=1
NLY)=plL)Y=LlL=1)

DU 111 K=1,N
YINT=YINT+A®L(R)
FAEFLODAT(K)

A=A (U~FRK)Y/(FAR*1,)

- 253 =

L



ReTURN
120 10=0
Re=TURN ' - 254 -
121 [C=2 '
R-TURN
E:\ID

s LENGTH 219, HAME FNENW

SUBROUTINE RSCT(A,B,DIFF I M,N)

c

i CUMPARE A(lsd) WITH Btlasv)

C SeT B(L,J)=a(l,J)

C THE MAXIMUM UIFFERENCE BETWEEN ACI,J) AND Btl,J) IS RETURNED AS DIFF

c
DIMENSION A(£1421),8(21,21)
DIFF=0.,0 i
Du 106 1=1.M
Du 106 J=1a.N
Tt J wER Y ) 68 TU 908
RUX=ABS(1,=BC(L,J)/A(1,J))
I¥{ RMX +GTs ULFF ) DIFF=ERMX

106 B(l,J)=AClsJ1}
ReTURN
EnD
, LENGTH 97, NAME KSCT

€ ; - ; prme
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102

1
110

1

2
111

112

200

LENGTH

SUIROUTINE XCPV(LFLAG) - 253 >
CuMPUTE GCi,Jd) Al VOI,J) FRUM EQUATIONS (A.2.0.4¢) » (A.2.1.5)

REAL KNP, MP,Mx

CuMHON /BLAY/ A(21):B(5),0(21,5)sUP(21,21)27(21221),G(21,21)

GUMMEN /BLKYZ HX(21,21),PU(21,21):R(21)-UFL21),0P(21,21)

CUMMON /BLKY1/ UD(21,21)sV(21,21)sVR(21,21)54(21221)

CUMMON /BLKZ2/ KNP,OM,RPO,M,M1,MCoN,Nf,RLT,H, W

CUMMON /BLKS/ CA»CBsCC,CE,DF,DS»FS,e0,RHEOF ,nHUP,RX, THA,UO,VUY,VISC

1TN=(Q

1IFLAG=1

CALL RSCT(G,Z,D1FF,H,N)

DIFF =0,0

DU 112 1=1:M

111=]+1

Ikl 1 4EQ: M ) J11=M=y

[01=]1~1

e 1 wENy % ) 1D =2

DU 112 J=2.N

thit J B9 N ) 80 TO 944

VOI,JYRCCJa 1) %y (L, ut1)+C(J,2) V111, J)+C(J,8)2V(],d-1)+

CeJrd) oy iUt J)*CLJrD)®G(154)

gu TO 911

VI J)s (04, 2ne 10 ) ¥V ,0=1)=(H+8 )%V ([,0=2)+2,%#V(|,J=3)
O, eHEHRCARG(] s J) =2 % ((H/W)*#2)2(V(111,J2+V(101,3)))/
(SowH*4, =4 . 2((H/W)"®2))

ARG = (“V(lsJ)=5%CE*A(])®R(J))

Irt ARG «GT+ €45 ) GU TU 200

G(l,J)=EXP(ARL)

JTTN=T TN+

TEST FOR CUNVERGENCE

CALL RSCT(G,Z,D0FF,r,N)
[F¢ DIFF +LEy RLT ) RETURN
¥t ITN «LT« 200 ) GO TO 902

[FLAG = 5
Re:TURN
IrLAG = 6
ReTURN
EnD

327, NAME X(CPV

s
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1

i
1
116

123

126

LENGTH

SUBROUT INE XCuP - 256 -
CUMPUTE UP(1,J) FRUM EQUATION (A.2.1.1)

ReAl, KHP,MP,MX

COMMON /BLKY/Z A(21),B(5),C(21,5),0P(21,21)2+(21,21),G(21,21)

CUMMON /BLKY17Z #HX(21,21),P5(21,21)sR021),UF (21),UP(21,21)

CUMMON /BLK1/ UB(21,21),V(21,21),VR(21,21),4(21.21)

C”“HUN /BLHZI Ft\'P)QH;RPU;-”i;F-‘!;HUJN:N1JRLTJH'H

COMMON /BLKS/ CA»CBsCC,CE,UF,0S,F5,E0,RROFnHUP+RR, THA, LD, UY,VISC

DU 11¢ [=1.M

[11=]+1

1Pl I GEQ M ) 119=M=1

199=1=1

Jet 1. EQs 1.) 10132

D 116 J=2.N1

SUMI=G(LsJ)w (= 5%CC+F (1, J)#%UF (J)*CB*DP (1o J)*(CUP (L, Jd+1)+UP(]2J"1))
ZCH®H)*(UP([11,J)*UP IV, U))/(R(J)an)nng))

SUNZ2FDR(UP . Tod)#((G(L,J)®UPCLsJ)/R(U)II*DPCLI,J)*FUR(G,1,J)%

GClsJ)RFUR(LP,1,J))
SUMS=ZFDWCUP ) Lo ) ®CCOPCI, ) *F DN Ga o Jd) ) +GCI, G)SFUNCDP, 1,4))/
(R(J)*R(J))

SUMG=GCL U WiE(L,J)RCB+2,%DP([,J)*((1+/(HR®H))*1+/(R(J)*W)%n2))

UP(I»J)=(SUMI+SUM2+SUM3)/SUM4

DU 128 1=51+M

UPCTaN)=C(4,#UP ([ aN=1)=UPC],N=2))/(3.+2.%H/KNP)

UPD=(4,#UP(MC,2)~UP(MC,8))/3.,

DU 126 [=1;Mm

Urtl.13=Ur0

ReTURN

END

357, NAME XCUP
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1

1
1

1
104

105

106
110

LeNuTH

SUBROUTINE XUFF(IFLAG) = RAT &
CUMPUTE F(l,J) ANy UP(1,J) FRUM EJUATIONS (A.2.[-2) y CA.z.1.32 & (¢

REAL KMNP,MX,mP

CuMMON /BLAT/ A(21):8B(5),0(2155),0P(21,21):7(21221)5G(21,21)
CJAMUON /BLnaty ax(21,21),r0(21,21),n821),Ur(c1),uP21,21)
CUMMON /BLKY/Z UQ(21,21),V(21,21)sVR(21,21)24(21221)

CUMMON /BLKZ/ KNP UM, RPO,M, M1 3 MUs N, N1 RLT,Ha W

CUEHDN /BLAS/ CA,CB,CC,CE,DF,DS,FS,E0,RHADF , kHUP,RK, THA,U0,UY,VISC
[FLAG=Y

DU 104 1=1.,M

DU 104 J=1.N

DUSABS(UD®(UGCE,U)=UF(J)))

REERHOF #DS*PU/V ST

CUMPUTE CDINT FRUM MORSI'S DRAG CUEFFICIENT EGUATIONS

It{ Re .GT. 1000. ) GO T0 110
IF RE LE, 41 ) CDINI=24./RE
IFt RE +GT« 41 wAND., RE ,LE, %40 )

COINT=(22:78/Ke)*(, 0908/ (RE*KE))*3.69

1FC RE +8T¢ Y« o+ANDs RE .LE. 19, )
COINT3(eY41667/RE)=(S5.8889/(RE#RE))*1.¢22

IP‘ Rh Qurt 1u. QANUQ Hb tLtO 1Ul'.l. ’
COINT=(46,5/RE)=(116,667/(RE*KE))+,61667

IP‘ Rh IGTI 1UU¢ )
COINT=(98.33/RE)=(2778,/(RE*KE))*,3644

FCL,Jd) = 750 INT#*RAUF #DUZ(pS=F S*#(RhUP#*, 5%*RHLF))

DU 105 [=1.,M

DU 105 J=2.N

DPCT2d)=0=GCLau) /P CLad))®(FDR(IVaIU)+S*CE*A(TI)I/PDR(G, 154)

DFO=(4,#UP(MC,2)~UP(MC,8))/3.

DU 106 1=1:M

DP(1,1)=0rO

ReTURN

IFLAG = 8

ReTURN

EnD

278, NAME XpPF
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SUBROUTINE XFSTC(IFLAG)? - 258 -
PHESET INITIAL CUNDJTIONS

RizAL KNPsMXsRP

CUMMON /BLKYZ A(21),8(5),C(21,5),UF(21,21),r(21221),G(21,21)
CUMMON /RLKY7 MX(21,21),PG(21,21),R(21),UF(21),UP(21,21)

CUMMON /BLK1/7 UQ(21,21)5V(21,21)sVR(21,21)24(21221)

CUMMON /ELK2/ KNP, UM, RPO, M, M1,MCoNsoNT1,RLT,Ho W

CUMMON /BLRKS/ CA,»CBsCC,CEsDF,DS,FS,E0,RnOF,RHUP SRR, THA, U0, UY, VISC
CUMMON /BLK4/ CrA(10)

CUMPUTE INTEGRATIUN STEP SIZES AND BASIC PANAME |EKS
M MUST BE AN UDD NUMBER

PI1=3,1415926

M1EM~1

NTEN=9

MUE(M/Z2) +1

H=1./r LOUAT(NT)

W=P]/ZFLUAT(MY)

DFe,015#RkR*UU

FS*18,#VISLA(USaUSR(KHUP+,5«RH0F ) )
CARRPO*((QMeRR)#*2)/ (4, %EQ*DF #FS)

IF{ CA +GTe 1.9 ) GO TO 140

CHUERR®RR®*F S/ Lr
CLCR19,02*RNeHR#CUS(PI*#THA/160,)*(1,~(KHUF /RnOP))/(DF*UD)
If" CC !th |1E'Ub ) UG=U-0
CESR19.,62%RR*SIN(PI*THA/Z180,)#(1,~(KHUF/RHOP) )/ (UF*FS)
UnNs,81+00

RE=2 . #RR*RMUF #UN/VISC

CALL HFNEW TU COMPUIE FINT FOR GIVEN RE FROM CFA

CALL FNEW(CFA,10,.8E+5, . 5E+4,5,RE,FINT, IFLAG)
1#FL IFLAG +NE. 4% ) GO TO 130

CUMPUTE FLUID VELUCITY UY NEAR FIPE WALL
Uy=,0625#05erHUF « UN®UNSF [INT/ZVISC
ASSUME INJTIAL GCGl,J) AND V(I,J)

DU 110 [=1,M

ACL)SFLUATCL=1) %W

ACL)=COSCACL)Y)

DU 117 JS1,N

ROJISFLOAT(U=1 ) #hn
UrCJIS(1 o "R{u)Iu®,142857

IF( J JEQ, N ) UF(J)=UYZUL
DUM=,95%UF (J)

DU 117 1=1.M

V(I1,J)52%(ALUGCT1 +~CARR(J)%R(J)/2.))
ARG = (=V(l, )= 5*CE®AC])*R(J))
It ARG +GT. 2.5 ) GO TU 150
GClad)=EXP({ARG)

DP‘IJJ’=U.U

F(l,J)=0.0

HX‘I:J)'—»"B.U

ViR T 2s0, O

Pell,J}=s0,0

2¢1ad)=0+0

UrPtlsd)=bun

117 URCI,JY)=LUM



O 0O0n

’

-

120
1350
140

150

COMPUTE CUEFFICIENT C(lod) FOR EQUATIUN (A.Z.1.21)

DU 120 J=2#N

DUME2. % ((1+/(We*W) ) +(R(J)/H)ex2)
ClJa1)S(UR(II/(2.%2H1))+(K(J) /1 )=#2) /UM
CCJa2)= 1/ (WHWE[UM)
CCJaS)=(((R(W)/r)e%2)=R(J)/(2.%H))/DUAM
ceJ,4)=00.1,2)
ClJsO)=4 . #CAnR(J)®R(U)/DUM

RETURN

1t LAG=2

R=TURN

1FLAG = &

RETURN

IrLAG = 4

ReTURN

EnD

LENGTH 538, NAME XPST

Qa0

1

BLOCK DATA
ALR FRICTIUN CFA TABLE

CUMMON sBLK4ys CraAa(10)

= 280 -

DATA CFA/ 0197,,.01941,,0185, ,01861,,0177,.0174, v 0172,.0170,

U108, ,0168/
END
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APPENDIX 3

NUMERICAL SOLUTION OF EQUATIONS (4.5.2) - (4.5.4)

Because of the assumption of constant F and Dp’ solution

of the simplified characteristic equations becomes relatively simple.

The lattice of mesh points, step sizes and finite difference appro-

ximations are similarly defined as those given in Appendix 2.

A.3.1

Numerical Method

Re-writing the characteristic equations in difference forms

(dropping the asterisks for simplicity), we obtain

for i =

and

-fyp(di,3) *» {I/r(j)}B{r(j)o(i.i)aup(i.j)/ar}far
4+ {Ur(j)z}a{p(i.j)3up(i,j)/3¢}/3¢
+ Bp(i,j){u(j) - up(i,j)} =0 (A.3.1.1)

p(i,j) = exp{-V(i,j) - inr(j)cos¢(i)} (A.3.1.2)

{1/x(3) Ya{r(§)av(i,j)/ar}/ar + {1/xr(3)2}32V(i,]j) /342
= —4ap(i,]) (A.3.1.3)

1, m-and. 3 = 1, .
Similarly, it can be shown that
up(i,j) =b'(i,j) * b'(i,j+1)up(i,j+1) ¥ b'(i+1,j)up(i+1,j)

+ b'(i,j—l)up(i,j-l) - b'(i—l,j)up(i~1,j)
\ (A.3.1.4)

V(i,3) = ¢"(i,3) + c"(i,j+1)V(i,j+1) + c"(i+1,j)V(i+1,]))
+ (1, 3-DV(13-1) 2 e (=1 1 v(i=-1,1)
(A.3:1.5)
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where b's and c's are the difference coefficients to be determined

at each mesh point (i,j).

Following the assumption made by Soo and Tung (29) that
at the pipe wall the net effect of gravity on V is zero, additional
boundary conditions can be obtained from equations (4.5.12) and
(4-5. 3),

V(i,j) = 2In(1 -}a) (A.3.1.6)
and

p(i,j) = exp{-V(i,j) - incos¢(i)} : (A.3.1.7)
for j = n and i = 1, m.

With the knowledge of the distributions of Dp and up
obtained from equations (A.2.1.1) - (A.2.1.5), it is possible to
estimate some average values for F and Dp Ly

F = {CAu/a(l + z‘p'p/S) (A.3.1.8)
and

Dp = {constant}Ruo . (A.3.1.9)

where Au may be treated as the slip velocity between the two phases.

A.3.2 Computational Procedure

Similary, equations (A.3.1.1) - (A.3.1.3) can be solved
by an iterative process, the computational procedure being outlined

as follows :

1 Set master iteration counter q to 1.
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Assume initial p from
PO

- 2
ppo cl(MpfﬂR uo)

Compute the characteristic parameters a, B, y and n;
step sizes h and w; (r(j),j=1l,n), (¢4(i),i=1,m) and
(u(j),j=1,n).

Assume initial ((V(i,j), pp(i,j),j=2,n—1),i=1,n0 from
equations (4.5.11) and (4.4.11) respectively.

Set iteration counter k to 1.

Compute current V(i,j)'s and pp(i,j)'s from equations

(A.3I1I2) and (A.30103)0

Check for convergence :

1 - {pp(i,j)}k/{pp(i,j)}k_1| <8 for i=1, m and j=2, n-1
(a) If the above is true, go to step 8.

(b) 1f false, set k to k+1. If k .LE. 100, go back to

step 6, otherwise terminate execution.

Assume initial ((up(i,j), j=1,n), i=1,m).

Set iteration counter p, to 1.

Compute current up(i,j)'s from equation (A.3.1.1).
Check for convergence :

1= fu (LD} Mu LY )| €6 for i=1,m and j=l,n
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(a) If the above is true, go to step 12.
(b) If false, set p to p+l. If p .LE. 100 go back

to step 10, otherwise terminate execution.

T R
Compute new mass flow rate M' = 2 [ fp u rdrdj.
P 00PP

Check for convergence :
1-M'/M | <38
| o/ p’ i

(a) If the above is true, case solved.
(b) If false, set q toq + 1. If q .LE. 100 compute

= L
{ppo}new {ppo}old(Mp/Mp) and go back to step 3,

otherwise terminate execution.

Computer Program# XFD3B

The function of# XFD3B is to perform the iteration process

outlined in the previous section.

Program Symbol

Program symbols are similary defined as those in# XFD7B.

Estimation of Computing Time

For M=11 and N=11, the mill time is about 9 sec per case

on the ICL 1905E.
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Fron By #XFAT My 54 PATE 0O4L/GS5/76 TIME 21 09 42

(=% Ne e Fe e Be T Te ]

50
51
oh
61

.ni

67
63
LI
64

ARV ¢ ENy

SEND TO(RFOSSEMIROMP)Y
t1ST (Loy :
PROGRPAM rXFDZB)
coMpaCr

INPUT 5 = CgrD

ouTpuT 6 = |00

usE 7 = ERT/UNFORMATTFD(HYRALNDOONHNL) /512
YRACE O

END

v K CHAY

PROGRAM “XFp3B

NUMERICAL SOLUTINNS OF EQUATIONS (4.5.2) - (4.5.%)
METHND OUTLINED TN APPENDIX 3

MASTER X¢D3R

REAL KNp.Mp,MX,tpX

DIMENSTINN REF(6)

rOMION oLk /7 !4,(15),n(1t;,5),6(15,15)'\3(-':'151';;‘15)'”F(.‘.i)
COMMON /nLK2/ B(15,15,5),UP(15,15),P6(45,15),VRC15,15),Mx(45,15)
FORMAT(,A8,213,F5.3%)

FORNATC(RF10.3)

FORMATI AR ,A2,7E1N.3)

FORMAT (" M2, AGAR,IX,4H( H3,12,4H N=,12,6N RLT=,85.%3.2H Y/
FORNAT (71 DS=.E10.3,74 FO=,810.3,74 pHOF=,E%0.3,

7#  RHOP=,E1),3,7H RR=,F10,3,7H THA=,F49).3,

7 UD=,E%).3//7H VISC=,F10,3,70  ¥Np=,E10.3,

74 QM=,E10.3,7H CET=.E¥0.%, 74 sC=,E90n.3.

7Y PDP=;E10.3.7H CA=,EV0.37/7H Ca=,F10.3,

7y CC=.E10.3,7¥ CF=,E12.3,7H MP=,E4n.3,

b dl® PHD=,E%) 32,74 VE=L,E10.3;74 MpX=,E19_ 3)

FORIMAT (/45K A TNO LARGE :,E10.3/)
FORMAT(/ /344 G(1.4) AND VY(1,0) DO NOT CONVERGE//7)
FORMAT(/25H ¢(GCYod) ,d=1,0),T=1.M) ,,/7/7¢F10_3,10F11_3))
FORIAT ¢/ ~5¥ AV sdysd=q . N), 129,M) . 110t 10.2,1A0894_2))
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66 BORMATC/26H ((VRel, ), d=1,N),1=1.M) :,//¢F10.3,190E11_3))

67 FORMATC,;26M ¢(Uprl,y),d=1,M),1=1,M) +,//(F10_3,10E11_ 3))

68 FORHATC/P26R ((Mer], g)Y,J=1,N),1=1,1) 1,1/7tF10,3,90E11.3))

69 FORMAT (/244 UP(T,J)) DO MOT CONVERGE/ /)

70 BORMATC/26H C(PGEEodYed=teM) o I51oM) s o/ iCFEYO.F30V0EYY.3))

71 FORMAT(AH2,Z3A8,A2,5X,4HC M=,12.4H N=,12,AH RLY=,F5.3.2H Y/ 1/
i 240 SUMMARY OF TeSY CASES 2//7/15%,2HDS,8X,2HQM,SX . 3HKNP,
2 LH MPY,3H UN,SH BPO,4H Mp,ax,3ieMP,5H 61N,S5H 6Mw,

2 SN Up11,5H UPIN,SH UPMN,AX,2HCA, 7Y . 2HABs4X e 2HCC ,5H CE»

4 Ly Al
72 FORMATC1X,A8:,A2,2E10.2+2C1X+F3.2),F4.0,2F5.2,1X.F6_.3,2F5_2.

1 31X, F4.3)0F1N.2,2F6,.1,2F5.2)
73 FORMAT(41H2,29HRMP DID NOT CONVERGE WITH MPX)

pEWIND 7 .

KASE = 0

pPI=3 1415924

NATA INPUT

pEA,l(S]G‘) (QF;(‘)01=1'n)¢M'N'QI.T
100 REANCI,52) (REF(1),1=5,6),DS,MPX.OM,RPO,UN, KNP,SC

TEST FOR END OF TNPUT

TFLNG AT 1. ) 60 70 400
READC2,51) EN,RHNF,RHOP,RR,THA,VISC
tF¢ DS _6Y. .36E=04 ) S6=.50
MI1T=0

1019 RMP=0.0

Mp=( .0
\!F’D.U

COMpUTF nASIC PARAMETERS
ASSIME AVERAGE sUL1P VELOCITY nu

puU=_O7xyn
RE=HHOFwnS«p!l/V]SC

COMPUTE rDINT FROM MORSI'S DRAG COFEFICTENT FoQUATIONS

T¢C RE gT. 1080. Y 60 TO 190
YEC RE _1E. .Y j CDINT=24./RE
PRE B 6T SN SANYS e E JEEs el )
4 ChinT=(22.73/REV+ (. NOO3/(RE*RFYY+Z 60
VEC RE &Y. A, ANDS © BE G ER .05 )
1 CPiuT=(29.1467/RE)=-13. 3R89/ (RE+*RE) 1+1,22?2
FECRE GT. 30, SAND. L RE JEEA 108, )
1 CHIMTS(46.5/PF)=(114. 867/ (RE*RFY)+ _A1647
YEC o .aT. 100, )
CDinT=(%8, 33/ REY=(P2778 /(RFPE) Y+ 3ALL
F,75*CH'NTanhOfF+DU/ (DS« (RHOP+,S+RHAOF))
pp= 01 0wpRepn/sSe
CA=ppUs  rQMaOR)%22Y /(4 »FO&DPweF)
CR=EpR*Rp«F/pp
CC=Z Q. A2 +RR*PR*CASIPTI*THA/IABN VY= (), =(RHOE/RENPI)Y/(DP*UD)
¢ £C 1E. _AE=65 ) cC=n,0
CES219 .6, «REwSIN(DIRTHAZ1RAN . ) (1 ~(RHODFSEHOPYY/(NP*E)

FPHESX LIMIT OF A

Tl A I'T. 3.9 )Y GO TH 102
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a0

s N

e Na ]

o

(2

103

104

108

T 06

108

100

WRITEC(K,A0) (RFFC1Y,1=1,6) .M N, RLT
uHITr(é,nZ) CA

GO TN 1an i

MC=eM/ 2y a1

MY =p-

Ni=py=1

FM1=cL0OAT (M)

FNI=ELOAT(NYY

COMDUTE STEp SI7FS

H=1_0/Fu1

WPy M

DO 103 1=1,n4

ACL; 2FLOATC(I=-1) W
ACTy=C05¢A(1))

COMPUTE ELUID VEILOCITY PROFILE UF(J)

PO 104 j=1,N
R(J)=FLOAT (J=1)uH
UFCUI=(q =R(I))we . 143

COMPUTE COEFF C(T,Jd) FOR EQUATION (A-3%.15)

no 105 y=2,N1

NUMe2.% (0. //URIY ) (REIYZH) ww?)

CCI T1XmCtREIDVI(2. *HIY+(RCII/H)*%2) /DiIM
CCd.2) =9,/ CyskiepnnMy
CCI.3)=CC(RCII /D% 2)=R(J) /(2. %H) )/ pUM
Cld . 40=000,2)

C(J,5)= 4 wCA*R (I wRCJY/DUM

ASSHUME INITIAL v(I,d) AND G(I,J)

no 106 1=1,M

ho 100 o=1,N

VEL, =2 »(A1L0G(1,=CA*R(JI*R(II/2_))
UL I)ZEXP eV (T, 0)m SCE*ACTI)#R(J))

START TTERATION FOR G(I,J) AND V(1.,4)

TTN=1

GDIF=0,0

po 109 I=1l”

T10a1%

T0T=1"1

1FC T LE0. 1 ) 101=2
TEC 1 JEQe M ) 1%1=p=
PO 109 g=2,n1

JO1=)=1

ol R R

V(I,J}=EfJa1\*Vt’rd+1)+ﬂfJ:2)*V(l11|J)¢C’Jr3\*V(IlJ-1)*

C(J,LWﬁ”(lu1.J)*C(J.S)*G(I.J)
UM SEXP(mV (I, d)= SeCE*A(I)%R(J))
PHUX=ABS (1 ,wG(1,u)/hym)
TFC RMX  GY. GNTE 3 GDIF=pMX
G(L,J)2=pnm

TEST FOR CONVERGENCE

1FC 6DIFE _LE. RLT Y 60 TO 140

- 266 -



DO D

(o W= Fa

=

210

211

212

214

215

ik

FYN=1TNs1

TFC 1TN LE. 200 ) a0 To 108

WRITF(6,A3)
GO T 100

cOMPUTE FOEFF R(Y,J,K) FOR EQUATION CA-3.14).

no 290 1=1,M

‘11:'*1

10T=1-1

PEC T JEQ. 1 ) 101e2
1FC 1 .EQ. M ) 1%1=Nn=1
PO 210 5=2,N1

JOT1=J"1

AR RE A
QUMA=GCT ,J) /7 (Hey)

SUM2=CCG T, 0 /RCIIIS(GCT L ITII=GLT,J01)) /€2, %H)) /1 (2, %H)

SUMI=G ] I/ (RCII*R(J) wiywtd)

SUMA=(G 1 19,0)=G 101, 0)) /(4 *REIIRR(I) ®UI+W)
SUMS=C(1, )= /CReNF(J)=_s+CC)
RUHﬁ:G(!.J)wrtz,!(H*H)}+t2.f(R(J)tR(J}tN*H))oCB’

RO, e 1) =(SUMT+SUMD ) /SUNA
BCI,0e2)=(SUM3+SIIMAY /SULIG
RCT,Jr3)y=(SUMT=51INZ ) /SHNA
BT ,J by =(SUM3=5HH4) /SUME
BCI,J eS5)=SUMS/SUME

STARY ITERATION FOR UPCI,J)

no 211 1=1.,n

ni ?11 J71:“
upl1,4)=.,98

1 TN=1

uple=0.0

ho 213 1=1.,M

1071211

111=1*"1

6 0 D (DD -3 O B B )%
1EC Y JEOL Y 110nNe)
ho 213 41=2,n1

JGT =91

J1 1=+

RUX=ABS 1 =y (1,0)/pum)

1#C RMX  GT. UDIF Y UDTE=RMX

up i, Jd)=nun
UpDATE BOUNDARY VALUES

nO 294 1=31,H4

BPCr  N)= bk, «lIPC,N=1)=lUp T, 4=23)/(3 42 +«4/Kup)
HPO0=(4 «IP(MF2)=UP{MC,3))/3,

NO 243 1=1,M
upli, M)zuiP0

TEST FOp CONVERGFNCE

FEL WPIFE .LEe RLT Y GO TO 234

TT”.—:TTN#1

1t 3TN tE. 200 D GO To 212

WRITF(&,462)

=287 =

PUM=B (T, 0, 1) #UP (Y, J11)+nf1 . d.2)=UPCT11,0%4B(1,J,3)eUP(1,1019)
4 48‘( Jn’.\*Ut‘)fln‘laJ\.»R(!.J,S\

g
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GO 70 Yan

COMPUTE MASS FLUX MX(I,4), SOLIDS FLOW RATE RMP AND VOLUME
ERACTION VE

236 po 237 i1=1,n
' no 237 a=1,m
pG(1,d)=pp0 *HORG LT s ) *F*ABS(UF () =UP(T,4))
yr€i,dr:20,0
TFC oM iy, .1E=20 ) GO YO 236
VROT,J)=npersV(]1,J)/0N
2536 MXC1,d)z6(1,0)*up(1,d)
237 CcONTINIE
no ?42 J=2 ;M
ARZD,D*PTR(R(J#II*R(I+1)=REJY#R 7)) 7 EMA
po 242 1=%,M1
VFRVEY, 259%ARw( Gel, 004 GCI1,d+1)+ G(141,0+#1)+ G(1+1.4))
242 MPEUHPY . 2S¥ AR (MX (T, yd+MX (], J+1)4MX (141, +1)+MxX(14+1,4))
ARZ0 DpI*R(2)%R€2)/FMI
DO 246 1-=1,11
VFRIVETAR*( GC1,1)% GC1,2)% G(I#1,2))/3.
266 MPRHP*ARG (MY (1 1 Y+MX T 2)4MX(1+1,2))/3.,
Mp=) wMp

FMP=RR¥pr*«RpO *J()*eMp

VE=2_*RnN *VE/(RHOPRPT)

1FC ABS¢1,=MPX/RMPY _LE. .05 ) GO To 300
RPO=RPO«MPX/RMP

MITamITen

1IFC MIT LE. 10 ) 60 TO 101
WRITFC6,73)

; GO 10 1an

200 ci=RpUwprwRp+RR&UQ/1IPX

KASE=KAgE+1

WRITECAH,AQ) (REFCI),1=1,6) s M,N,RLT
WRITECH,41) PS,EN,RHEOF,RHOP ,RR.THA,IIN,VISE , KNP,OM,C1,5C, NP,
1 CACRsCC,CE.MP,RMP,VF MDY
WRITECH,64) ((G(Tsd),d=1,N),121,M)
WRITFE(H,A8) ((MX(1,0),0=1,N),T131,M)
URITF’((&,?O) ((DGfIlJ)nJ=1uN’.'=1:HT
WRITFCH,40) (REFCIY,1=1,A) M, N,RLTY
WMRITECA,AZY ¢(UPCT . u), d=1,N),151,M)
WRITECH,A5) ((V(1sd),dst1.N),1=1,M)
WRITECH,A6) ((VREI, UV, 0=9,N),1=21,M)

STORE RESULTS O DISC FILE FOR GRAPH PLOTTING PROGRAM #P.10%

WRITEC(T) (REFCIN,1=1,6) M N,DS.THA L UN,K:P,0M,RPO,SC,DP,RA,MPY,
| CA,CB,CC/CEMP,RMP,VF, C(GCT, ), MXC1,4),PGC1,d), UPCT,J),
l YO1:d)VRETI )=V oY 129 ,4),.C1
GO TO 100
A00 REWiyD 7
WRITF(6,71) (REFCIY,1=1,4),M,N.RLTY
DO 4190 y=1,gASE :
PEAp(7) (RFF(T).l=1p6).”.N,DS-THA.Hd,kuD,QM.Dﬂn,SC,nD,RQ,MpR,
4 CATBsCRsCEMP.PHP,VF, ((6CT,3),MXCY,J),PGCT, J), 1iPCT,J),
2 Vil ad ) cMRICT 2 UY d=Y o NY» 129 ;11D ;03
490 WRITEC(SE,?22) fREFCI) ,1=5,A) DS, QM KNP . MPX,U0,RPO,MP,RMP,G(T.N),
RfM,”)-“D(1.1)o”D(1-H):““(”-“)-C&.CQ;CC.FE,C1
REWIND 7
QTf)p
FND
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APPENDIX 4

COMPUTER PROGRAM #CYP1

The function of #CYP1 is to copy and sort out experimental
data on paper tape produced by the Solartron-Facit system and store

required data on disc files.

Program Symbols

DATE date of experiment
INDEX entry identifier

KB data signals

KDS particle diameter

KNL number of channels per scan
KRH relative hummidity

KROS particl density

KSCALE ball probe current scale factor
PRESS ambient pressure

TEMP ambient temperature

TN data tape number

TYPE type od particles

* All quantities are in BCD integer form.



DO D OO

IO

100
70

,80

50
60

90

106

109

61

14

123
51

V K CHAN
PROGRAM #cpY1  CoOPY DATA FROp P/T ON TO DISC

IHNTEGER Til, DATE,TEMP,DPFESS,TYPFE
DIMENSTON KA(LB) . KBCA43) (KC(48)

TELETYDPE NESSAGE

HHITF‘f?J?f‘.)

FOPMAT (300 TYpE 20 TO aDV)
READCY,80) 4

FORMAT(I2)

1eC 4 NE, 20 ) STOP

READ DATA TAPE

READ(S,50) TN,DATYE,TEMP,PRFESS,KRH,KNL

FORMATCIA)

WRITE(6,60) TH.DATF,TEMP.PRESS,KRH,KNL
FORMATCIHY ,014)

WRITE(9,9() TN,DATE,TEMP.PRESS,KRH,KNL
FORMAT(BI%)

CHECK THNDEX (DATA MARKFR)

READ(S,50) INDEX

IrC TKDEX .EQ, O ) GO TO 106

GO TO (100,116,123,123,123,130,123,123,200),14DEX
READ(R,503 TYpF,KROS

READC(5,50) 1X

10 Iy ,EaQ, 0 ) GO TO 106

WRITF(&6,64) THDEX

FORMAY (A1)

WRITE(Q9,970) INNEX

WRITE(A,64) TVEE,KROS

WRITE(Q,90) TYPE,KROS

Gn TN 137

READ(5,50% Kn§

READ(S,50) 1X

1FC 1X JEq, £y G0 70 106

WRITE(6,61) THDFX

WRITE(9,90) INNEX

WRITE‘6,6%) KpS

WRITE(Q.,90) KDS®

Gn TN 137

READCH,: 5T CKACYL) ,KBCUI)KECL), 121,48)
FORMATC13,12,213,15,213,15,212,15,11)
READCS,50) 11X

gt X ,Eo, O Y GO TO0 106

WRITE(G,61) THNEYX

WRITE(Q,90)Y IMNHEYX

MRITE(B,65) (¥n(1).,I1=1.48)
HRTTE'Qroff) l'i_-'i(I)-l='|."oSJ

co TO 137

-. 270 =
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130 READCS,50) KSCALE
READ(5,50) 1x
Tefd 1X  Eq,. O 3 GO TO 588
WRITE(A,61) IHNDEX
WRITE(D ,90) IHNLEX
WRITEc(hr63) KSCALE
WRITE?9,90Y KSCALE
137 IMDEX=IX ;
6O 7O €106,116,123,123,123,130,123,123,200),1NDEX
200 WRITE(6,61) TUDEX
WRITFE{9,90) THDNEX

WRITE(7,71) Til )
71 FORMAT(12H LOADED TAPE,I13)

GO YO 1400

END i

1372 ENTRY 00222

CT
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APPENDIX 5

COMPUTER PROGRAM #PDP1

The function of #PDP1 is to perform numerical calculations
for air velocity aistribution, air friction factor and other pipe

flow parameters.

Program Symbols

CF calibration constants for pressure transducers
DF eddy diffusivity, (mzfsec)

DUN computed velocity gradient at pipe wall, (sec-l)
DUW experimental velocity gradient at pipe wall, (sec_l)
FA air friction factor

MF air flow rate, (kg/sec)

P data signals

PG pressure gradient, (kg/mzsecz)

PR ambient pressure,(cm of Hg)

SW wall shear stress, (N/mz)

TR ambient temperature, (Deg. C)

VS frictional velocity, (m/sec)



=273 =

ToN By #X#aT He Sa DATE DNL/05/76 TIME 21.14.43

WORK(ED;

SEND TO(CGEOSSEMICOMP)
Li1Srcle;

prROGRAM ¢PDP1)
coOMpaACT

INPUT 5 = CRO

nUTEUT & = Lp0

USE 7 = FDY/FORMATTED(HYRAE6ONNCHNZ) /512
YRACE 0

FND

MASTER ppp1
REAL MF
INTEGER T*M,DATE,TEMP,PRFSS
PIMENSTON REFC(ALY ,PES),Z(R)IS(H,BY, V10 ,0C10)DF(15)
COMHON /aLK1/ AR,RR,¥SCAN,RKF,X(10),0F(7,2),nul(¢15),0(15),0F(15)
READ(S,50) (REF(1).1=1,4)
B0 FORHAT (,48)
cALy Dve
103 RPEADCI»77) TM,DATE.TEMP,PRESS,KNL
70 FORMAT(H15)
LINE=14
TRE(ELOAT(YEMP)Y /100 )+273.
PR=FLUATPRESS) /100,
PHOE=64 b6444xPR/TR
VISC=C. 00672/ (TR4120,))x((TR/273.)%%1.5)
108 READ(/,72) IMDEX
TEC TNDEY _£as 9.0 a0 Yo 200
READ(Z,70) ((IS(Ted)sd=1,KNL)Y,1=1,KSCAN)
PO 115 4=1,7
p(dy=0.0
RO 194 1=9,K2CAN
194 P ) =P+ FLNAT(TISCT )
118 P y=P Uy /FLOAT(KSCAM)
TFC tNnEY _NF., 3 ) GND TO 119
O 148 5=1%1;xNi
198 2(ds=P (g
GO ™0 1028
119 pp 121 J=5 ,7
PJY=Plgy=2(0)



121

128

138

60
61

<44
67

03
146
68

290

LENGTH

PUIY=(CFECI,1DSCECS,2V%D())*P ()

MFE=0_007255«50RT(2KF«RHNE*F(2))

UN=HF/ (Ap*RHOF)

VO=1.c245UUN

RE=2. *Ru«RHoF*Un/VIsC

v(1y=0_§

DO 128 1=2,5

P TI+2)=prTa2)+P(T1+Y)

Y(I1)=P(j+2)ar(3)

CALL ALTSG YO SIINOTH DATA

CALl LT;”(“"!S]“'YI'("IFLAG)

TFC TFLAG _NE, 1 ) 6D TO 108

PO==00 .1+ (C(1)+11.%C(2))

SWE=0,540Rwph

VS=SART (<W/RHOF)

FASR,*S1)/(RHOFw N *In)

pUW==SW/vYIge

DUN=U* 111 (11) /RR

PO 136 122,10

NECIYE( rRepR*R(TI*pG/ (2. «UD+DUT (1)) )=VISL) /DUOE

LINF=LINF+1

1FC LINE JLE. 14 ) G0 To 144

LINg=1

WRIYECH ,60) (REFCIY,T=4,4),TN,DATE

FORMAT(1M2,4A8,5%X,4HTAPE,TI3,1H=,14//)

WRITEC(6, A1)

FORMATCOX ,3HMF ,BX,3HUN BX,3HRE ,8X,3HphG +BX,3HSW
SXe3HFA ,BX,SHDUW.BX,3HDUN/)

URITECA.A2) MF,UMIRE.PG,SW,VYS,FA,DUW, DK

FORMAT (5% ,0E41.3)

WRITEC(SO,A3) (DF(Y),1=2,10)

FORMAT(5H DF :,9F11_3)

PO 146 =2,10

DFCYY=EDFECLIY/ (2, %*RReUN)

WRITEC(H,A5) (DF(1),1=2,10)

FORMAT(SH DFY ,O0F19.3/7)

GO TN 10R

tEC TN _NME, 49 ) GO YO 103

REWIND 2

STO0p

END

L9VU: MAME Ppe

- 214 -

BX . 3HVS

r

-
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SUBROUTIHE DVEL
COMMNON /RLKY1/ AR,RR,KSCAN,RKF,X(I10).CF(7,2),nUTC15),RC15Y,1E(1S)
DO 10 p=1.,11
RCI = 1% LOAT(T~1)
102 UpCrd=(1 =R(1))+*,142857
DU ‘lﬂ"’ 132010
104 DUTEYI=(HF(I+1)~0F(I=1))+5,
PUT (1 1) =/ UF(O)=4 *UF(10)) =5,
RETiRN
END

LENGTH 75, NAME DVFL

SUBROUT INME GAUSINCA,M,N,B,C,X,Y,18)
£ THIS PROGRAM WILL SJOLVE AN N BY N SYSTFH OF LINFAR EQUATIONMS
o USInG THFE GAUSS~SETIDFL METHOD
PIMENSTON A¢10,10),BC105.CC10) - RC10,11),X¢10),Y¢10)
1C=1
100 ERR=.0001
113 ¥z
MM=114]
PO 1171 1=21.M
YEC AL VIS Y ¥12, 106082
2 CCly=sl,
R, MY ap(Iy/ZACL . 1)
DO 11Y u=i.M
199 RCUL,4)=A¢1,00/A(1.:1)

10% =0 0O
po 03 1=1,M
p=R (1M

no 10é g=%,m
102 pzPun(l, )ectd)

t(l)=C(1r+p
103 F=E.aBS(p)

1¢¢ FFRe Y 104,104,105
105 ¥=Ksi

1FC 1000-K ) 106,101,101
10K FPRR=FRR«10_ 9

TF{ BERR LE. 0.0014) GO TO 113
Y94 YCS0
406 BETHRN

EnD



2 _ Yo 5 3 . 5 i:m" 4

S0 ==

LENGTH 182, MAME GAlUSI)D

SUBROUTIME L TSQ(KT,MsNsX,YsCuT10)
DIMENSTON X(10),v(10),0¢10),F(10.10),A¢10,10),8B¢10)
c M UNKNOYN COFFFS AND N PALRS 0OF (X,Vv)
TEC kT B8, 42y 60 Y0 100
no 101 J=1,N
pg 107 3=1,4
10 F(I, )0=50d)ww]
GO TO 400
190 n0o 200 j=1,N
200 F¢1,40=1.0
nO 30U 4=1.,nN
PO 30U 1=2,M
200 F(l,J )= rdywne(1=1)
LOOIKO 105 18£1;:M
B0 103 K=1,1
ACK,1)=0.0
g 1he e, N
102 ACK, 102K, IY+FCTedY*E(K,d)
103 ACT ¥izAcK. 1)
DO 04 x=1,M
BR(Ky=U,0
hG 104 ge=i,N
104 BR(K =B (EYSY(D)*F(K, )
CALL UAUSIDEA, M N'B,CX.Y:10)
PETIIRN
FND

LEHGT 1 DT, MAME LTSQ
s . - I



e

nLOCK DATA

f‘OH’EUN JBRLKY/ AR.RR.KSCA'\I.“KFoY("ﬂ).rFf?’:?).hU'I('IS)rﬁ('!fﬂnll‘(153

DATA AR,ok,KSCAN,RKF/ ,0NG767,.015625,6.1.%1

PATA X / 0,0.,2.93,5.1,7.54,9.93,0.0,0,.0,0,0,0,0,0,0 ¢

DATA CF 7 ,65E=0%,.015,.0193,,01964,.01737,.01577,.,0165,0,N,
169E=05, ., 176F-05, 2378FE=05,_.172FE=05,.1018F=05, 190KE=N5 /

END



APPENDIX 6

COMPUTER PROGRAM #PDP2

The function of #PDP2 is to perform numerical calculations
for mass flow rates, pressure distribution, suspension friction
factors, ball probe current, charge transfer and standard deviations

of data input signals, and store results on disc files.

Program Symbols

CFA air friction factor Cf

CFM suspension friction factor Cem

CFP particle friction factor Cfp

FR Froude number

1B ball probe current Ib’ (amp)

IN dimensionless current number In

MF air flow rate Mf, (kg/sec)

MP solid flow rate Mp, (kg/sec)

MR mass flow ratio (Mp/Mf)

PGM pressure gradient of suspension flow (anax)m, (kg/mzsecz)
PR ambient pressure (cm of Hg)

QM charge transfer per unit mass (Q/M), (c/kg)

RE Reynolds number Re

RPO estimated particulate density at pipe axis, (kg/m3)
TR ambient temperature, (Deg. C) '

UN mean fluid velocity u, (m/sec)

* Others are defined in 7 XFD7B and#CYPl.



R i
ro4/o0s/?0 AT 21.18

TON BY #XecAl X Sa PAYE 04/05/76 TIMF 21.18.15

WORK(ED) : _

SENN TO(GENSREMITOMP)Y : 3 Cid o
LIST (LpY

PROGRAM rphp?2)

coOMpPpACT

INPUT 5 = CRD

ouTpul 4 = Lp0

USE 7 = FD1/FORHATTED(HYRAG60OONDCKHNT) /512
NUTPUT § = MTO/UNFORMATTFED(MAG TAPF 0ONY) /512
TRAGE O

FND

vV K rHay

DATA PRONCESSTNG PROGRAM #pDp?2
1/P DATA PRE=SORTER BY #CPV1

MASTER ppp2
REAL MF , MP,MR.,IB,IN
INTEGER YYPE.TN,NDATE,TEMP,PRESS
DIMENSTON AACO0,14),0(10),TAC9N,4),1S(¢6,R),0(¢8),REF(2),Y(10),2(8)
COMPEON LKy s AP_.CF(?,Z) !nD(S,tCFA(1") + KSCAN,RKF,RR, TIMEIAY X (10
S50 FORMATC28)
60 FORIMAT(IHZ,2A8,8Y ) 4HTAPF . I13,9H=,T14.3Y,19H¢,FS.1,3H K,.FS.4,
4 ¥ MG o 13 6HARKH) L 3%, 4LHPAGE,T12.3H OF,12/7)
61 FORMAT (LAY, 2HMF, 0K, 2HNP , BX , AHMP/ CA%11) , 4% ,SHMD/ME ,6X, 2HUN,
1 v, 2410 ,0%, 2HRE/)Y
62 FORMAT(IR,1Hm=12,1H=,11,.1H=,11,7E11_3/)
63 FORMAT(14X,2HFR,9X,54DP; DY, 6X,3HCFM, 8%, 3HCFp,RX,2H1B,9X,
1 AHIN,CX,3HR/ /)
71 sORMAT(R15)
REWiND 3

2 REA DAY2 REFEREMCE
REANID,50) (PFF(T),1=1,2)
» READ EXprRIMENTAL DATA (SIGHALS) ON nISc FILF PRODUCED BY 40PVS

105 BEADCT«7%) TMaDATE,TFMD,.DRESS , KiH KNI

) .
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v 3

oy

e

e

L B e

e M < e |

108

123

- 280 -

COMpUTE AMBIFNY TEMPFRATURE TR, PRFE=SUR: pR, AIR DENSITY RHNF
AND BYNAMIC VISCOSITY VISC

TR=E(FLOAT(TEMPY/ILO 14273,

pPR=F1 QAT PRESS) /100,

RHOF =06, 6464w (PR/TE)

NUM=0

VISC=L. 00672/ (Tg+120,.))%x((TR/273.)%+1_5)
READ(/,71) IMDEX

&0 10 (140,%12,%119,115,915,113,115:115,200), INDEX
READC(C,7*) TYYPE,¥S

eHOp=FLOAT(KS)

NnS=on{TYDEY

GO TO 108

REANCS,71) khUM

GO TO 108 .-
READ(T?,7%) keCALF
SCALE=FINAT(KSCALEY* 1FE=-12

GO YO 108

READC/+74) ((1S(1od),d31,KNL),I=1,KSCAN)

COMPUTE TIME AVERAGING OF EAGCH SIGHNAL p:J)

no 120 .!'-"2:"”.

PCd)y=0, 0

PO 119 i=1,xsCAN
PUIYIPCIY+RLOAT(IS(L  d))
PCIy=PUIY/FLOAT(¥YSCAN)

tFL INDEX .ME. Z.) 680 Y0 124
N0 1235 4=2,xNL

gy 2P

<60 TO 10R
- 424

128

139
132

no 423 1=1,KSCAN
YCIy=FLOATCISC(T,1))

CALL 41780 TO F1T BEST STRAIGHT LINF THROUGH MASS/ TIME PNINTS

CALL LTYSO(1,2,XSCAN,TIME,Y.C,1FLAG)
PEC TFLAG NE: % ) 80 Yo 108
MPEF(1,1)40(2)

CONYERT ©(¢Jy INTO PHYSICAL QUANTITIES

NO 431 y=2.¢NL

plJYy=PlyrymZ 1)

180 4 .En. ¥ML ) GO TO 132
PUUI= R Id e 1YRCECY,2)Y &P ()Y *P L)
vely=V.,0

DO 135 1=2,5
Delia2ozpile2V 40 (141,
Y(T1=P(1+2)=p(3;

CALL AHLTSG T0 FIY DPRFSSURE DISTRIRUTION rURVF

CALL LTSQEN-2e5,X0Y,Cs1ELAG)
t6C TFLAG . NF, 1 ) G60O.TD 103

COMPUTE ATR ELOY RATF Mpe, MEAN ATR “FELOANTTY UN AND REYNOI DS
NUMarR pp

ME=S, NUZR52S0PTIEVFwRHOE=P(2))
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UNSHE/ (Ao®RHNF)
RE=2,*RHOFw{IN*RR/VISC

CALi BFHFW TO T YERPOLATF ALR ERICTION FACTO2 FINT FROM CFa

CALL FNE“(CF&;1G..3E*S.,SE+&,5.RE,F1MT,IFLg51
tF( tFLAG _NF. 1 ) GO TO 108

COMPUTE AIR VELOFRIYY AT PIPE CENTRE U0, MASS FLOW RATIO MR,

FROUDE HUMRER FR, PRFSSURF GRANDIENT p6M, SUSPENRION ERICTINYN

FACTOR nreM, DARTYCLES FRICTINON FARTOR CEP, CHARGE CURRENT 1n,
DIMENSTNONLESS CHARGE CURRENT NUMBER T4 AMD CHARGFE TRANSFER DFR UNITY
MASS UM

VO=4 ,.224+UN
RPO=MP/ARWN)

MR=Hp/ Mg
FREUN*Up /(16 ,62xRR)
PGM=08 1+ (C(1)+11,%C2))
CFMub, *nPePGM/(RHOESIIN®LINY
CFP=CFMuiFINT

185p (&)Y lCALE

INZ(IB®In) /(NS*DS*PHOF* (0. 62F=10) % CiIN*wLY)
OMZ= 16/ (PPOIIN®) , 3N6BE=4)
NUM=NUM 4

TACHUM, 1Yy=TN

TACNUM, 2y=NM
TACMNM, 3y =T NPEX

IA(N””O(..‘ =TYPE

AACNUM, {yzMp

AACHUIM, 2y =Mp
AACHUM, 3y =RpD
AACNUM Y =ME

AACHNDM, 5Yy=1N

AACHKUM, Yy =11

AACHM , 2 y=pE

AACNUM, RysEp
AACNUM, O EpGH

AACHUM, §D)Y=CFM

AACHNUM 1 4))Y=0FP
AACHUM,12)=11
AACNUM,13)=1y
AACHUM, s 4) =M

GO 7O 108

STORF RESULYS Oy M/T

200 WRITECR, TN,NATE,TR,PR.KRH NUM, CCTACT, J) . J=1,4),151,NUM),
4 ((AA(I,J):J=111")!!=‘0N“M)
Lp=(nUM, 20y
TFC (350wt P) LT, NUM ) 1 P=LpP+d
LP=2aLp
¥p=0
DO 213 r=1.nNuM
1FC (CC1w1)/730)230Y _NE. (1=1) ) GO TO 213
KP=gor
WRITH(A,£0) (REF(K),k=1,2) TN, DATE, TR, PR, KRH.KP,LP
MRITEC(A, A1)
213 WRIYF(A,A2Y (TACTY,0),0=21.4),CAACT ,0y,d21,7)
Do P2€ 1=1 . HUM
TEC (CCrat)/20)430) _NE. (1=1) ) GO YO 222
KPEppe



2eé

e

t

C

LENGTH

L

r

(8

5
101
100
200
200
400
1 (¢
103
‘U4

WRITEC(S,80) ¢RFEF(KY,K=1,2),TN DATE,TR,PR,KRH KPP

WRITF(6,K3)

WRITEC6,A2) (IA(T,d),d=1,4),CAACT,J),d=8,164)
CHEex FOR ExuD OF TAPF

1FC TN _NE, 43 ) GO TO 101

REW;ND 7
STOp
END

836, MAME Ppp2

SUBRNUTINE LTSQ(XT,MsNsXeYsCoI0)

LEAST SqUARES CUBVFE FIYTING
M UnkNOUIN CorFFFs AND

DIMENSTON X¢10),VO10) ,CC1) L,FC10.10),A€10,10),B¢10)
<0 8 O TR, TS, S o I 7 T ¢

DO 40V g=1,N
e 107 1=1,M
ECL, 0= c¢d)aen]
GO O 400

po 20U J=1,nN
ELY . J¥=4 .0

no 300 =1,y
no 300 1=2,M
BCI,1)axced)ew(1=1)
P 1035 1=1,M
DO 403 g=1,1
Q(K,T)ﬁﬁ N

N 102 g=1.4

BCK,1)=AfK, IYEE(T e dYRELK )

ACT A=Al v
hO 104 g=1,M
ROy =Y, D

) 106 5=1,N

B(Ky=B(yreY(d)RErK, 1)
PALL GAUSIDCASM, N B, L,X, VYV, IT)

pETieN
FuD

PROGRAM
PAIRS NF (X,¥)

=N282 =



100
113

ol B

141
101

102
103
1008

1496

114

232, MAME LTSO

SUBROUTINE GAUSINDCA,M,N,B,C,.X,Y,I0)

THIs PROGRAM WILL SOLVF AN
USIHG THF GAUSS~-SETDFL METHOD

DIMENSTON AC10,10),3¢10),CC1M . RE10,11),%¢10Y,Y(10)

1C=1

FRR=z V0O

K=0

MH =1+

PO 1147 1=1,M

1S ACELTYY ). 112.1%6.142
OOy =

RCT MY =8(C1)7ACL;:1)

A 117 ImlaM
RCT,U?=AZTIUN/A(T Y)Y
=0 0

hO 103 1=1,M

PR 1M

PO 102 g=t.4
P=P.R{T,1)%0¢J)
e(Ii=Ctryap

F=E-aBS/n)

TEC F=Enn ) 104,104,105
K:K-1

TRl 1000-K 3y 1006.109.401
FRR=ERR=10_ p

1FC FRR LE. 0.001%) GO YO 113

1e=0

RY N SYSTEH

=ARa =

LINEAR EQUATYONS

b
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104 RETURN
FanD

LEMGT 183, "“AME GANSYD

QUBROUT IHNE FNEW(Y /M, XBFG, DX, N, XINT,YTNT,IC)

LR

HENFW I35 A MFUWTON'S FORWARD INTERPOIATION SURROUTINE
. COMPUTE YINT FOR GIVEN XINT FROM Y(w)

PIMENSTON Y(10),nC90)
1C=1
MOZINTO(YINT=XBEG*DX)/DX)
1EC M™N=t) 121,121,101
10% 1FfC MO 3y 120.120,102
102 1FC MU=t ) 103,903,120
103 1F{ M"MO-N Y 104.105.,105
TU4h MOS =N
105 FMO=FLOAT(MD=1)
XO=yREGLEMOXDX
U=(.AINTPVO) fhx
Azt
YINY=Y (110)
106 BO 307 [=21.N
J=Mo+l=14
107 DUy =Y )+ 5 Y (D)
TFC N=1 ) 129,110,108
108 nO 0% K=2.N
no 409 1=K,N
l=NsK=~TY
09 ALy=PCiY=nel=1)
"0 no 191 k=1,
VINT=2YTNT AN (K)
EX=F1 QAT K)Y



=-0H5

191 A=As(Umpe)/(eK+q )
RETIION
120 1€C=0
RETHDN
2% 1recer
RETURN
END

LENGTH 214, NAME FNEW

RLOCK DATA
COMMON salk1/ AR,CF(7,2):DD(5).CFAC10),xSCAN,RKE,RR, TIME(TIA).XC10)

MATA AR.oR,KSCAN,RKF/ .000767,.0015A25,6,1.11 /

DATA % / 0,0.2,93,5,4,7.54,9.98,0,0,0,0.2.0.0.0,0.0 7

NATA VF / ,65E=0%,,015,.0193,.01964, 01727,.01577,,.0165,0.0,

1 1A9E=05, ,176F=05, 23783E=05, ,172F=,5, .1N18F=05, 1904F~n5 /
DATA TIiiF /0.0,2,.254,4.5N08,6,762.9.016,31.27,.0,.0,.0,.0 /

DATA 0D /7 ,35E~4,.75F=4, .BE~4L, .%85F=3, ,1385F=2/

PATA CFA/ .0197,.0191,.0185..0181,.01727,.0174,.0%72,.0170,

: 00168!.n166 ’

END
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APPENDIX 7

COMPUTER PROGRAM #PJO3

The function of #PJO3 is to sort out data produced by #PpP2
for graph plotting program #PJ04.

Program Symbols

Program symbols are similarly defined as those in #PDP2.

Ingut Data

; P (ICON(I),I=1,6), NFIG
2, (FIG(1),I=1,10)

where (ICON(I),I=1,6) are input control parameters, (FIG(I),I=1,10)
is the graph title, NFIG is the number of characters in FIG and the
data formats are (7I3) and (10A8) respectively.



i AT ¥ VAR - 7
C
£
i
(o
r
C
50
514
61
61
67
G
£
#
®011)
LR |

r06a/faS/76 AT 21,05

#X AT HK Ba DATE 04/05/76 TIME 21.05_26

WORK(ED) L%

SEND TO(REOSSEMIAOMP) : e s
LIsY 4Lpy

PROGRAM ¢pPIn3F)

coMpaclr

INPUT § = Cp0

ouTpUT 6 = 1 p0

INPUY 7 = MTO/UNFORMATTEN(MAG TAPE N01) /512
USE B = EDI/UNFORMATYED(HYBOANNOCHN2Y /542
TRAGE 0 '

END

v K CHAYN

PROGRAM #pPU3
GENERATE PLOTTING DATA FOR APJ0G

MASTER p)03%3

INTEGER TN,DATE

DIMENST O ]Cﬂ”(b\,]Aféﬂ.ﬁ)cAﬂf60-1&),19{’50.4);Tp(150)nIY(‘ﬁﬂ)
DIMENS TN IXY(150) ,X0150) NP (30),PC30),0¢30) . NLYC30),S¢(150,5)
DIMENSTOM AXYSC2,3) ,HEARIS) ,NCH(2),FI1G(10),pS¢3),Q8¢3)

COMEON /BLK4/ TITLE(3,14) ¢NTLC14),VAR(14),BLANK '

FORMAT (713

FORMATC(~nAS)

FORMAT(*M2,/9H FIGURF +,5X,10A8//14X,1BH6GLASS BEADS TYPE #.11%

- THLp4X 0 14H0/P BY #PJO3 (L, T1,5(1H=,12Y.2H),4/7)

FORMAT(10X,16HDATA « REFFRENCE,S(3IX,AB)/)
:anAT(ny,!2,1u,.1?.iH).IA.1u-.1?,1u-.l%.1H-.t1.5511.3)
REW;ND 7

REWIHD 4

DATA INpuT

READC(2,59) (1COMLL1Y,1=1,.4),NFIG
TFC 1€0Hr1Y _EQ. € ) sTnP
READCI+54) (FIGC1),I5110)

o 101 121,150

hd 101 4=1,5

e¢t, J2En 0

A



“d s

L3 L3 va

£E3 L)

Lo B o S ]

o Nl x]

-
e ]
Laed

107

120

128

130

1473
1446

NUM=0

READ DATA ON MH/T PRODUCED BY #PDP?

AEALLTY TNWDATE, TR.PRL KR, M, (CIACT 1) ;321 .8) . 121 M),

(rA‘(IIJ}-J=1p14"I=1:H

PO 11° 1=1.,H
pE L TACILAY L NE. lcoONGID ) 6O TO 113

NM=NUMeA

)

STORF RFQUIRFD DATA IN IS(I,Jd) AND S(I,J)

no 107 a=1,4

s CuiitM, ay=1a¢1 .0

DO 112 K=m24,6

t£¢ rCoONCKY .EQ. O.) GO TO 112
J=lcoN(Ky

S(NYMrK=1)=AAC(], 1)

CONTINUE

CONTINUE

rHECK Fop END OF M/T
YR YN _NE. A% ) 60 TO 403

REWIND 7
1FC NUM LY. 4 ) GO TO 100

PE=NRDFR PLOTTING DATA PNINTS AND STORF

ne 120 1=1,NUM

1p(1)=0

txtry=0

YXYcr)=t

X¢ly=S(1.1)

no 130 1=1,NUM

1121

PLUM=XCT1)

DO 128 1=2,NUM

LEE: X¥C1Y JGE. OPM ) 160 TO 128
115}

nUM=x (1)

CONTIRIE

¥(I1)=,1820

IXCIY=Ty

HOT=NUM="

LAS =0

FFC TCaNESY - (NE,. DO JAND, 1co

DELETE HILTIPLE DOINTS

noe 144 121,801

111=14%1

PO 1435 J=111.NUM

TEC IRV Y)Y JEQ. 0 ) 60 TO 143
tEC 1S5¢1.%3% NE. ISCJ:3) ) 60
TEC MBSt sl o Y/sCd34)Y LGT.
TFS ABSIA Jmgf Y1) /8¢ N21))Y .6GT.
TFC ABScy . ws ), 2VISC,.2)) GT.
IXY ¢d2=n

CONTTRDE

CONTINUE

N(6)

T) 9473

.05

.NE

)

.05

.05

3

G0
60
60

EISY IN 1X(d)

h ) GO TO 200

TO 143
TO 43
B 6 S i1



' N ]

DD

o

O Y

146
148

149

$ 53

560

j66
167

240

212
21k

215

COMPUTE PARAMETRIC CONSTANT P FOR EACH CURVE

DO 148 1=1,MUM

TFC YXYCT1Y _NE, 0 ) GO TO 149
rONTINDE

GO TO 390

pMIn=S¢' { RS

PO 1535 1=1,NUM

1FC IXY<(1) _EQ. 0 ) GO TO 453

TFC SCY,4) LY, PMIN ) pMIN=S(I1,4)
CONTINUE

PO 167 THDEYX=7,3

quHxl}.O

KK=()

no 160 1=1,5uM

TIFC IXY(1) _FO, 0 Y GO T0O 160

TFC 15(1,3) NE_. INDEX Y GO TN 160
TFC ABS (4 =S¢, 4Y/PHINY .GT. .05 ) GO TO 160
KKK+

SUM=gUMwg(Y,4)

NLT (KK) =1

1XY¢1)=0

CONTINUE

PELETE CURVES COMTAINIMG LESS THAN 4 DATA POTNTS

1L ¥8 17, &) 60 TO 167
LAST=SLAST+

MPCLAST =KK
PCLASTY=QUM/ELOAT (KE)

RO 169 p=1,K¥

N=N T(K

IPCHY=LAST

CONTINUE

G0 10 146

PELETE NUILTIPLE DATA POINTS

DO 21% 1=1,NM

111=21+1

no 210 =114 .,NUH

TFC 1XY¢d) _EQ, 0 ) 60 TO 210

TFC ABS(1,«8(1,4Y/8¢J,4)) .GT. .05 ) GO TO 210
1F( ABS(4,«g(1,5)/8¢J,5)) .GT. .05 )y GO tn 210
1F( ABS(4,=5¢1,13/8(J,1)) .GT. .05 ) GO TO 210
VEC ABS(t,.=8¢2.2V/8(d,2)) .6GT. .05 5 GO TO 210
IXYcdd=0
CONTINUE
CONTINUE

COMPIUTE DARAMETRIC CONSTANT P 2 QO FOR EACH CURVE

DO 216 1=1,NUM

TEC 1XY(1) _NE. O ) GO 7O 218
FONTINUE

GU T 300

PMIn=5(1,4)

nMlny=85Cr.s)

hO 22 1=1,NUH

TFC 1XY(1) .F¥Q. 0 ) 6O TO 222
TFC sC1,4) _GE, OMIN ) 60O YO 222
pMIN=S (¢, &)

= 289 =
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OMIN=5(1.5)
2?2 coONTINUE
psUn=0.4
asuUn=0_0
K(:ﬂ
no 232 1=1,NUM
TE0 IAY(I) _EQ. B ) 60 YO ¢35
1F{ ABS V.=t ;4s/PBINY .6Y. .05 ) 0 ¥0 235
IF( ABS¢1,=g(¢I,5Y/0MIN) .GT, .05 ) GO0 YD 235
KK=KK+1
PSUM=PSUMSS (T, 4)
OSsU=0SUM+S(1,5)
NLT cKK)Y=?
1XYc1)=0
235 cONTINUE
f
s DELFTE CURVES CONTAINING LESS YHAM 3 DATA POINTS
c
IFLC KK 1Y, 3 ) 60 Y0 212
LAST=LAGT+1
NP(LAST) =KK
PCLAST)=PSUM/FLOAT (KK)
OCLAST)=0SUM/FLOAT (KK)
PO 2435 K=1,KK
M=NLT(K)
24% tPUINI=LAST
GO TN 212
300 TFC LAST .EqQ. 0 Y GO TO 100
KT=0

SORT DATA POTNTYS AND PARAMETRIC CONsSTANTYS Fop EACH {URVE

D

DO 312 =1, AST
312 KT=pT*NprL)
PO 313 ¥=1,58
312 CALy COpv(B,HEAD’K),1,BLANK,1)
1=0
hO 316 y=2,6
tPrC 1ConeK) EQ. 0 ) GO YO 316
12141
JalcoNg)
CALL COpv(B,HEADCIY,Y,VARCY) 1)
216 CONTINUE .
Ba 321 11,2
K={poN(1+1)
NCH¢TIdI=NTLLK)
ho 321 4=1,3
?‘:1 CAL[ COP‘:’(B,AXIE"IIJ)[1‘TITLE(JIK)01‘
K=IlrnaN(5) '
NPS=NTL(K)
nO 322 4=1,3
X272 CALY Copvi(B,oSCi Y« Y TETLECS Y 1)
WRITECBY (I1CONCIY»1=1,6) ,HFIG,(FIGC(T)Y,1=1,10)Y,

CNCHCTY Im8,2Y, CCAXYSUL ) =%, 8Y =1+ 20 s KT o LASY,

2 (NPEDD) ,PCY) T2t LAST) HPS, (PSC1),T=4,3)
1FC 1C0n-6) QL. 0 Y 6O TO 327
K=lcON{HY
NAS=NTL(¥)
ho 322 1=1.,3
Y25 CALL COpvI(R,QSCJYs%,TITILF(J,K)Y,1)
HRITECRY (QCT1) I1=T,LAST) NQAS,(QS(1),1=21,3)
127 1 INp=60

=290 =

b



330

ST D

PO D

LENGTH

END

ho 333
Ki=1
PO 333 1=1,NUM
r1=1x¢1)

L=, LAS

TS JRCIYY UNE.,

KK=KE+1

M=0

Do 339V k=2,6
IR TCONCK) _E
M=M+1
XMryaSCir,Ket)
CONyTIMUE
LINE=LINE+Y
LES, LIWE LLE.
LIMNE=

L/P tISTING

WRITECK,40)

i

I IR o B o R,

Q, 0 ) 60O Tn 330

56 ) 60 Yo 339

STORF RESULTS OW DISC FILE

WRITe(6,41) (H
WRITECA,42)
WRITE(SR:
CONYTINUE

GO D 100
FHND

1467, NAME

RLOCK DATA

E!‘\n(llj lJ=1 !5)

PaN3

(FIGEJ) ,d=1,10),1C0NCY),C1CONC))Y,J51,6)

l«PKKl(IStI’J’)lquttl)"xtJ,'J=1’H)
oMK CISCTIY d) ed =) (X () sda= M)

P AHMP / CAWI) s BHMP / ME

COMMON /RLK1/ TITLE(3,14),NTLC14),VAR(C14),B1 ANK
NATA NTi /10.10,21,8,8,9,8,8,13,248.13,5,9/
PATA BLANK,VAR,TITLE

/81 .BHIME s BHMpP

&Hil «BHN. s 8HRE

AHrLFM JOHCEP +RH1R

BUMF, KG/S,8HED + BH

8HMP, ¥G/s,3HEC s BH

BuMP/(Awl) &%, KG/CU, ,8HM,

AHMP /ME , &M , 8H

3iie M/SEC.BR , 8K

Ao, M/SE,8uC RY

BHoE ,Au , 8K

AlER : BN + BH

BHNRP/pX, H.EH/ZCULM ' AH

8HECFM y BH 1 BH

Rifrgp HH . RH

AHIB (=VE).8w, AMp + BH

BTN , AH . 8H

AHa/M, C/K.8Kg5 s RH

+AMEFR t BHDP/ DY
..‘{HlN IBHQI”
L}

L]

’

r

r

L]

"

']

.

r

/
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APPENDIX 8

COMPUTER PROGRAM /#PJO4

The function of #PJO4 is to perform graph plotting
( Figs. 8.2 - 8.57 ).

Ingut Data

1. (REF(I),I=1,5) "
2. NPLOT

where (REF(I),I=1,5) is a 40-character reference title, NPLOT is
the number of graphs to be output and the data formats are (5A8)
and (I3) respectively.



- 293 -
lon B #XpAT e 57 NATE O4LIOS/T6 TIME 21 G7.26

VOB e EN Y

SEND TO(GEOSSEMIGCOMP)

LIBoARY(ED,5 IBGRAUPSRF?)
LIBRARY(rD,si!/BGRNUPZRGP)
{IBRARY(ED,SUBGROUPS=RS)

LISt YLp)

PROGRAM (PJOA)

coMpaCT

INPUT S5 = CgrO

ouTpUT 6 = 00 _

USE 7 = FD1/UKFOPMATTED(HYB660ONOCHN?)Y /512
TRACE 2

END )

Vv K tHap

" e W sy e

GRAPH PINTTING pPROGRAM #DJ04
PLOYTING DATA PRNADUCED Ay #pJn3

MASTER pa04
DIMENSTON REF(S)ICONCEY - FIGCI0)  XS¢3),¥S(3).PS¢R),AS(3).YVIXD),
1 NP(30),P(30),Q030) , X{(150) . ¥(150),2¢3),15(4),%XX(3n)
PIMENSTON BECD(2)
COMUDN /nLKY /7 TYPECL),SYMB(1S) . CASE(C10).CURVE(12)

50 FORMAT(5A8)

51 FORMAY(T12)
REWIND 7

INPUT DATA

REAN(I,50) (REF(1),1=1,5%5)
REAH?S,54) NpLOT

CAL|L HGpSTAET(RFFE,4))
CAL), HGOOPRIGINCN.D0,15.)

REAH DATA FROM p1SC FILF PRODUCED RY #p.1Nn3

B 208 Fried . MNPLOT

READ(S) (1CONCT) . 1=1,6) . MFIG,(FIGCTY,1=1.,10) . NXS.NYS,

1 EXSEEYw k=Y s BN st VST ) 5 153 KT LARTY i CRPCY Y YD) skt JLAST) 4
7 MPS.fPS(1),1=21,3)

1F( 1€0176Y NE. O ) READ(7) (QCI),1=1,0LA8T7), . NOS,.(DS(1)Y,V=1.3)

-



=204 =

PO 110 1=1,150
¥(Iy=0.9
110 v(IyaU,d
M=)
"”3 :q-t" l,"-ch'}
1F¢ 1COHZKY _NF
1946 CONTTIRNUE
PO 119 131.,KT
REA)"?\ fls(.i)rJﬂ‘i:b,‘:Xf!)l‘?(‘)r(z‘J‘lJ=1a”)
1EC 2Oy LY. 0.0 ) X(1)m=X (1))
10 VAN S LT. 0.0 ) Yilamu=Y1)
119 CONYTNUE
1EE LAST .6Y. 12.) LASTe1Z
KTT=KT+9
CALL HGPSHYIETO(X,¥T,15.)
CALL HGpsHIpT(Y,.XT,15.)
CALi. HGPSCALF(X,XTY,15, XMIN,DX,1) «-
DX=2.*DX
CALL HGHQCALF(Y,YT‘;15.,\'"!an¥;1)
NYy=p _*Dy
IFC ((T1i1/2)+2) _EQ. I11 ) GO TO 123
CALL HGPARIGYN(21,,29.7)
GO TO 124
123 CALL HGPORIGINCG) 0,=29,7)
124 CALL HGPpeECYT(0,0,0.0:16.:16.:,0.0,3)
CAL[ HGI“RECT!-S.t"ﬁ1.5!?°.7021-nrﬂun:3)
CALL HGPAXISVCD 0,0,0,%Xs,~NXS,16,,0,0,¥MIN,D¥Y,2,,3)
CALI RGPAXTIavV(O.0:0,.0,YS:NYS,16.:90, ,YMIN,DY,2.,3)
LA=D
LB=()
DO 139 1=%,LAST
LA B*1
LB=LB¥NP L)
DO 138 1=LA,IB
Kzl | As+™
XXCryYsSX (1)
138 YY(K)Y=Yr)
129 CALL HGPCHARCXX,YY . NP(CL)Y  Ls,Y)
CALL HGpsYMBI (=_5,=2,5,.25,8HFIGURF -,0,0,8)
CALL HOPSYMRI (2. 85,%2,5, 2S+F1G.0.0,MFI6)
CALL HGDSYMAL (2.5,"3,,.25,11HGLASS RFANS,N.N.11)
K=lpnN (1)
CALL COpPYBR(atDC1Y ,TYPE(K))
CALL HGnSYMBL(S, ,=3.:+.25:,8CD,0.0.8)
CAL. HGPEYMBL(=_.5:%4,,.25,23HCONSTANT PARAMETER(S) :,0,0,2%)
CALL HAPSYMBL(6.,."4,,,.,25.P5,0,0,NPS)
1FC 1CONCO6)Y NE. O ) CALL HGPSYMBL(11,.5,~4,,.25,08,0,.0.Nn8)
YY(2)s=L 6
XX(1y=5.2
PO 16% 1. =1,LAST
CALL COpvBIRrD(1Y,FURVE(L))
YY(2YRYY(2)Y=_4
YR YeYvier2Y)e . 125
CAL( HGpSYMRL (2 _R,¥YY(2),.25,B6Dh,0,0,8)
CQLL HGL‘PHAR(XX:V?Q.Irl..l.1?5)
CALL HGPMUMBRFR(H, »YY(2),.25,0(1):0:0,1,2,3)
1FC 1C0H6Y .ME. 0 ) CAL!L HGPNUMBER(*1.5,YY(2)¢.25,QCL),0.0,1,2,3)
164 rONTINDE
KzlenNeqy+1
CALI CNpv(2,CASECR),2,SYMBIK) 1)
K=l oNeE2y 41
fALL LOpv(2,rASEC8) . 5,8YMR(K),1)

0 ) M=p+1

-



200

K=Icon(3yv+9 =
CALL COpv(1,fASE(BY,R,SVMR(K) , 1)
CALI COpv(1,CASErD),4,8Y1B(K),2)
K=s1CONCLY+4

CAL), Conv(2,rAepcQy,2, gvmn(iY,1)
E=lcohNE5y+9

CALL Copv(2,CASE(9)Y,6,8vHB(K),1)
KslenN gy +1

CALI COpv(2,CASEC¢10)Y ,1,SYHB(K). 1)
CALL HGPaYMBL (Y, ,~10.5,.2,CASF,0.0,80)

CONrINUE
REWIND 7

CALL HGDEINTISH
eT0p

END

-ENGTH 1022, NAME Pyné

103

107

ENGT i

SUBROUT INE HGPSHTFT(X,N,XL)
PIMENSTON X(150;

¥YMIu=XCq)y

po 103 (=2,N

TFC Ty Ly, XMTN ) XMIN=X(T)
cONTIHUE

XMAU=X(1)Y

po 10, 132'N

TFC X(1) LGT. XMAX ) XMAX=X(I)
CONTINUg :
XN+ I =XMIN=¢ 25« (XIHAX=XMIN)/XL)
RETURN

FND

123, NAMF HGPSHIFT

=

2



e L

RLOCK DATA

COMHON 'mLK1/ TYPE(4),SYMB(1S).CASE(IN),CURVF(12)

DATA CA4F / AHDATA COM,AHPUTED RY,8x #4pnp2., ,RHN/P BY #,
- AHPJN3, PL,AHOTTED RY,84 #pJNh4  L,BH{ = = ,

2 1 O I e e /

BATA CURVE 7 BHCHRVE 01,8HCURVE 02,3HCURVE 03,8HCURVE 04,
i SHCIRVE 0S,8HCURVE 06,RHCURVE 07,8uclUevE 08,
2 BHCIRVE 09 ,8HCURVE 10,AHCUGVE 11,8HCURVE 12/

NATA SYMBR / AHOD P AH01 +BHO2 »8HA3 '
4 AHD 4 +AHOS LBHO6 ,8H07 '
5 AH0G , M0N0 , 8410 LR '
3 2H12 ,AH13 ,Ru14 /

DATA TYor / BHTYPE #1.,3HTYPF #2,,8HTYpr #3, .RRTYVYPE #4./

END

FINTSH

N o=  NO ERRORS

24 BUrxkETs USEN
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APPENDIX 9

COMPUTER PROGRAM #PJO5

The function of #PJOS5 is to perform graph plotting
( Pigs. 7.1 = 7.36 ).

Ingut Data

1. (REFO(I) ,I=1,5)
2. NPLOT

where (REFO(I),I=1,5) is a 40-character reference title, NPLOT is
the number of graphs to be output and the data formats are (5A8)
and (I3) respectively.
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Lor 8w #X¢AT 1y SA DATE 0L/OS5/76 TIME 21 . 12.§2

~h LE D

AP N3 NS

50
52

100

unRev rEny

SEND TO(GEQSSEMIFOMP)
LIBRARY(ED,8BGRNUPSRE?)
LIBRARY(ED,3BGRNUPSRGR)
LIBRARY(£D,SUBGRNAUPS=RS)

LISY (Lpy

PROGRAM (PJOS)

coMpablT

INPUT 5 = €RO

ouTpuT 6 = o0 _

USE 7 = FDY/UNFORMATTED(HYBGO6NDOCHNSY /512
TRACF 2

END X

v K cHAN

GRAPH PILNTTING PROGRAM 40405
PLOTTING DATA PRNDUCED RY #XFND7R

MASTER pi10S

REAI' KN!’.HD.“XrHDX

DIMENSTION TEST(2Y i X(HS5),XX(5:65) :YC21),1UF(H61Y,R(61),2(21),0FE(&)
DIMENSTON DP(21,21).6(¢21.21) . MX(21,21),26(2%.21),UP(21.21)
DIMINSION V(21:21),¥R(21,21).,REFN(S),TYCF(2)

DATA TYpr /JARHTYPE # ,,RHYYPE # _/

FORIIAT (1 3)

FORMAT(5A8)

REWIND =

no 500 r=1,61

PCI ) =.05«F1LOAT(1=1)

THPHT DATA

REAN(5,52) (REFOCIY,T=1,5)
READ(5,5n) neLOT

CALL HGDeTART(REEOD,.4N)
CALL HGPNRIGIN(S.:11.)

REAL DATA FROM RISE FILF PRODUCED BY aXFN7R8
no 200 rv1=9.NPLOT

UE"\i‘f"‘ "REF(I}o?=10f;)r-’Tqu{1‘l¥=1n?)l"'-”!ﬁ(.'tru&i“ﬁcrshpfu"‘.-

*

4



== 200

1 RPO,rA,CR/CC,
1 CE.MP,RHMP,YF,,UYDF,(DPCY, 0,6l . J) . MXC€Ypd),PG(T 1Y,
2 UPCT s d) s VITd) , VROTI 1) d=s1 . )l M), RR . MPX,CH

CALL COpv(Cl ., TYPELY)Y,7.,TEST(2)Y.,1)

THEztM=10N /2

NI=3wN

PO 110 1=1,6"
110 UFCIYBUD« (1 =R(1)/3. )nw 142875)

W=1 /FLOAT(n=1)

PO 1135 1=1.N
193 Y1323, xU*FLOAT (1=1)

k=0

DO 123 1=21,M.INC

no 125 J=l,N

K=K

XXC1,K)=vR(1,d)

XX, K)=np0xG(1,))

XXC(7, K)Y=110wyypCL,0)

XX (a0, K)=aPOwO*Mx(1,J)
123 ¥X(5,K)=np(1.d)

TFRC ¢C1i1/2)%2) _EQ. 111 ) GO TOD 124

CALL HGPORIGIN(21..52.2)

GO Y0 127
26 CALL HGPORIGINC(N.0,=7.2)
127 DO 15& (151,5

DO 129 4=1,N3
129 X(dysAX(rl.0)

1FC 1T _ME, 2 ) 60 TP 132

CALL HGDPeCALF(UF,69,9,5,XMIN,DX,1)

PO 131 g=1,N%
131 X(Jd)=K(J3>/DX

GO TO 13%
132 CALL HGpaCALF(X,N3,0.5,XMIN,DX,1)
133 pX=2. *DY¥

CALL HGPARIGTIN(O.O,~4,5)

CALy HGpoECT?0.9,0.0,.3..10..0.0,3)

CALL HGpaX1gw (D _0,0,0,8j R+ +B5%:2900.,0,0,:5,1.5:3)

6U rO (135,136,137,138,139),11
135 CALL HGPAXISY(D 0,0, 0,22HELECTRIC POTENTIAL (V),«22,10.,0.0,

A XMIN,bX,2..3)

60 7O 140
136 CALL HGpAXTISY(D N, 0,0,204pARTICULATE DENSITY (KG/CU.M),=29,10,,
0.0, XMIN,DY,2,,3):

-5

GO TN 140
137 CALL HGpaXIsv(0,.n,0,0,254HPARTICLE VELOCITY (M/SEC),=25,10,.,0.0,
" XHTNID)(Q?.t:S‘
60 TO 140
138 CALL HGpaXIgv(0.0,0.0,234MASS FLUX (KG6/S0,M*SEC),~23,10.,0.0,
1 XUIN,DY,2.:3)
GO TO 140
139 CALL HGPAXISV(N_N,0,0,31HPARTICLE DIFFUSIVITY (80O.M/SEC),=31,
K 11!.:“.“:!!1”4-!‘1)(;2.-3)
140 LA=O
LB=O
PO 454 1=1.,3
k=0
LA= B+
FR=1 n+N
PO 148 | =LA,!B
z=Kut
148 2(K)y =X
TEC 1l .e0, S5 ) wEK=1
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CALI HGPr'HﬂPrZIVrK- | R S

CALL HOPSCURMECZ. .Y K+0,0,0,0.0)

1FC 11 _NE, 3 ) 60 TD 150

CALL HGp: INECUF,R,41,1)

rONTINIY

CONTIRUE

CALL NGoRECT(~6. ,=8.5,20.7,21.,0.0,%)

CALL HGPRYMBL(=2.5,~2.0..25,66HF1GURF , VARTOUS DISTRIRBUTIONS
IN A Fui LY DEVEILOPED TURRULENT,.N,0,44)
CALL HGPSYMBIL(,5,=2,5,.25,40HGAS~S0LID SUSPENSINN FLOW, PARTIC

LES); 850.,.40)
CALL HGPSYMBI(9.3,=2.5,.25,TYPE,N,0,R)

CALL HGPSYMBL(=2 5,=3, , . 2,77HP1PF FLOW DARAMETERS : R= M3
U0 = M/SErf: a/n= C/EG: . 0,0,77)

CALL HGPIYMBL(=2.5,=3.4,.2,81HKNP= : DF= SN . M/SFC
1 Mps= {(EYPT). (COMP)Y KG/SFC.,0.0:481)

CALIL HGPMUMBFR(1.6,=3,,.2,RR.0.0,1.,2.,3)

CALL HGDNUMBFR(4.4,=3,,.2:90,0.0:1:2,3)

CALL HGPAUMBFR(B,,=3,,,.2,0M,0,0,1,2,3)

CALL HGPNUMpBFR(=2.,~3,4,.2.KNP,0.0,4.2,3)

CALL HGPNUMBFR(,41,=3,4,.2,0F,0.0,1,2,3)

CALi. HGPNUMBER(4.4,=3,4,,2/MPXe0.0,9,2,3)

CALL HGPNUMBFR(7.2,=3,4,.2/RMP+0.0+1.2,3)

CALi. HGPSYMRI (4, ,~3.A,.2:25H . . LN, 0,25)

CALL HGpeYMRL(4,,=3,8,.2.36H =00 ; =90 0 : =180.0 : AIR..

Y(1)==3 7

200

 ENGT i

0.0:36)

X(1y=5,05

cALL HGPPHAR(X!Y01I1 2s3)

X¢1)y=5,3

CALL HGPCHAfo:Yr102:-1’

Xx(1y=6_0

CALL HGpCeHAR(X,Y,1,3,.1)

CALL HGPLOT(R,6,=3.7,3,0)

CAL‘ HGP' OT(C‘.S.'Z’-?;EHH

CAL| HG[‘Q‘Y'!RI.(-O-"'S'éO—?lﬁd . 0.0,8)

CAL!. HGPSYMpL(~2.5,=3,8,.2.25HPIPE INCLINATION = 20 e25)
CALL HGPNUMBFR(.41,=3.8,.2,THA.0.0,0,3,1%)

CALL HGPSYMBL(O _ 0,=5,5,.2,52HDATA COMPUTED RBRY UXFD?7R, PLOTYED BY 4
pJ05 (TreT ).r0.0,62)

CAL| HGPQYMRL(B.k.-S.S,.?.TEQY.Q.O.10)

CONTINUF

CAL; HGprIMISH

STOp

END
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APPENDIX 10

COMPUTER PROGRAM 7PJ06

The function of #PJ06 is to perform graph plotting
( Figs. 7.36 - 7.60 ).

Ingut Data

1. (REFO(I),I=1,5)
2. NPLOT

where (REFO(I),I=1,5) is a 40-character reference title, NPLOT is
the number of graphs to be output and the data formats are (5A8)
and (I3) respectively.



Py BY

50
52

160
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EXeaT 11 S5a NATE OL/0S5/76 TIME 4.10._84

WORx fED

SEND TO(GEQSSEMICOMP)
LIBuARY(FD,5UUBGRAUPSRF?7)

LIBeAKY (ED,SUUEGROUBSRGP)
LIBzAFY(ED,SUBGRNUPS=RS)

LIST (Lp)

PROGRAM (PJDA)

rOMpaCT

TNPIIT 5 = CRrO

oUTeNT & = Lol

USE 7 = gn1/UNFORMATTED(HYRBAANOOCHNG) /1512
TRACE 2

END i

v K CHAN

GRAPH PLOTYING PROGRAM »PJ0NG
PLOTYING DATA PRNDUCFD nY #XFD2B

MASTER paDé

REA| KNp,MP ,MX . nPX

DIMEMNSTON TESTC2Y X (A5), XX (5,65) Y(21) . LEC(HIY ,R(H6T)2(21)YrREF(H)
HIMENSTON G(21:.29) ,MX(21,21),56(21.21).UP(21,21)
RIMeNSTON V(21,29),YR(21:21).RFED(S)Y ., TYDF(2)

DATA TVYpr JRHTVPE & _,AHTYPE # ./

FORMAT (1 3)

FORIAT(5A8)

REW i nuD =

o 100 =1,61

R(IY=.05+«F1n0AT(}=~1)

IMPHT DATA

READNCD,52) (pPEFOC(I)Y,1=21.,%)
READ(D,57) NPLOY

CALL HGpeTART(REED,40)
CALL HGPORIGIN(S.»11.)

REA) DATA FrOM pDTSE FILE PRODUCFD Bv #XFD3A

pe 200 Jrli=q.NPLNT
READCEY (REECYI), 1=1,4), (TEST(Y) . T=1,2) :M:N+DS,TRALUD. KNP, QW,
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e eP0,SC,DP,RR,MPX . CA,CR,CC,CE . MP,PMP , VE,((GCT . J) , MX(T1,J),
2 DGCT-J),UPCT,JY . V(T 0),VR(T,J), it o), I1=14M),CH
CALL COpPYUY,.TYPELY) ,7,TEST(2),1)
INCz(M=1y/2
'J:ﬂ:l;-r[:
PO 1190 131,61
190 URCIYSUOCCY,=R(1)/3,.)wex,142875)
H=1_ /7FLOAT(p=1)
PO 113 131,N
113 Y(1;=3, xMwFINAT(T1=1)
k=0
no 423 1=1,M,INC
DO 123 J=1,M
K=K
XXCS RY=VR(T . )
YXC2,K)=ppOxiCl, 0)
XXC3,K)Y=t10%p(T, )
123 XXCAK)=pPOxil0wyx (T, )
YEC 1y /2y+2) .ED. 111 ) 6O TO 126
CALL HGPORIGINC21,,49,7)
60 Y0 127
126 CALL MGpPRIGINC).0,=9.7)
27 DO 1564 11=9,4
PO 129 J4=1,N3
129 ¥(Ji=kX¢t1,0)
1¢§C 11 _NE. ® ) 60 TO 132
cALL HGpSCALF(UF,6%,9,5,¥XMIN,DX,1)
no 1317 J=1.n3
131 ¥CJdr=XCar/nX
G0 Tn 1373
132 CALL HGPSCALF(X,N3,9.5,XMIN,DX,1)
133 NX=2, %Dy
CALL HGpNRIGINCO.0,=5.0)
CALI HGD“ECT(O'Otooﬂfsc01“'1000!3)
ERLA. “Gn&XIS\!(O.ﬂcn.ﬂ.Bu B '8!3.:90-:0-010501.Sr3)
60 ro (135.,136,137.138).11
135 CAL) HGDAXTSV(O.0,0.N,22HELECTRIC POTENTIAL (V) ,=22,10,,0,0.
3 XMIN,DX,2.:3)
GO TO 1!{1.‘“'
136 CALYL HGpAXISV(D . N,0_ N,20KPARTICULATFE DENSITY (KG/CU.M),=29.,10,,
4 0.0+ ¥YMIN,DY:2.:3)
6O TN 11’;"‘
137 CALI HGpPAXISV(D.0,0.0,25HPARTICLE VELOCITY (M/SEC),=25,10,.,0,0.
1 XHIN.DX.?.»B‘
GO YO Y40
438 CALL HGpAXTISV(0,0,0,0,23HMASS FLUY (KG/530.MeSECY,=23,10,.0.0,
1 XIHN.D!-Z.-}’
140 LA=D
LB=0
nd 15V I‘—'1r3
)
A= 8¥*1
IB’LH*“
nO 140 I"‘.‘LA,LB
¥=kKe1
148 20K =K1
QALL BGooHAR(Z:Y:Ke1lse1)
CALL HGPRCURVELZ, Y Ks0,0.0:.0.0)
1fC 11 ME, 3 ) &0 1D 150
CALL HGp1 INEC(UF,R,61,1)
150 poNTINUE
154 CONTINUE
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CALL HGPRECT(=6.,"R.5,29.7:2%.:.0:0:.3)

CALL HGDSYMBI (=2 5,~3.0,.25,66HFIGURF -« VARTOUS DISTRIRUTIONS
IN A FiINLY NEVEILOPED TURRULFNT,O_0,4A6)

CALL HGPSYMBI(.5.,=3,5,.25,40HG6AS5=S0) 1D SUSPENSTION FLOW, PARYT1IC

'IES,ﬁ}ﬁ.r05

=

-

200

LENGTY

CALL HGpeYMBIL(9 _.3,=3,.5,.25,TYPF,N,0,8)

CALL WGpeYMRL(=2.5,~4,, . 2,77HPIPF FLOW PARAMETFERS : R= M3
Uo= M/SEC: Q/M= CIRGE O 0-:77)

CALL HGpsYMpBI (=2.5,~4,5,.2:81HKNP= : hHF= SN.M/SFC
:} Mps= (EXPT), (COMp) KG/SEC.,0,.0,81)

CALL HGPNUMBFR(1,6,=4,,.2,RR,0.0:1,2.,3)

CAL)L HGPNUMRER(4.b4,~4,,.2,U0,0.0,1.2,3)

CALL HGJNUHHrP(d..-4,,.?,QM,n,ﬂ,1,2,3)

CALL HOGPNUMRFR(=2,.,~4.5,.2:KNP,0.0.,1.2.,3)

CALL HGPNUMRER( 41,-4,5,.2,0P,0.0,1,2,3)

CALI, BGPMNUMRFER(4. . 4,=4,5,.,2.,MPX,0.0,1,2,3)

CALL HGPNUMBFR(7,2,=4,5,,2,RMP,0,.0,%,2.,3)

CALL HGpsYMB! (4. ,=4,8,.2.,25H 5 . i 10 0, 98

CAL| HGPSYMBIL(4..=5.0,.2,36H =0.0 3 =00 0 ; =180.0 ALR .,

0.0,36)

Yil)="4.9

x(1)25,0§

CALL HOPCHAR(X:Y:1:1:.1)

¥¢{13y=3.3

CALL HGpCHAR(X:Ye142,.1)

X(1y=06,0 ‘

CALL HODCHAR(X.Y:1,3..1)

CALIL HGPIOT(R.6,=4,0,.3,0)

CALL HGPi10T(%.3,-4.9,2,0)

CALL "GT".‘;YHBL(-égf-L.Br.?.EH - ,D.U.B)

CALL MGPSYMpL(=2.5,-5.0,.2.25HPIPE INCLINATINN = »¢0+0,25)

CALL HGPHUMAFR(C . 41:,=5.0,.2+THA:D.0,0,3,%)

CALL HGpeYMRI (D,.0,=7.5,.2,624HDATA COMPUTED avy AXED3IBR, PLOTTED RY #

pJOs (TEST ), 0.0,62)

CALi. HGOSYMBL(B, 4,=7,5,.2,TEST,0.06,19)

CONTINUE

cALi HGpeINISH

§T0p

FND
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