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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 : 35, 75u, 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 methods 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> C/kg and charges of

both signs were present on the particles. The charge current

was found to be the order of 107 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 fiow rates, particle sizes

and charge to ratios.



J 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:

a2 a0 8 Pp w
mh =ie NS
a ]
hi

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

Velocity 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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Subscripts

oi

g0 3S mh Be
Superscripts

*

(q)

sifedele

Shear stress

Poisson's ratio or kinematic viscosity

Thickness of the viscous sublayer

Characteristic parameters

Tensor

Fluid phase

Gas-solid suspension

Particulate phase

Pipe wall

Pipe axis

Dimensionless quantity

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 systems,

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 techniaues. 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 particles 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). Gravity 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:

<a) 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
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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

ELECTRODYNAMICS 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) and, 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

Ee) and Epo of the two bodies is given in Fig. (2.1).

Upon contact, electrons flow freely from the higher

Fermi level Ego to the lower Fermi level Ee: When the Fermi

levels of the two bodies become equal, no further 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 We Since the electron

flow is never very large, Ve is usually of the order of 1 volt

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

functions oy and $9 of the two bodies as

Vo = 6, - (2.1.1)



i)
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Fig. 2.1. Energy diagram of two dissimilar bodies

completely isolated from each other.
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Origin of the contact potential difference.
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Subsequent separation of the two bodies leaves the one having

the lower work function 5 positively charged and the other negatively

charged. The sign of the charge conforms to a triboelectric series

@205-21)..

To develop the basic relationship for charge transfer between

bodies by impact or collision, consider first the collision of two

elastic spheres of radii ay and a), Masses m. and TM> material

densities 22 and aoe material Since whihs 3 and Fs potentials
yy and Vo> and velocities uy and Uys The angle of impact 6 is

defined in Fig. (2.3). The true contact 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

i 2

5 Biddee ; Py
AT), = 5-207 (k, + ky) aay Au, 6088 (2.1.2)

and the mean area of contact Alo as

2

3 ( a2, 3 3
Ayo = 5.563 (ky + ky) | aa Pio (231.3)

\F1 + 32

where Aur = Ju, = uy | is the velocity of approach at the beginning of

the impact, ky and ky are the elastic properties given by

a- ve)
‘ee ee

1 TE, (2.1.4)

and

(a-v5)
k, = —— ; (2.1.5)

Z TE



12

Area of impact

Fig. 273.

=—23—

Impact between two elastic spheres.
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vy and Vy are the Poisson's ratios, and Ej and E, are the
2

moduli of elasticity of the spheres. The maximum compression P
ne

which occurs during the impact is given by

== (mm fala, \5Gat sey:
Bl = 0-035: (k, * k,)12 1 2 By + m,) 4 +a,

3
2 5Au,5 ¢ + 4) aa (2.1.6)

2

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

Over a contact time AT) 5> the current density J,, through the
12

Mean area of contact Ayo due to charge transfer from sphere (1) to

sphere (2) is given by

oy 9%

Typ = by Wy, =o) oe te QW, - Vv = q eee) (241.7)

where hy is the charge transfer coefficient at the contact surface,

We is the contact potential, and the characteristic charge transfer lengths

&, and 29 are expected to be of the same order as a, and ap respectively (24).

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

hy as

o,0, 4 0,2, 4 2 } a1°2 1°2 e271.
Bias ea, Tomen\ gay a

Le 2k ie2,

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

av av,iNret Z\eeoF (ze) sane Be i2 312) oe i)
where C a 4me ya, and cy = 4me, a, are the capacitances of the spheres,

and &) and €, are the permittivities.

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

av av(ae ae et \e1 \ae ) = Cy \ae-J = Ayabya(¥, - VQ) (2.1.10)3 -¢ 5
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For a mean potential difference W\-v,) during the contact,

the charge transfer per impact % can be obtained from the integ-

ration of equation (2.1.10)

Qo = By Oy = VoIA 2ST 12 (2.1.11)

where the mean potential difference Wy - Vv) is given by

q q
V,-v, = V+ ee = wes (2.3.12)

c mE ME5aD

and q and I) 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 i
5 a) a, 5 m, + m) 5

O. pe 12. 560(k.: +k.) ee eee
12 1 2 ay + a, mm,

3 =

uleg
aui9 cosé hi Wy - vy)UN*

ney.=o

It is worth noting that in reality, the charge transfer

(2.1.13)

coefficient h,, and the contact potential difference vc $y - $5)
12

are strongly influenced by absorbed surface layers of moisture

and surrounding humidity (23).

2.2 Dynamics of a Cloud of Charged Particles

The problem of a cloud of electrically charged particles has

been treated analytically 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 uniformly charged particles being

kept within a radius R, in a vacuum. The force =. acting on a

particle due to electric and magnetic fields is given by
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F. = dace ue) + V(P-E) C2201)

where q is the average charge per particle, E is the electric

intensity, U
Dp

the magnetic induction which is usually negligible.

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

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.
Pp 3

m— 2 = gk + 2 (ez) (2.2.2)
at or

r .

1 @ 22where Es: — An por 2 art (2.2.3)4negr2 rn @) P ,
0

sl= . a 
(2.2.4)

4negr2 \TM ‘c i
r

for eS [ove dr (25205)
°

a 3(e, - 1)
and P= ia, EE (2.2.6)

Pp/ | Ce, + 2)

In the above, 5 is the particle velocity in the r-direction,

p. is the density concentration of the particles, p is the density

: : 3 5 2. :
- of the solid material, mis the mass of a solid particle and ey is

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

we have

CT m2dy 1 2 ie 12 pet ey Z .
Po. = S Sari teen). ae (2.2.7)dt £5 G 4nr2 Pre me) 7, (41) 2r5

°

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 Fa to that due to electrostatic repulsion % is

F 12(e. - Im
a ———— (2.2.8)

r Ppley + 2)4nr3

For a uniform particulate density distribution and r> R,

the ratio of F/F,. becomes

Gade Cert LPT os eA Pr (2.2.9)

Fr, (er + 2)5p Pp
Therefore, for a dilute particulate system (i.e. > >> Py)»

the dipole effect due to self-field is negligible.

2.3 Turbulent Flow of Charged Gas-Solid Suspension

We now consider an axi-symmetric system with charged particles

moving axially at velocity he The electric field EL at a radius

r is equal to that due to a line source along the axis and is given

by

os

ee q eeeBe are, [os (2)= dr (2.3.1)

°

or : = z a M’
- mre, \m xr (23.2)
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r

for ML = [ar dr"

° (25 3353)

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

direction due to electric and magnetic field forces is given by

my 4 (2.3.4)cere = - 38, + 0,(2 Ene, Bs

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

i.e.

47 @ (3) ; (2.3.5)

and the magnetic induction By in the circumferential (@) direction

due to the axial motion of the particles

B = 3 pdr (2.3.6)

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

ee (2.3.2)

Since 1/ne, 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 (Gauss 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 60% 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. a rays provide the highest concentration of ions

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

8 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. Consequently, 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 1%), 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 (¢ < .01), 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,
<

= (3.1.1)

R



ao =

where uy is the frictional velocity at the pipe wall, (R/10-u_)

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 Cplu -u|
Fos 7 == (3.1.2)

a(1 + 20,/p
P

In equation (3.1.2), a is the radius of a particle, Ju = ul

is the relative velocity between the fluid and particles, oS is the

density of the fluid, o> is the density of the particles and the

drag coefficient cy is a function of the particle Reynolds number

ep = 2ap Ju - up| 7u) Le Gy,

cD = cy (Re,) Gy. 3)

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

a sphere applies (i.e. C>= 24]Re) and equation (3.1.2) reduces to

cm (3.1.4)

a?(2p + p)

Generally, cy is influenced by the relative turbulent intensity

F =

s

between the fluid and particles. In fact both reduction and increase

in cy as compared with that given by the so-called standard 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

ue
io) Sg (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

4x ap W “
Bee ae = mia - Up) - = a3 =

2 m@ .5..s. i
23, ea Oo ap

} t

+ 6a (npil) (d/dt) (U - U,)dt

ret oe ae

(e- 1}
t
°

where

a a .
oa “Vv

dt ea (3.257)

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 ee is the force due to external field. In general,

the second, third and fourth terms on the PHS of equation (3.1.6)

become important only if the density 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

R(t) as

R(t) = exp (+t/T,) (3.1.8)

and obtained the following relationships:

5 = Feb te re (3.1.9)
2 Fo. & 1
a SL

and

ey eee | eet se
t Cet? = Wath el exp(t/2,) (3.1.10)

where @? and e 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

C——-— (3.1.11)
(2p + 3)

It can be seen from equation (3.1.9) that if Pp = (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, Pp >> p (i.e. G = 0), the

particle fluctuation velocity is less than that of the fluid unless

FoT, >> 1, which should be true for very small a. For short

diffusion times a, >> t), equation (3.1.10) reduces to

z

age es i a ep (3.1.12)

De mae a
Under these conditions, the particle spread can be much less

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

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

(3.1.13)

Py? a par
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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/Dg is unity for all time. In contrast, equation

(3.1.10) predicts @,/D_) = 1 for long diffusion time only. Using

the concept of spectrum of isotropic turbulence and an approxim-

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

G2
u

=P ase r- gee edt S32 sy ., (3.1.14)
a2 22 23 .

for K << 1, where

2
a rT (351.75)

sL

is defined as an impulse response parameter.

To account for the effect due to wall interference, Soo and

Tien (50) introduced a perturbation parameter c(= a3G/8) and

modified equation (3.1.14) into

a
u 4 |
P= = ee ES $ = dexp (K 2)erfe (K7}) - 35
u? 7 KY K*y

where y is the distance from the wall. (3.4.16),

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 Ds increases

with particle size but decreases with particle density. Further,

as the particle size approaches zero, the ratio of Di/de becomes

unity and is independent of particle density.
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Experimental determination of the turbulence characteristics

of a suspension of small glass particles (50 - 2101) 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 appreciably affected by the presence of the

particles and that the turbulent motion of the particles was anisotropic

with @,/0_) <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.

3.2 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

a\ Pp
Byam | Veevy (2) es (3.2.1)

where es is the local density of particles, (q/m) is the average

charge to mass ratio and €9 is the permittivity of the fluid (air).

The force F acting on a particle due to the local electric

field E is given by

F, = aE = -qwW (3.2.2)
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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). It 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 By 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

F, = mg cos @ (3.3.1)

and

Fy = mg sin 6 35.3.2):

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

as

FL = 6.46 Gwe? (a, - w= au) | a ieeae (3.4.1)

where Au is the effective velocity of the sphere and |du/ar| 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 4

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 system 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 Om is given by

ra (4.1)
(q@)

where o@ is the density of component (q) of the mixture occupying

the volume of the mixture of n components (q=l,...n).

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

Pate =e o@ u, (4.2)
(q)

and the continuity equation of the mixture is therefore

3p. 3

s+ eG
et ax,

-

cue) “0 (4. 3)

Illustrating with a Newtonian fluid, the momentum equation

of a mixture can be written in the following form,

du_. 3
= 8 le tsPm ox. moji ~ Ym OD * Yn on S55 + gE nt (4.4)

dt ji

where

oe a 3
de ae 2.” Ua 3 z (4.5)



the ‘deformation tensor,

au_. au.
mi nj

(A)... = —— + (4.6)
Ae ox. ox.

iy at

the dilatation,

3u
1 mka ee 4.7on 2 OD tek ax, 2 c )

and P., is the overall static pressure of the mixture, ay its viscosity,

fi 2 . js 5 . a
Yu = om 3 uy? a is the bulk viscosity and Tt is the i th comp

onent of the body force.

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

can be expressed as

() ay (
: KC) (q) (q) (q) , (4)5 ee OFT + Wy ar + Yang 8 Ora

dt

+p Vp, @ 4 (4) 5 plar) cy (P) _ vu.)
- 1 *

(p)

where (4.8)

oe OSS, ul Suro: (q) 3
a Roe | mi cs (4.9)

j

pia (q)
is the static partial pressure of component (q), Fy is the

i th component of body force on a unit mass of (q), CaP) 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

rz p@ pl) Gy) _y @) 2 9 (4.10)

(a) (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 following 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 by 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) pa is given by

Pick ee One ougP) (4.1.1)

where p is the density of the fluid phase. For $ < 0.01,» can

be approximated by the material density of the fluid ae

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. i oP.Os Sek: ry a (4.2.1)
dc es Pp es ax;

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(6 + a) in which 6 is the

boundary layer thickness at separation and a is the particle radius.

According to the experimental results obtained by Froessling (43),



Aa

6 is given approximately by

5 ( 18/Re, Dia (4.2.2)

where Rep is the particle Reynolds number.

For a uniform particulate density distribution Ppl =o Pp)»

aj is given by

2 i
= ae 3 a

a. = a=(1 a (4.2.3)i = (o,f, 3a = (1/6)

This leads to the condition for successful transfer of momentum

of mass motion with the particle accelerating the fluid

&+tara,
1

or

3pp > BoC 1+ ( 18/Re,)! 9 (4.2.4)
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 (op ~ 2500 kg/m?) in a 3.125 cm diameter pipe with
an average air velocity u of 20 m/s and Rep = 2, it would require

. and a mass flow ratea mean particle concentration of Pp = 39 kg/m

(wv mR? 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

° qu; Ko a0y? oP (4.25)



tA =

for KX = 1 when particles are accelerated by the fluid, and KX, <2

when particles are decelerated by the fluid. In the absence of

experimental information, Kk can only be expressed as a discontin-

uous function of the parameter {2ap(u - u,) /u}(2a) 77/9 as

shown in figure (4.1), though a smooth transition is expected.

&, is the particle number concentration i.e. Pp = a a Pp Np)

With this understanding of the qualified continuum approx-

imation, the momentum equation of a suspension of single species

of particles now becomes

pau, /at + KyppaU; /dt, = -aP/ax, + 9(ud, Vox,

KCC) a ex, +0F;

pot (4.2.6)

and that for the particulate phase

du_./dt, = -(p /p_)aP/dx, + 9 F(U.-U_.) + d(u (A _)..)/ dx,De i! 7 (0/0) 12x, ene, a (u¢ Daa! *;

+o, i/m + PofnTM (4.2.7)

where A is the force acting on each particle by external field

forces, ot is the fluid force acting on each particle given by

equation (3.1.6) and Fy is the body force acting per unit mass of

the fluid. For a dilute suspension (op/op << 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.

edu; /dt = ~C=K,p ,/0,) 0P/3x,+3(UA. 5) /8x5- Kfo ou.)

+pF. - Kp £' ./m
+ Mp pil

(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

Dp which is defined as

< 
(4.2.9)a uae
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Fig. 4.1. Effectiveness of momentum transfer fron

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

2p, fat = -a(Jp, it Jp 5) 12%; (4.2.10)

where

J. =-D 9 ox. = (852.01)p Pp! ax;Dj

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

J. =p (U.- U, (4.2.12)
Fj op Pj 5

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

(x, z, 6) as shown in figure (4.2), fully developed flow exists with

G19t = 10,0 va = Vp= 0a = a,

pipe making an angle @ with the direction of gravity, the overall

= 0 and 3u/dz = Bup/3z = 0. For a

momentum equation for the suspension in the z-direction may be

obtained from equation (4.2.6)

~(8P/dz) -(o+ ce + far(r,, + Ky Tper) /ar}/r

tL OC tee elle = (4.3.1)

For op << oe the pressure gradient term in equation (4.2.7)

can be neglected and the equation of motion of the particulate phase

becomes



Be
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Fig. 4.2. Co-ordinate systen.
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-p, (1 - 6/0, cose + (arr, /ardr + {ot 24/d¢}/r

-: Fp, (u = uu) =0 (4.3.2)

and similarly for the fluid phase

~(aP/dz) — pgcosd + {aCer,) /ar}/r + {ar 4/3o}/r

~K,p pscos0/o, - K Fo, (u - oy) =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' tT and Tt. of the particulate phase are defined as
par p2o

= 4.3.4“es ppd, du/ar ¢ )

and

\

=o D(a (4.4.5)
*pagTM PpPp (2u,/24) /r

Next we consider the diffusion of the particles. Under fully

developed flow conditions, the sum of the mass fluxes due to

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

net deposition of particles at the wall... (Equations (4.2.11) and

(402512). ~ “Thos,.

J. Te DV + U_-U) =0 (4.3.6)pt Jp vO on ( La)

where oe - U) can be determined from the equation of motion of

an individual particle under steady state condition,

du_/dt = =U F = (4.3.7)wey! t = F(U ne = lhe 0
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Combining equations (4.3.6) and (4.3.7), we obtain

—D_Vp_ + F /mF = 0 4.3.8Drop at ¢ )

where the field force x includes the electrostatic force Fy the

Magnus lift force Fy in the radial direction and the gravity force

F, i.e.

5 "-FRt+R + Fe a (4.3.9)

The electrostatic force F, is given by equation (3.2.2)

(4. 3.10)
F, = -QvV

and the gravity force Fo can be expressed as

= -(1 -p/p i 4.3.11For (1 - p/p De mgsingcos¢ ¢ )

in the r-direction and

= - php. indsi 4.3.12Fog a e /o,,)mgsindsing ¢ )

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 5 which is related to the fluid velocity u, at the core by

=e

657 60(u Ro /i) ® R (4.3.13)

and since the shear rate du/3r is significant only within Sos the

lift force FL can be neglected. (See equation (3.4.1)).

Re-writing equation (4.3.8) in terms of components (r, $6),

we have

7D a0 ,/ar - (q/m) ©,/*) aV/ar - on - 9/0.) ssinécos¢/F =0

(4.3.14)



= 50-—

in the r - direction and

-D,, (2p_,/26)/r - (q/m) (o,/Fr) (aVv/39)

+ p,(1 - p/p.) gsindsing/F = 0 (4.3.15)

in the ¢ - direction.

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

equation (3.2.1) as

{a(xaW/ax)/ar}/r +{92v/ag2}/x? = -p (a/m)/e, ‘(4+ 3- 16)

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

uniform 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 Uys Pp» Dp and V of the particulate phase. In order to keep

the solutions general, it is convenient to introduce the following

dimensionless quantities:

os ; kos koe ; eosr r/R; p ep/e w u/u,3 F E/F.
po

= : k= / : ye os% ns Ve = V(q/m) /D,F 5 De pi/de (4.4.1)

where Pp is the particulate density at the pipe centre, De is the

turbulent diffusivity of the fluid (Appendix I) and F, 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,

~hyo* + (1/rt) a(rtp*Ds aus /9r8) /art

+ (1/r*?) a (o*DEdux/ 94) /3¢ + BE*p* (ut - us) = 0

(4.4.2)

Dg ap*/ark ~ (p*/F*) ave/ar* - $n(p*/F*)cosd = 0

(4.4.3)

aps Cl /x®)ap*/ 36 — (p*/F*) (1/r*) av¥/dg

+ 4n(p*/F*)sing = 0 (4.4.4)

and

(1/r*) 0 (r*aV*/dxr*) /ar* + (1/r*2)92v*/3g2 = -dap*

(4.4.5)

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

= 2(R2a (0, o/4e,) (q/m) 2 (R’ /D,F.) (4.4.6)

ERB = R FMD, (4.4.7)

y = 2R2gcosa(1 - 0/0,)/D¢u, (4.4.8)

and

n = 2Rgsiné(i - e/o,)/DeF, (4.4.9)
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It is seen that a, 8, 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, 8 is

z to diffusion time (R"/Dp) for |the ratio of relaxation time F_

EVES and Dy, © Dg.

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

(av*/dr* + $ncosd)/(3V*/3p - 4nr*sing)

= (8p*/dr*) /(3p*/36) (4.4.10)

which in turn yields an approximation forp * as

e* = exp(-V* - }nr*cos$) (4.4.11)

Equation (4.4.11) implies that under fully developed flow

conditions, the distribution of the particulate density 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

a
7use uy = 2/8) (4.4.12)

or

1

u* = (1 - r*)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

(4.4.14)De “L,|9u,/2r| ipa

where 158 is an interaction length between the two phases and is

given approximately by oe

a (a0?) /e (4.4.15)

in which AQ = @ - a3 aa?) ! is the R.M.S. relative intensity.
(section 3.1)

Re-writing-equation (4.4.14) in dimensionless form, we have

= -] * /or* 4.4.ba Kap | aut /ar ea C 16)

where the Knudsen number Knp is defined as

Knp = 1,/R (4.4.17)

The boundary conditions for the characteristic equations

are as follows:

qi) re=0; p*=1, W=0.

Gi) re = 1; (avk/2g) = 0, uk, = “Kap | up /2r |.
(iii) re =0, $¢ =7/2; d/ar* = 0.

(iv) 6 =0,7 3; 8/86 = O for r* = Ol.

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,in(o,/0,,) = ~(a/m) (W/E) ~ (x/F) (1 - 6/9) gsinécos¢

(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

~hyp* + (L/ x8) 8 (xk p* ous /ax*) /Ox* + (1/e#?) 9 (p*3uk/94) /99

BE Spe Cue t= 1) =0 (4.5.2)

p* = exp(-V* - $nr*cosd) (4.5.3)

and

(1/r*) 2 (rk aV¥/3r%) /ax% + (1/r%2) a2vVe/942 = —4ap*

(4.5.4)

The characteristic parameters a, 8,y and n and V* are now

re-defined as

a= (0, /4e,) (a/m)?(R7/D,F) (4.5.5)

BER F/D, (4.5.6)

y = 2R2gcose(1 - 9/o,)/D., G3)
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n = 2Rgsine(1 - 0/0.) /D.F (4.5.8)

ve = (a/m)(V/D_¥) (4.5.9)

However, no details were given by the authors regarding the

approximations of F and De used in their analysis. In the case of

a non-depositing suspension flow with negligible gravity effect

(i.e. n = 0, y = 0, 3/36 = 0. Soo (27) obtained the following

approximations for p* and V*:

p* = (1 - Jark?)-2 (4.5.10)

and

vé = 2In(1 - Jark?) (4.5.11)

for a << 1.

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

ve = 21n(1 - ja) (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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s 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 2s by

( (5.1)

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

as

T,
w

pu2/8
Po (5.2)

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

(aP/ax) 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

AP AP + AP 5.3)(5.3)

and similarly for Cen

Ce = Cc. ay Coa (5.4)
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where AP is the pressure drop due to the fluid in the absence of the

solid particles and Py 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 tT, as the sum of the shear

stress t' due to the fluid with the presence of particles and that due

to particle-wall collision T >

Ty tt + ty (5.5)

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 Tt is negligible (15,61). Hence, equation (5.5)

becomes ‘

camel (5.6)

Following the approach used by Prandtl who expressed the shear

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

= du \2
T 225 ray, (5.7)

Soo (32) gave

me? du \2
a 25 e Cay) ) (5.8)

where % is the mixing length due to the presence of the particles.

Thus,

= 92
rl ws 

(5.9)

Tt
' 2

*»

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 is

Ee bu ?F 5 (5.10)

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

net rate of particle deposition is

~ 2Bom rear ce (5.11)

where he 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

O-1. In the case of Soo's (6) experiment where reduction in pressur

drop was observed, Owen showed that E/E; exceeds 0.1 even for a charge

to mass ratio of 10° C/kg.

More recently, Jotaki and Tomita (63) proposed that reduction in

AP Or C¢,, 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 Ry ,

15 mh[ eG te)

(5.12)

where OF is the thickness of the viscous sublayer (see equation (4.3.13)),

Ee is the inverse of relaxation time of the particles when Stoke's law

applies (see equation (3.1.4)), oe is the particulate density at the pipe

wall and the friction velocity u, is defined as
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5 4
ae ) =a (s) (5.13)

+ p 8

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

were made by the authors

(i) 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. oy

(iii) The particles do not respond to fluid turbulence and

have no fluctuation velocities of their own.

(iv) The density distribution of the particles is uniform

(i.e. 9 | = 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 F, 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 uniform

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

35u glass beads in a 3.12 cm diameter pipe with mean air velocity of

30 m/s and p pw/p ~3, equation (5.12) predicts a 12.5% increase in sub-

layer thickness due to a 20% 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 10% (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

EXPERIMENTAL 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 possib‘le 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

blower. 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 a 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

11.

13.

14.

15.

16.

17.

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 phenomenaeof 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

Pressure 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

connected 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 = CV + Cov? (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 Cp 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 air alone under

the conditions prevailing in the test section and the excess pressure

drop AP 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 c. 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

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

Mp = .00785 (app)! > 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 L¢ such that

Me = -00785 (Les)! > kg/sec (6.4.2)

where Lg «1.1

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

i
es

ae x, ( -+) : (6.4.3)

Ca 1.20 5 (6.4.4)

Bs ze
and u = = (6.4.5)

mR25

where ue is the core velocity, wu 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 M, can be evaluated

from

M ASSs 7 (6.5.1)

where cy 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 15u

to 385, 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 50% 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

dispersion 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.



Fig. 6.4. Micrograph of Type 1 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.

eset 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 436 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

2

Le eee qo syae E (=) F. ae ’ 6.75101)

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

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

Equation (6.7.1.1) has a general solution as

f

yr (2)(£) (efst+rt- 1), (6.7.1.2)
s.

and for short deflection time

r -(2)(§,) t (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 8m

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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High electric potential was supplied by a Brandenburg power pack

which has a voltage range of 0 - 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

filn. The order of magnitude of the deflection is such that for a

suspension flow of 80, 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> 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> 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 Gloud of

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

of mass nm, (>>m,) and radius ay (>>a,), the charge transfer Qo produced

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

a Sag ea a
> 5 5 { 1+r* 3} 5.Qi 12.56 (ky) + k,) a ae uy cos@ hyo (Vy - Vy)

(6.7.2.1)

where uy can be treated as the mean velocity of the particles.



~ 86 -

For a local concentration of particle Py the effective

charge current I,, due to successive charge transfer from the particles
12

to the sphere is therefore

tly

1, = 2m ic ee eee) win aa (6.7.2.2)
2 12°14 (4, + 29) (ar Buea

°

where the collision coefficient N12 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 Qi from equation (6.7.2.1) into (6.7.2.2), we

obtain after integration,

i
oe

2 4(14+r® ihTio 74.138,” 14901) (ey, + 5) es) = By (y-¥,)
Py

(6.7.2.5)

i 2 Qor T ay PyYy ( a ) (6.7.2.4)

where y 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,u,a z
oe eee (6.7.2.5)

9uay

18 5 wa
acd ln (6.7.2.6)

upg

For yw > 50 and $ < 100, which is true for the very small

particles, "9 is very close to unity (32, 59). Further, for a
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metallic sphere and non-conducting particles (i.e. G2 >> 0,), the

charge transfer coefficient hg, can be obtained from equation (2.1.8)

o} o}

RES 216257)
Ry 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 OM a ae and the effective charge transfer, i.e.

t=.) AG ah. C «7.2.b aD (6.7.2.8)BIO L

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)

1.2
b a

Po —————— o£ Ce dA u o_) 6.7.2.9,ie aoe MS ce ¢ )
pu

P

where e is the permittivity, oy 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 hj2, N12

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 em 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.



Fig. 6.14 (a). Electrostatic ball probe.
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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 addition,

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 runes 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

unit, 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 #CPY1, #PDP1, #PDP2, #PJO3 and #PJO4

are assfollows:

# cey1 : To process data tapes 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.

#PJO03 : To sort out data for graphical analysis.

#304 : 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 characteristic 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 gt isa

function of the local relative velocity Ju-u, | and drag coefficient

Cy which itself is determined from a set of equations relating cy

and particle Reynolds number Eos (2apu-u, |i), proposed by Morsi

and Alexander (59), and the particle diffusivity Dp is governed by

the field forces whereas both F and Dp were assumed to be constant

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

6 to 107° cfkg

and particle sizes of 35u (#1) and 75 (#2) have been studied and

of 0.7 to 2.7, typical charge to mass ratios of 10

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 #P306, utilizing the Calcomp graph plotting

system implemented on the ICL 1905 digital computer. ( x, o ando

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 a,8,y, and ny 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. 8 is the ratio of relaxation

time rl to diffusion time (R?/D,) for a ~ Dg, and the analysis

shows that large values of 8 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 Db is small, n becomes large for

6 >> B 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 effect of electrostatic charging on the suspension

flow is perhaps most evident from the results of the particulate

density distribution p) 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 Dp 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 OH = .02 kg/sec and ug = 40. m/sec) or

q/m < 10> 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 (Ry) is higher than that at the top 2p(R,0) , the ratio

of Pp(Rym) to Pp (R,0) being 2 and 4 for the 35y and 75y particles,

and further Pp is uniformly distributed in a horizontal plane

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> to 10 c/kg, Pp(Ry7) and ®.)(R,0) increase by 22% with

TM
Mp = .04 kg/sec, resulting in a lower density of particles at the

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

pipe axis. Under these extreme conditions, 2p is no longer
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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 (35y) 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 Uw is governed only by the Knudsen number

Knp. Whilst larger Knp leads 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

(50 glass beads) follow almost exactly the motion of the fluid at

the pipe centre whereas the present analysis predicts Capo /U) v.93

and v.9 for the 35y and 75y 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

of charges on the particles. The peak of the mass flux Ppt,

appears to be at R/4 below the pipe axis and shifts slightly further

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 Dr and in the case of the smaller particles (35u),

D, remains sensibly constant in the core region. Generally, the
P

ratio of Dp/De is unaffected by My but decreases as u, increases and
°

the distribution of DD is not influenced by the charges on the

particles. However, it is worth noting that the present analysis

cannot predict nD 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 lift

force becomes significant. Very fine particles (2a < ly) 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 constant F (i.e. Ju-u, | = constant), the particle

velocity distributions indicate that [u-u,| 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

ax

i
= sy

r
(rt) - KF ep (u - uy) = 0 C71):ale

and that for air alone becomes

(zt) Seo Gie2);

where the momentum transfer coefficient K, = 1 for u > Up» as

suggested by Soo (32) and (8P/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

eRe,az F aie constant C753)Fp(u - Up) =i

We see that equation (7.3) can only be satisfied if both

Pp and (u - uy) are constant, i.e. uniform particulate density

distribution and particle motion constantly lagging behind the fluid.

In fact the present results indicate that Fo, (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 K Fop(u - uy) 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> c/kg (i.e. gravity effect being

dominant), 9, and are not influenced by the charges on theUy

Pp

particles and therefore if Fop(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. 32 VARIOUS DISTRIBUTIONS IN A FULLY DEVELOPED TURBULENT

GAS-SOLID SUSPENSION FLOW. PARTICLES TYPE $2.
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FIGURE :7- 38 VARIOUS DISTRISUTIONS IN A FULLY DEVELOPED TURBULENT
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FIGURE :7,50 VARIOUS DISTRISUTIONS IN A FULLY DEVELOPED TURBULENT

GAS-SOLID SUSPENSION FLOW. PARTICLES TYPE #1.
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- SUMMARY OF TEST CASES ¢

G(M,N) UP(1,N)

Ds QM KNP MPX UO KPO MP RMP CA cB cc CE (OCY Figure

“6(1,N) up(1,1) up (M,N)
OO70470-4A 9,35E~04 e916 02 204 2509 1497 ,026 0675 4695 «930 ,220 .207 O0.2bE-02 567 0.0 0.59 1459 7.1
00-0270-4A 0,35E-04 010 402 20, 2.06 2,02 ,020 0,50 4.44 ,930 ,218 .205 0,69E=04 5.7 0.0 0.59 4.57 . 7.2
O0-05-0-4A 9,35E-94 190 602 20+ 4496 2417 4021 0,98 4478 930 240 6198 0,266 00 5.7 0.0 0.59 4450 7.3
GCOr0470-4A 0.35E-04 #15 002 20+ 2400 2405 4020 0+75 4655 «934 1292 -278 0.27E=02 567 0.0 0.59 4053 ,7.4
O0end-0-4A 0,35E-04 #13 002 20+ 1497 2,09 6020 0479 4+44 «930 .289 6275 0.66E=04 547 0.0 0.55 4.54 7.5
OO-06~O-4A 0,35E-04 0.610E-03 415 602 20+ 1.69 2.24 ,021 0,97 4676 1930 .284 267 0.25 06 567 0.0 0.59 14644 7.6
O0-07°0-1A 0+35E-04 0.106=04 .40 -t4 0,75 4655 .930 ,220 .2U7 0,56E02 5.7 0.0 0.59 1.59 7.7
QO*06"O-4A 0,35E-N4 0.50E-94 «0 UG 0,56 4-55 .930 ,245 1203 O615E 00 5.7 0.0 0.59 4,55 7.8
OOKO9-9-4A 0,35E-04 HetDE-9S 41 64 206 5.46 2,33 4040 4426 2047 6929 6200 6488 0446E 00 547 0.0 0.59 4455 7.9
D0-7O~0-4A 0635E-04 0+10E“0G 44d 4UG Ue 4.04 2405 4040 Uy75 4+55 .934 +292 1278 0+55E*02 547 0.0 0.59 4+58 7.10
GOrqq-O-GA O635E-04 0.50E-94 145 404 206 $490 2644 1044 0645 4-54 950 ,286 .272 O415E 00 5.7 0.0 0.55 4649 7.11

1A 0+35E-04 0+40E-03 445 604 20. 5.52 2:46 1042 4427 2+29°.930 1270 .255 0.47E 00 5.7 0.0 0,59.4+34 7.12
fA O0.635E-04 Get0E~G4 440 402 40+ 4409 4488 4020 0,86 4646 6920 4496 6467 O675E70S 2469 0.0 0150 4467 7613
JA (0435E-04 0650E-04 ot 642 40+ 4409 4469 4020 0,88 1+48 6926 4495 6486 0448E~0y 259 0,0 0.30 4466 7.14
YA B.35E-04 O679E-C3 440 002 40+ 4.08 4.93 2020 0,93 4.25 1926 4490 «484 0.726704 209 0.0 0.30 4.65 7.15
JA 0,35E-04 0440E-04 445 «02 40. 4,03 4.99 ,020 0,86 4646 6929 1273 4263 0696-03 2.9 0.0 0.30 4458 7.16
1A D.35E“04 O+50E94 utd ofp 405 4405 2400 6020 0686 4048 6929 1272 1262 904 7E0y 349 040 0430 4458 7.17
1A 0,35E-94 0.10E-03 .15 ,U2 40. 4.02 2.04 ,020 0,92 4.24 .929 ,270 .250 0,68E=04 29 0.0 0.30 4,56 7.18
YA 0-635F-04 0410E*94 410 604 49. 26146 4,68 2040 0,66 4-46 .920 #496 0487 0445E°02 29 0.0 0.30 4667 7.19
1A 0,35E-04 0.50E-04 .4U .04 40. 7 0,69 4-20 1.928 6494 485 0.365=04 209 0,0 0,50 4.66 7.20
4A 0.35E-04 210 obG 40y 4900 4-34 .¥20 4490 4484 0.446 00 29 0,0 0.50 4,62 7,21
TA O.35E-04 0.70E"04 145 004 40, G,86 46496 1929 6273 6263 0.446-02 29 0.0 0,30 4.58 7.22

OCOrad~O-4A 0.35E-04 6.50604 .45 .646 40, 0.89 4.20 .929 1274 1264 0,34E°04 29 0.0 0.30 4,57 7.23
0.35F-54 0.,10E703 .45 .04 40, 0,99 4603 .929 ,267 .257 0.156 00 20 0,0 0.30 4.53 7.24
0,75E-04 6.40E-04 ,40 ,ta2 20, 0,26 3.97 ,809 .423 .065 0446-0, 4°92 0,0 2.72 2-03 7.25
0.75F-04 0.50E-04 40 .02 2u, 0,40 5-64 .045 ,074 .053 0,S7E 00 192 0.0 2.72 4.87 7.26
0,756-04 0.408-04 445 .02 20. 0426 3-96 .887 4234 6422 04146=04 442 0.0 2672 4-72 7.270,756-04 50E-04 415 .U2 20. 0,40 5.80 ,846 ,494 ,053 0,37E 00 4.2 0.0 2.72 1.87 7.28
0,75F-94 0.10E-04 .40 .04 20, 0.26 4.03 .609 ,422 ,063 0,32E=04 192 0.0 2.72 2.03 - 7,29

OqrqU-0-2A 0.75F-04 04406-0904 145 04 20, 0426 4-04 «685 4229 6420 Uv27ER04 92 0.0 2.72 4.72 7.30
O4243-0-2A 0,75E-04 0.40E-04 ,1U .U2 40, 0,54 4-98 .90D .092 .052 0,446°02 0,6. 0.0 4,36 2,04 7.31 -
Oye a-U-2A 0,75E-04 0,50E-04 ,4U U2 40. 0,56 2-19 .905 ,090 .050 0,40E 00 0.6 0.0 4.36 2.04 702)
04246"d-2A 0,75E=04 +95 U2 40, 0454 4-98 1090 4406 096 04446902 0.6 0.0 4.36 2.07 7233
04-4770-2A 0.75E-04 0,50E=-94 ,1> .02 40, 0,56 2419 .095 4405 .095 0,40€ 00 ° 0.6 0.0 4.56 2,03 7.3404-497G-2A 0,75E-04 0,106-04 .19 .04 40, 0,54 1-99 ,909 .092 .082 0,82E-02 0,6 0.0 4.56 2,04 7635
OpeQ0-b-2A 0,758-04 0,50E-04 40 04 40, 2,60 4,62 ,044 0,62 2.43 .900 ,088 .079 0,20E 00 0.6 0.0 4.36 4,99 7.36
O¢~22-0-2A 0,75F-04 0.40E@04 445 604 404 2470 4452 4040 0,54 4499 ,690 4406 1096 0683E*02 0,6 0.0 4.36 2407
Ope gs-0-2A 0,75E-04 0,50E-04 ,15 U4 40, 2,62 1,62 ,044 0,635 2,43 897 ,403 .093 0.20E 00 0,6 0.0 4.36 2,00
G2-047G-2A 0,75E-04 0.40E=04 .10 602 20, 2,92 1441 1020 4,02 4.02 1.674 ,068 ,068 0.16604 192 0.4 0.00 2,23
O2r02-U-2A 0,75E-04 0,50E=-04 440 U2 20, 2,55 4,60 020 4454 4454 .094 ,065 .065 0,39E 00 402 0.4 0.00 4,95

= = Table 7.1. — Summary of analytical results for the flow characteristic equations (4.4.2) - (4.4.5)
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25 = G(M,N) UP(1,N)
Ds am KNP MPX UD RPO MP RMP ' cA ce Goo ce ce Figure

6(1,N) up(1,1) UP (M,N)

wo 009049918 0,55E-94 0699-94 , 1 602 20, 2,28 1,80 ,020 0,72 4440 .950 4184 6169 0.34Er02 1464 0.0 0.67 4475 7.37
O0-0270-18 0,35E-04 0.50E-04 .10 .02 z 2425 1,84 ,020 0,78 1.92 .950 1.484 4166 0,856"04 44.4 0.0 0.67 4.72 7.38

12 00°05"0+48 0.35E-04 0.90F-03 019 102 2613 1498 4024 4402 1599 ,949 4171 6196 0,52E 00 14+4 0.0 0,67 1465 7.39
00-04-0-18 0+10E=04 415 402 20, 2.15 1,91 4020 0472 4.40 .952 ,252 1232 0,82E"02 14.4 0.0 0.67 1464 7.40

14 DOr0570-48 0+650E-04 41> 02 2 212 1496 020 0,78 4+51 .952 6.248 1229 0679E"04 1444 0.0 0.67 4.62 7.41
00*0670-48 0-70E-93 .15 .02 2605 2,10 4024 41,00 4-94 ,950 ,235 6216 O651E 00 41444 0.0 0.67 4.55 7.42

16. 0070770-48 O640E-04 410 404 20+ 4,56 4,60 4040 0,72 4444 950 4484 6169 0,69E"02 4444 0,0 0-67 4474 7.43

00708-0-48 0+ 90E-04 41 404 20, 4,44 4,89 4041 0,85 4-66 950 6478 6163 0617E 00 14464 0.0 0667 4470 7.44
THEE 0050970-48 O610E=93 610 604 206 5480 2,44 6059 1440 2073 6946 4459 6443 0,57E 00 44464 0,0 0.67 1445 7.45

00°4070-418 0-10E"94 415 204 4629 1692 6040 0572 4444 «952 ,252 .232 0,64E"02 41444 0.0 0.67 4464 7.46
20> 00"4470°18 0,.35E-04 0,50E704 ,15 .04 4.17 2,00 ,040 0,84 4.64 .950 ,243 .224 0,966 00 1444 0.0 0.67 4459 7.47

00°4270-18 0-10E-03 ,15 .04 2 $139 2,26 040 4434 2602 .947 ,220 ,204 0,54E 00 44.44 O.0 0,67 4.4357 7.48

225004370748 0+10E-94 410 402 1181 1657 020 0686 4446 1930 6947 1158 06866508 6.5 0.0 0.29 2-00 7.49
0044-70-48 9,90E-94 ,10 «02 1251 1,58 .020 0,88 4.48 ,930 ,446 137 0.216701 6,5 0,0 0.29 2,00 7.50
00°45-0-48 O,10E-05 110 402 1950 1,59 ,020 0,94 4.26 .924 4443 1434 0.856204 6,5 0,0 0.29 4-98 7.51
post eats18 O.70E"04 41> s02 1429 1467 4020 0,86 4646 1938 4205 4493 0,61F-03 6,5 0.0 0.29 4.68 7.5200-47-70-48 0, 135E- 704 0.59E-94 ,145 202 1622 1.68 ,020 0,68 4.48 .935 .204 «492 O0.20F-04 6.5 0.0 0.29 4,87 7.53
00748-0-48 0,356-04 9.7306-93 ,45 .02 1021 14671 4920 0,94 4-26 .932 .201 .189 0,806-04 6,5 0.0 0.29 4,86 7.54

2 00°49°0-78 0,35E-04 0.10E-94 ,40 204 2662 4,57 .040 0,87 4446 .930 447 4438 0,4 7E=02 6.5 0.0 0.29 2,00 7.55

00°20-0-48 0,35E-04 0.50E-04 ,40 .04 2261 1458 4040 0,90 4424 930 4445 1437 0,45E°04 6.5 0.0 0.29 1.99 7.56
O0-2470-48 0,35F-04 0,,0E-95 yu 604 2499 4462 2944 1405 4658 925 1439 6134 O617E 00 6.5 0,0 0.29 4.98 7,57
OO-22-0-48 0,35E-04 0.105-94 145 204 2645 1.68 4040 0,87 4446 .935 ,205 .193 0,16E=02 6.5 0,0 0.29 4.88 7.53
00r23-0-48 O.50E704 413 204 2644 1.69 4040 6,90 4-24 1935 4203 0194 pe tiesns 6,5 0.0 0.29 4487 7.59

foe24<0-18 0,106-05 44> ,u4 2.40 4,75 ,040 4,02 4.56 ,927 1195 4484 0,466 00 6,5 0.0 0.25 1483 7.60
21 92-0470-28 0+40E-04 440 402 20+ 4449 2,67 4020 4400 4-00 6950 569 4568 0642E"02 444 0.0 0,00 4.09

O2-02-0-26 0, es 04 0.50604 ,40 U2 ¢ 4657 3404 4049 1410 4440 .950 569 ,568 Bt aeesey 494 0.0 0.00 4.00
B420470-23 0640E-04 440 ,u2 z 4-51 3,03 049 0,52 4-94 .950 ,569 .568 194 0,0 4432 440004-0279-26 O,50E-04 ,40 a z 4°51 3517 .020 0,57 2644 .950 .569 .568 0,97 aoe 4°4 0,0 4.32 4,00

2 04704"0-28 JE 002 20+ 4451 3,06 4949 0452 4644 1950 4656 1656 0+639E“02 444 0,0 4.32 4-00

pa oirns-o-28 +02 2+ 4431 $420 +020 0457 2444 «950 1656 1656 0497E-0y 444 060 4032 100
40° 04"07-0-28 +04 r $005 1059 0,52 4495 .950 569 ,568 0,766-02 4.4 0.0 4.32 4-00

04"08-0-28 04 3431 +040 0665 2654 «950 ,569 .568 O+ybE 00 4.4 040 4,32 0194
42° 04%4070-28 04 2662 3,06 1059 0.52 4-95 .950 ,656 6656 0,74E=02 4.4 0,0 4.32 4,00

O4-4470-26 0,75E-04 104 2444 3,35 4040 0,662 24654 «950 ,656 .656 067%E 00 4.4 0,0 4.32 0,93
4s O4"4370-28 0,755=04 102 404 0674-2,89 4020 0677 4-00 6950 569 4569 0684E905. 049 0,0 0.52 4409

_ 04"4490-28 0,75E-94 102 40. 0,70 2,92 +020 0479 4438 950 569 .569 Or24E"04 0,9 0.0 0,52 4408
465 0424670-28 0.75E-04 +02 2492 +029 0477 4490 .950 6657 .657 0,85E-03 0,9 0.0 0.52 4.08

04447-0-23 0,756-04 0.508-04 44> «a2 2195 4020 0,79 4483 ,950 4657 .657 0.246704 049 0,0 0.52 4.07
Oqeq9-0-28 0,75E-04 0.40E=04 470 404 40, 4,42 2,90 4040 0477 4,90 ,950 ,569 569 O.47E+02 0.9 0,0 0.52 4,09
Oy220-0-28 0.75E-04 0,50E-04 ,40 .04 40, 4,59 2,95 ,040 0,80 1°95 ,950 ,569 ,569 0.446904 0.9 0.0 0,52 4,07
O¢r22-0-28 0,75E-04 0610E@04 41D 104 406 4647 2492 4040 0477 4450 .950 657 4657 0476-02 0,9 0.0 0.52 4.08
O4¢e25-0-28 0, 75E-04 0,50E-94 445 104 40, 1455 2,98 040 0,80 4.55 .950 ,657 ,657 0444650; 0,9 0,0 0.52 4,06

Table 7.2. — Summary of analytical results for the simplified characteristic equations (4.5.2). - (4.5.4).
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Fig. 7.61. Mass flux and velocity distributions of 50 » glass beads suspended

in air. (Measurement by Soo et al (6) ).
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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 (3P/dx),, and friction factors Ce, and Cfp 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

Cem = £, (Re, Fr, M,/Mg) (8.1.1)

and Ce fy (Re, Fr, M,/M,) (8.1.2)
P

where Re ( = 2Rou/ji) is the pipe flow Reynolds number, Fr ( = u2 #2Rg)

is the Fronde number and Qt /Mg) is the mass flow ratio.

In order to demonstrate the above relationships, parametric

curves relating (3P/3x)p, Cy, and ce to Re, Fr and My /Me were plotted
m
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Particle # # E #

Stendaxd Type 71 Type 72 Type #3 Typei 4

Deviation

Ball probe current | .004-.012 | .004-.012 | .005-.016 | .025-.050

Solid flow rate +070-. 330 | .040-.160 | .020-.016 | .020-.120

| ao

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.



Fig. 8.1 (a).



Fig. 8.1 (c).



Fig. 8.1 (e).
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Fig. No. Particles M, (kg/sec) i (kg/sec) ea (ua)

8.1 (a) Type #1 +0344 0175 +0390

aun) a +0181 +0324 +0190

Cc) Type #2 0300 0191 0240

a) iO +0179 +0346 +0110

ta Ce) Type # 3 0326 +0186 +0200

ES ett) i +0182 +0462 +0150

WS S(3) Type #4 0352 +0155 0028

& hi) i +0180 -0157 | .0023

Pig. 8.4. Typical traces of mass flow rates and ball probe

current. ( Time scale = .5 sec/cm )



ay

for each type of particles. As shown in Figs. 8.2 - 8.5, (aP /8x)

increases almost linearly with Re along each of the constant Mp curves

and the spacings between the curves appear to be dependent on the

relative difference in M,. The curves numbered with an asterisk

denote test runs in ionized air. Although the results of the type #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 Cen

vs. Re and cep vs. Re for various My have the same trend as that of

a single phase Newtonian fluid. (Figs. 8.6 - 8.9 and 8:10 - 8.13)

Both Cr, and CEp 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 M-

The effects of Fr on (aP/3x) Con and Cen 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

Ce, = £3 (Re, M)/Mg) = fy (Fr, Mp/Mg) (8.1.3)

and C = fs, (Re, M,/Mp) = f,¢ (Fr, My /Mg) (8.1.4)
fp

Further, plotting (8P/3%) ms Cen and Cen vs. 4, /Me) for

various Re as shown in Figs. 8.26 - 8.37, we see that Ce, and Cey

increase linearly with Qt, /Mp) 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, Cen and co can be expressed as a single function of

(My /Me)

"Ce Ce + £ O/Mp) (8.1.5)m

and c £ (Mp/Me) (8.1.6)
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To a good approximation, the present results show that

/M

£4) = (=) (8.1.7)
FE

where k = .016 for type #1 particles

= .035 for types #2 ana #3 particles

= .038 for type# 4 particles;

within the ranges of .7< Qt /Me) <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

/ \e2/
Ce = Co +C;(S) {| & (8.1.8)fm £ 1(z) ey

where C, and Cp are correlation constant.

Similarly, McCarthy and Olson (3) obtained for high speed gas-

solid suspension flow ( .2 x 10©< Re < .5 x 108)

Cém M MAN.
— = 1+ .o(=2) + -o{ 2) (8.1.9)
Ce My Me

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 - 46%) 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 1, increases

with both My 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. (oh, Mg)

(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 M

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 type# 4 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 M)

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, - V2) which accounts for the charge transfer produced

for collision with the ball probe is independent of M, and Re (Subscripts

1 and 2 denote the particles and the ball probe respectively). By

definition, (V, - V2) is made up of two parts, WAG = 61 - $2) and

(q,/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 $2 is

greater than that for glass 9). 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)/4nea,), and if the particles

are initially uncharged (i.e. q, v 0), the effective potential

difference (V, - V2) at the impact is therefore entirely due to ver

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, + q)/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 oj, 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 hj2 is therefore given by equation (6.7.2.2) as (0;/a})

for 022; >> 622. For 35u glass particles (?, = 2400 kg/m;

E) = .6 x 10!! N/m?; vv) = .25; ©, = .6 x 107! farads;

6, = .2x 107° mho/m; uy, = 25 m/s; Ay = 1.5 kg/m?; qy/m, = 107© c/kg),

a 6250u steel ball probe (Ep = 2 x 1012 N/m’; vp = .3), V, = ~-1V and

n 2 = 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 10°7A). This suggests that modification of hj2 or 2; is required.

Defining 2, as a critical distance of separation beyond which

no charge transfer can take place, Cole et al (25) suggested that

2,/a, is of the order of 1075 and that the contact area at the impact

is given by 2ma,2,.Z,, where Z is a modification factor, taking into

account the surface roughness of the particles (23). Based on the

modified which effectively increases the rate of charge transfer

by 105 times, the charge current becomes .4 x 10~7A and is in good

agreement with experimental results.

Correlation between pressure drop and charge current data was

made by plotting (3P/3x),, Cr, and Oa vs. (Q/m) as shown in Figs.

8.46 - 8.57. It can be seen that for constant My 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 1075 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 - 250u 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) < 1075 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 ve and oj, 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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FIGURE : 8.7 SUSPENSION FRICTIO!N FACTOR, CFM VS. REYNOLDS NUMSER, RE.

GLASS SEADS TYPE #2.

CONSTANT PARAMETER (S)

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

DATA COMPUTED BY €PBF2.

o1

o2*
03
9a*

05
o6*
o7*

MP, KG/SEC

x 0, 189E-01

@ 0. 1S0E-01

fl 0.246E-01

© 6.245-01
+ 0.343E-01

* — 0.344E-01

®

O/P BY €P003. PLOTTED BY #P.04 (02-07-10-14-02-00) .
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FIGURE :0.8 SUSPENSION FRICTION FACTOR, CFM VS. REYNOLDS NUMBER, RE.

GLASS BEADS TYPE #3,

CONSTANT PARAMETER (S) : MP, KG/SEC

CURVE 01 x 0. i87E-01

CURVE 02% © 0. i87E-01

CURVE 03 0.

CURVE 04% O.¢

CURVE (OSU =e oO.

CURVE O5* x CO.

CURVE 07, © oO.

CURVE 08* 9 0.

DATA COMPUTED SY €POFZ. O/P BY #PJ03. PLOTTED SY #04 103-07-10-14-02-00) .
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FIGURE : 89 SUSPENSION FRICTION FACTOR, CFM VS. REYNOLDS NUMBER, RE.

GLASS BEADS TYPE #4.

CONSTANT PARAMETER (S)

CURVE

CURVE

CURVE

CURVE 9

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

DATA COMPUTED SY #POrZ.

o1

oz*
03

04*

05

os*
07

o3*

09

10*
11

iz

MP, KG/SEC

0. iS6E-01

0. i95€-01

0.204E-01

0. 204E-01

0.294E-01

~ 290E-01

~312E-01

2 4E-O1

- 405€-01

- 401E-O1
454E-0HODBOO#*+OH0x 9900000

O/P SY €PJ03. PLOTTED SY €F04 (04-07-19-14-02-00) .
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GLASS BEADS TYPE #1.

CONSTANT PARAMETER!S)

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

DATR COMPUTES BY #POPZ.

01

oz*
0

04

05

06

MP, KG/SEC

0.172E-01

0.i72E-01

0. i82E-01

0. 228E-01

0.292E-01

0. 332E-01#*+0O00x

O/P BY #P403. PLOTTED GY #P404 (01-07-11-14-G2-00) .
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GLASS BEADS TYPE #2.

CONSTANT PARAMETER(S)

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

DATA COMPUTED BY #PbPZ.

01

o2*
03

o4*
05

o6*
o7* 9*+O00x

O/P BY #PJ03. PLOTTED BY «P04

MP,

oO.

QO.

oO.

0.

oO.

oO.

KG/SEC

CFP VS. REYNOLDS NUMBER,

(02-07-11-14-02-00) .
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CONSTANT PARAMETER(S) :

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

DATA COMPUTED BY £PDPZ.

01

o2*
9
oa*

oe

nate
06

07

o3*

MP, KG/SEC

0. i87E-O1

0. i87E-01

0.243E-01

0. 245E-01

0. 343E-01

0. 344E-01

0. 364E-01
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O/P BY #703. PLOTTED BY #PU04
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FIGURE :0.73 PARTICLES FRICTION FACTOR, CFP VS.

GLASS BEADS TYPE #4.

REYNOLDS NUMBER, RE.

CONSTANT PARAMETER!S) : MP, KG/SEC

CURVE OL =x 0.156E-01

CURVE 02* © 0. 195E-01

CURVE 03 © 0.204E-01

CURVE 04% © 0. 204E-01

CURVE 05 + 0.294E-01

CURVE 06* * 0.299E-01

CURVE 87, © 0.3i2E-01

CURVE 098* © 0.
oo (2 - 6.

10* B 0.
eit @ 6.

12* BO.

DATA COMPUTED SY #POPZ, OvP BY €°J03. PLOTTED BY #PU04 (04-07-11-14-02-00) -

1.039
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FIGURE :0.74 PRESSURE GRADIENT. (DP/DX) VS. FROUDE NUMBER, FR.
GLASS 5EADS TYPE #1.

CONSTANT PARAMETER (S)

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

DATA COMPUTES SY #POPe.

5
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04

oS

96 *+900x

MP, KG/SEC

0.172E-01

0.172E-O1

0. i8iE-01
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0. 292E-01

Q. 332E-01

O/F BY #PJ03. PLOTTED SY €PU04 £01-09-03-14-02-06) -



-ak90 =

FIGURE ; 0.75 PRESSURE GRADIENT,

CONSTANT PARAMETER (S)

(DP/DX) VS. FROUCE NUMBER. FR.

GLASS BEADS TYPE €2.
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FIGURE :6.76 PRESSURE GRADIENT. (OP/DX) VS. FROUDE NUMBER, FR.
GLASS SEADS TYPE #3

CONSTANT PARAMETER(S)

CURVE:

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

o1

o2*
9

o4*
05

06 *
97

o3*

DATA COMPUTED BY sPOPZ,

O8*+O00x
O/P BY €PJ03.

MP, KG/SEC

QO. i8SE-01

QO. i87E-01

0.243E-01

0.245£-01

0. 343E-01

0.344E-01

0. 364E -O1

0. 365£-01

PLOTTED BY #FJ04 £03-09-C9-14-02-00) .
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FIGURE :6.77 PRESSURE GRADIENT. (CP/DX) VS. FROUDE NUMBER, FR

CONSTANT PARAMETER {S)

GLASS BEADS TYPE ¢4.

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE 5

CURVE

CURVE

CURVE

CURVE

CUR

CURVE

DATA COMPUTED SY #PEPZ.

Hee OoeNe Oowe
*

*

% Hoenaoe*+O00x
O/P BY #FJ03.

MP, KG/SEC

QO. iS7E-01

0. 195€-01

0. 204E-01

0.204E-01

0.254E-01

0. 2S0E-01

0. 3i2E-01

0. 324E-01

0. 405€-01

0.401E-01

O.454E-01

0. 453E-01

PLOTTED BY #F04
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FIGURE :.78 SUSPENSION FRICTION FACTOR.

GLASS SEADS TYPE #1.

CONSTANT PARAMETER(S) MP, KG/SEC

CURVE 91, x 0. 172E-01

CURVE 92* @ 0. 172E-01

CURVE 03 © 0. 181E-01

CURVE 04 © 0. 2298-01

CURVE 05 + 0.292E-01

CURVE 06 %* 0. 332E-01

DATA COMPUTED GY #PDPZ. O/P BY £PU03. PLOTTED BY #Pu04

CFM VS. FROUDE NUMBER, FR.

(C1-09-19-14-02-003 .
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FIGURE 8.79 SUSPENSION FRICTION FACTOR. CFM VS. FROUDE NUMBER, FR.

GLASS BEADS

CONSTANT PARAMETER!S)

CURVE 01

CURVE 02*
CURVE 03

CURVE 04*
CURVE 95

CURVE o6*
CURVE 07*

DATA COMPUTES SY sPDPZ.

TWREr #2.

MP, KG/SEC

x 0.190E-01

© 0.190F-01

DO 0.246E-0i

> 0.245E-01
+ 0.343E-01

* 0.344E-01

® 0.365¢-01

O/P BY #PJ03. PLOTTED BY #°u04 (02-09-10--14-02-063 .
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FIGURE :0.20 SUSPENSION FRICTION FACTOR, CFM VS. FROUDE NUMSER, FR.

GLASS SEADS TYPE #3.

CONSTANT PARAMETER(S)

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

DATA COMPUTED BY #PGP2,

01
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a

Bae

08

os*
Q7

08*

MP, KG/SEC

x 0. 188E-01

S 0. i87E-01

g 0.243E-01

> 0.245E-C1
oe 0. 343E-C1
* 0.344E-01

oO 0. 364E-01
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FIGURE :8.27 SUSPENSION FRICTION FACTOR, CFM VS. FROUDE NUMBER, FR.
GLASS BEADS TYPE #4.

CONSTANT PARAMETER{S)

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

DATA COMPLTED SY #°DPZ, O/P SY €Pu03. PLOTTED 8Y P04
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FIGURE :0.22 PARTICLES FRICTION FACTOR, CFP VS. FROUDE NUMBER, FR.

GLASS BEADS TYPE #1.

CONSTANT PARAMETERIS) : MP, KG/SEC

CURVE 01, x 0.172E-01

CURVE 02" © 0.172E-01

CURVE 93 0.i8iE-01

CURVE 04 <> 0.225-01
CURVE 05 + 0.292E-01

CURVE 95 * 0.332E-01

DATA COMPLTED BY #POPZ. C/P BY €PJ03, PLOTTED BY P04 (01-09-11-14-02-00) .
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FIGURE : 8.23 PARTICLES FRICTION FACTOR. CFP VS. FROUDE NUMBER. FR.
GLASS SEADS TYPE #2.

CONSTANT PARAMETERIS) : MP, KG/SEC

CURVE 01 x es 199E-01

CURVE 92* © 0. iS0E~ 01
CURVE 93, ©

CURVE 04* >
CURVE 05, +
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BATA COMPUTED BY #PDFZ. O/P BY F403. PLOTTED BY F104 (02-03-11-14-02-00)
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FIGURE : 3.24 PARTICLES FRICTION FACTOR, CFP VS. FROUDE NUMBER, FR.

GLASS BEADS

CONSTANT PARAMETER{S) =

CURVE 01

CURVE oZ*
CURVE 03,

CURVE 04

CURVE 95

CURVE os*
CURVE 97,

CURVE os

DATA COMPUTES BY ¥PmrZ,

TYPE #32

MP, KG/SEC

x 0. 188E-01

S 0. iS7E-01

6 0.243E-01

© 0.245t'-01
+ 0.343E-01

* — 0.344E-01
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O/P BY #7403. PLOTTED BY €°U04
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FIGURE : 8.25 PARTICLES FRICTION FACTOR, CFP VS. FROUDE NUMBER, FR.
GLASS BEADS TYPE #4.

CONSTANT PARAMETER (S)

CURVE

CURVE

CURVE

CURVE

CURVE £

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

CURVE

DATA COMPUTED SY #PDPc,

01

o2*

03

04%
95

cs*

Gt

o3*
93

10*
11

*
12

MP, KG/SEC

QO. 1S6E-01

0. 19S5E-01

0. 204E-01

0.204E-01

0. 299E-C1

0.230E-01

0. 3i2E-01

0. 324E-01

0. 405E-01

0.401E-01

O. 4546-61

0.453E-01HOeNEee*+OHex
O/P BY #PJ03. PLOTTED SY sPuC4 (04-09-11-14-02-00) .
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FIGURE : 8.26 PRESSURE GRADIENT, (DP/DX) VS. MOSS FLOW RATIO, (MP/MF)

GLASS READS TYPE #1.

CONSTANT PARAMETER ‘S) + RE

CURVE ¢ x0.

_ CURVE Or FO.
CURVE B 0.
CURVE 04, > = G.

os 0.
fo * 0.

ba. OL

CURVE 563* 9 0.

DATA COMPUTES SY €POPZ. O/P BY SP SY 6.104 £01-04-03-14-C7-Co)
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FIGURE ; 8.27 PRESSUR!£ G » (DP/OX) VS. MASS FLOW RATIC, (MP/MF}

GLASS BEADS TYPE #2.

CONSTANT PARAMETER ‘S) = RE

CURVE O15 x 0

CURVE 92* © 0
CURVE 93 @ 0
CURVE 94 © = 9

cURVE 95* + 0
CURVE 96% °

DATA: COMPUTED BY PBPZ. S7P SY -€Put 3. SLOTIED SY #7104 (02-04-02-14-07-00)
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i 0.447E
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*
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CHARGE CURRENT DATA CORRELATION CURVES

( FIGURES 8.38 - 8.57 )
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2 .0.496E
+ 0.494
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FIGURE : 6.42 mass FLOW RATIO, (MP/MF) VS. DIMENSIONLESS CURRENT NUMBER, IN.
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GLASS BEADS TYPE #1.
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O/P BY €PJ03. PLOTTED BY #7404 [01-13-94-00-02-00) .
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FIGURE :8.44 MASS FLOW RATIO, (MP/MF) VS. DIMENSIONLESS CURRENT NUMBER, IN.

GLASS BEADS TYPE £3.
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FIGURE :3. 45 MASS FLOW RATIO, (MP/MF) VS. DIMENSIONLESS CURRENT NUMBER, IN.
GLASS BEADS TYPE #4.
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FIGURE :6.46 EFFECT OF ELECTROSTATIC CHARGE ON PRESSURE GRADIENT.

GLASS BEADS TYPE #1.

CONSTANT PARAMETERS) = RE MP, KG/SEC

CURVE OL x 0.404E 05 0. 173E-01

CURVE 92 © 0.4956 05 0.179E-01

BATA COMPUTED BY #PDPZ. O/P BY #PUO3. PLOTTED BY #P404 (01-14-03-00-07-0z) .
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DATA COMPUTES BY #PDFZ. O/P BY #PUC3. PLOTTED BY €PJ04 (02-14-03-00-97-02) .
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FIGURE ; 0.48 EFFECT OF ELECTROSTATIC CHARGE ON PRESSURE GRADIENT.
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FIGURE : 0.49 EFFECT OF ELECTROSTATIC CHARGE CN PRESSURE GRADIENT.
GLASS SEADS TYPE #4.
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FIGURE : 0.50 EFFECT OF ELECTROSTATIC

GLASS BEADS TYPE #1.
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FIGURE : 0.57 EFFECT OF ELECTROSTATIC CHARGE ON SUSPENSION FRICTION FACTOR.

GLASS BEADS TYPE #2.

CONSTANT PARAMETER(S) = RE MP, KG/SEC

CURVE 01 x 0.401E 05 0. i91E-01

CURVE 02 © 0/4956 ‘05 0. i89F-01

CURVE 03 0.612E 05 0. 2456-01

BATA COMPUTES SY #POP2, O/P SY #703. PLOTTED BY €P404 (02-14-10-C0-07-02) .
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FIGURE :0.52 EFFECT OF ELECTROSTATIC CHARGE ON SUSPENSION FRICTION FACTOR.
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GLASS SEADS TYPE £3

CONSTANT PARAMETER(S)
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DATA COMPUTED BY #°6Pz,

RE MP, KG/SEC
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FIGURE :6.53 EFFECT OF ELECTROSTATIC CHARGE ON SUSPENSION FRICTION FACTOR
GLASS BEADS TYPE #4.
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FIGURE :6.54 EFFECT OF ELECTROSTATIC CHARGE ON PARTICLES FRICTION ACTOR.

GLASS BEADS TYPE #1.

CONSTANT PARAMETER(S) =: RE MP, KG/SEC
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FIGURE : 6.55 EFFECT OF ELECTROSTATIC CHARGE ON PARTICLES FRICTION FACTOR.
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FIGURE : 8.56 EFFECT OF ELECTROSTATIC CHARGE ON PARTICLES FRICTION FACTOR.

GLASS BEADS TYPE #3.
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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 a, 6, y

and n. For given 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 10-7 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 = f w@ar (Avs 1):

°

t

y= f v@ar (A.1.2)

°

t

and z = f w(t)dt (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 =2=0. However, the

displacement variances will depend on the diffusion time, e.g. in the

y-direction

NI af |o

ib
J

c

ie wy me KES J voar (A.1.4)
0

and when the average motion of a great many fluid particles is con-

Sidered, equation (A.1.4) may be written in terms of the Lagrangian

correlation coefficient R(t) as

Nie
£

2 x

ae = v2 f Rex (A.1.5)
0
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v(t)v(t + 1)
where R(q) =

52
(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 t

ee? # [(frcoas) 2 (A.1.7
° Oo

In In general R(t) decreases from 1 to 0 in a time t which is

defined by

ty »

T =f RG)at = [ Rar = constant (As1.'8)
0 @

t)

and a (wy! J Roar = constant (A.1.9)
0

where Ty 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

1 ay. geyhD at (v4) AL > (A.1.10)

which is similar to Einstein's equation for diffusion by Brownian

Movement, i.e.

vo " Nie aio '
Nn

(A.1.11)
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By analogy, Taylor defined a turbulent diffusivity De

for t > t, as

N

(A.1.12)o " RIe i+

Measurements of turbulent diffusivity in pipe flow have

been made by many workers (33, 52, 56-58) and using the correlation

of (D,/2Ru )) vs. Re, ( = 2Rpu Ju) as suggested by Kada and Hanratty

(52), ae. being the fluid velocity at the pipe centre, a summary of

experimental results is given in Table (A.1). Comparison of these

data shows that greater extent of mixing exists in small pipes and

that (D;¢/2Ru,) is almost independent on Reg. For the present study

we shall assume

De = .015 x Rx ug (A.1.13)

for R < .0156m.



ees

2
Authors 2R, in. | Re x 10 D,/2Ru, x 10

Kada and Hanratty (52) 1,5 .20 110.

( Water ) aa 50 080

Baldwin and Walsh (56) 8.0 2.9 -110

iC Aix) a 4.2 -100

vs 5.3 098

= 6.3 +110

Towle and Sherwood (58) 6.0 12 +270

( Air ) rt 25 +190

" 56 -150

NM 1.2 +130

12.0 44 +200

a 91 +180

Soo et al (33) 3.0 38 -400

( Air ) Ki +84 -440
u

13 +570

Groenhof (57)

( Air )

D,/2Ru, = .04;

for 2R = 2.0 in. and Re, 2 «2 x 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

~hye G5) + (1/eG)}a(eG)eG, 5D, G, 5) du, G,j)/ar}/ar

+ {1/rG,,j)?}a{o (i, 5)D, GZ, 5) au, (i, 5) /34}/ 94

+ BFC, 50 (i,j) {uGj) ~ u (i, j)} = 0 CK, 2151)

~D, G5) a G5) /ar ~ {9 (i,j) /F(i,j) }aV(i, j) /or

- $nfo(i,j)/F(i,j) }coso(i) = 0 (Aa251452)

WD, (4,5) {1/2 (9) Y80G., 5) /36 - {o(i,j)/FCi,§) 11/3) Fav, 5) /39

+ 4dnfo(i,j)/F(i,j) }sing(i) = 0

(A.2.1.3)

{1/r(j) }a{r(j) avi, j) /ar}/ar + {1/r(j)2}02VCi, 5) /3¢?

= -4ap (i,j) (As2-1.4)

e(i,j) = exp{-V(i,j) - 4nr(j)cos¢(i)} (Ae 2-155)



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

o(i) = {i - llw (0,221.77)

a

u(j) = {1 - r(j)}7 (A.2.1.8)

for i = 1, m and j =

h =1/(m - 1)

and

w = 1/(m - 1)

At each mesh

1, n; and the step sizes are

(A.2.1.9)

(A.2.1.10)

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, 9)

are given by

d£(i,j)/ar =

d£(i,5)/36 =

a2£(i, j) /ar?

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

(A. 25041)

{£(i,j-2) - 4£(¢i,j-1) + 3£(i,j)}/2h,

for j=n (A.2.1.12)

{-£(i,j+2) + 4£(i,j+1) - 3£(i,j)}/2h,

for j = 1. (4. 251.23)

{£(i41,5) —(£(i-1,4)}/2w, for {= 1, m “(A.2°1.14)

= {£(i,j+1) - 2£(i,j) + £(i,j-1) }/n2

for j = 2, n-1 (A.2.1.15)

{-£(i,j-3) + 4£(4,j-2) - SE(i,j-1) + 2£(1,j) }/h2

for j =n (A.2.1.16)
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= {2£(i,j) - 5£Gi,j+1) + 4£(1,j+2) - £(i,5+3) }/h?

for j =1 (A,2.1617)

o7£(i,j)/ag? = {£(i+1,j) - 2£04,5) + £(i-1,5) Ww?

fori=l,m (A.2.1.18)

and by symmetry

f£(i-1,j) = £(i+1,j), for j = 2, n andi -=1orm. (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

u G43) = b(i,j) + bG,j+l)u, (,j+D + b(i+1,j)u, (i+1, 3)

ct bG,j-1)u G@,j-1) + bGi-1,3)u, Gi-1,3) (A.2.1.20)

and

V(i,j) = c(i,j) + c(i, j+1)V(i,j+1) + c(it+1,j)V(it1, 9)

+ e(i,j-1)V@,j-1) + c(i-1,j)V(i-1,j5) (A.2.1.21)

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

at each mesh point (i,j).

The boundary conditions for u G3) are now given by

u Gi) = {4u, (i, j-D) = u, G@, 5-2) }/{2h/Knp +05)

for j =n (AL 29 5:22)

ured) {4u, (i,j+1) ¥ u)G5+2) 3/3

for j = 1 and $(i) = 1/2 ( 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

(Axrp7A and#XFD7B) have been written to perform the iteration and the
computational procedure is summarized as follows

1. Set master iteration counter q to l.

2. Assume initial ooo from

TG Secr (M /9R2u,)

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

(Reference 6).

3. Compute the characteristic parameters a, 8, y and n;

step sizes h and w; (r(j),j=l,n),($(i),i=1,m) and

(u(j) ,j=1,n).

4, Assume initial (WG,j), ®,G,j),j=1,n) ,i=1,m) from equations

(4.5.11) and (4.4.11) respectively.

5. Set iterative counter k to l.

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

(A.2.1.4) and (A.2.1.5).

7. Check for convergence

[- €, GH) /fo, Gi}, j1 <8 for i=l, m; j=2,0



10.

11.

12.

13.

14.

15.
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where 6 is the limit of convergence.

(a) If the above is true, go to step 8.

(b) If false, set k to k+l. Tf k .LE. 100,

go back to step 6, otherwise terminate execution.

Assume initial (a, G9) »j=1,n),i=l,m).

Set new iteration counter p to l.

Compute ((F(i,j),j=2,n-1),i=1,m) from equation (3.1.2)

in which the drag coefficient cy is calculated from a set

or! cy vs. Re ' equations proposed by Morsi and Alexander (59).

Compute ((, G5) ,j=2,n-1) ,i=1,m) from equations (A.2.1.2)

and (A.2.1.3).

Compute (Cu, G, j),j=1.n) ,i=1,m) from equation (A.2.1.1).

Check for convergence :

jl- (u,G, i), /(4,G,5)}_4| < 6 fori=l,mj=2,n

(a) If the above is true, go to step 14.

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

to step 10, otherwise terminate execution.

Compute new mass flow rate ae by integrating pean across

the pipe section i.e.

R

Sf pu rdrdo.
0 PPonaM! =2

P

Check for convergence :

oan|1 wh, <6
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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

y :{0 bey {odor (tM) and go back to step 3,

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, 8, y,n and Knp.

A.2.3 Computer Program #XEFD7B

The function of #XFD7B is to perform the iteration process

outlined in the previous section. .

Program Symbols

cl c) as defined in A.2.2.

CA, CB, CC, CE characteristic parameters a, 8, y and n.

CFA air friction factor Cee

DF turbulent diffusivity De» (@it/sec).
DP particle diffusivity a (Gis/aeey.
DS particle diameter 2a or d, (m).

EO permittivity 5° (farad/m).

F dimensionless inverse of relaxation time F*.

FS Stokesian inverse of relaxation time La eecr ye

dimensionless particulate density pane

step size h, (m).

KNP Knudsen number Knp.

M, N number of mesh points (Fig. A.2).

MP dimensionless solid flow rate (4/87, gu.)
MPX solid flow rate > (kg/sec).

MX dimension mass fl u uensionless ux ©, (ONG )

PG none - uy)» Gegfaseecsie
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QM charge to mass ratio (q/m), (c/kg).

RE pipe Reynolds number Re.

RHOF plead denctty) dea (ce/mn)=

RHOP particle density Py (kg/m?) .
RMP computed solid flow rate, (kg/sec).

RPO particulate density at pipe axis Pao? (kg/m?) «
RR pipe radius R, (m).

sé Schmidt number @,/D,).

THA pipe inclination 6, (radian).

vo fluid velocity at pipe axis uy» (m/sec).

UF dimensionless fluid velocity u*.

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

UP, UQ dimensionless particle velocity uk

UY fluid velocity at (R-a) from pipe axis, (m/sec).

Vv dimensionless electric potential V*.

VF volume fraction of particles.

VISC dynamic viscosity i, (kesec/m-) .
VR electric potential V, (V).

WwW step size w, (radian).

Input Data Sequence

i (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).

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

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

where (REF(1),1=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.



AOLATIUN BY #XFAT MK 95a. DATE 04/05/76 Tit 22-01-36

WURK CED)

SEND TO(GEOMSeMICUMP)
LiST-(LP)

PRUGRA" (XFU/B)

CUMPACT

INPUT 5 = CRY

OUTPUT 6 = LRU

USE 7 & EVISUNFORMATIEUCHYB66000CHNS)/51¢
TRACE 0

End

VK CHAN

PROGRAM #AXFU7B

NUMERICAL SULUTIUNS OF EQUATIUNS (4.4,2)- (4.45)

METHOD OUTLINED IN APPENDIX Z

ERROR CONDITIUNS

IrLaAG = 1 NU ERRUR

IrFLAG = 2 Re GUT UF RANGE (RXPST)

ItLAG = 8 CA GREATER THAN 1,9
ItLAG = 4 AKG iN EXP(ARG) GREATER THAN 2,92 (HAPST)

IrtLAG = 5 #KCOV FAILS TU CONVERGE

IFLAG = 6 ARG IN EXPCAKG) GREATER THAN 2,2 (HACPV)
IFLAG = 7 éZenU 1ST DERIVATIVE Ur GCI,u) De TECTED (#XFO7B)
IrLAG = 6 ke QUT OF RANGE CaXUPF)

IFLAG = 9 9 FXGYP FAILS TU CONVERGE
| ItLAG =40 RMP BUES FAILS 10 CONVERGE WITH MPXaa2qraaaaaaraaaaaaaanaaAaana

MASTER XFU78

REAL KNPoMPSNXEMPX

DIMENSION Reto)

| CUMMON ZBLAYS A(21)5B805)00(21 55), UP 621421) ot 624 221),6621521)
CUMMON /SLKT/ §X021421)075(21521)2K021) UF C21),UP (21,21)
CUMMON /BLKI/ UG(21024)6V 021221) 2 VRC 21521 00621921)
CUMMON /BLK@/ KNPs Or, RPUsM.M1,NCe Ns NT,RLT, HOW

CUMMON /BLAS/ UA, CH, CC, CE, uF, US,FS,€0,RhUF ,RHOP, RK, THA,UD,UY,VISC
& . =



aaa

aaa

aaa

anana

aaa

50 FURMAT(4A8,2159+5.3)

51 FURMAT(6E10.5) = 250 —
52 FURMATCAS,A2s/E10.3)

60 FURMATCTH2s ©AG,SXs4H( M=,12,4H N&e12,6H HKLTS9F9.3,2H )/)
61 FURMAT(7H USsE10.5,7h £052610.5,7H NHUF=,¢10.3,

4 7H RruP=,e10,5,7H KRS,610,85,7H THA=,E10.35
2 7H UUSOE10.S//7H 9 VISCHE1063574 KNF=E10.3>
3 7H QM=sE10,8,7H C15s610.857H CaA=,010.3,
4 7H Cbse510.5,714 CUSsc1U.d//7H CozsE10.3,>
5 7H MP=,£10,5, 7H RMP®sE10,5,7H VF5,610,3,
6 7H UY=s640.5,7H DF S,610,8,74 MPX*,010,3)

62 FURHATC//8H {FLAG =] 2)

64 FURMATC/25H ((G(1,d),JE1eN),1=10M) 3,
65 FURMATC/25H COVCLs J) eo JETAN)s LE10M) $4//0E10+5010E11.3))
66 FURMATC/26H (CVRO Led) euBTON)> eit) te//(0E10+5,10611.3))
67 FURMAT(/26H (CUPCI+J)su=1ON), 2M) $e//(E1U,5,10611.3))
68 FURMATC/26H (CMK( Lad) edE4N), aM) 3a//(E4U 0521061163)?

69 FURMAT(/26H ((DPCL>J)2J=19N)> 2m) 3a//(E10.5,10011.3))
70 FURMATOC/26N (CPSC is dds SET0N),LET0M4) $9//0E1065,10014.3))
71 FORMAT CYH2s$A0,42,5X,9H( M=,1254H NE,1256H KLI=0F5.3,2H SSS

4/6€10+3,49E11.3))

4q 24H SUMMARY OF TEST CASES ?///45X,2HUS, 8X, 2HGM, 5X, 3HKNP,
€ 4H MPA SH U0,5H KPO,4H MPs 4Xs3HRMP+5H GINDSH GMN,
3 5H UP1145H UP1N,5H UPMN» 4Xs2HCA,7X,2NCB, 4X» 2HCC, 5H CE»

4 4H CI//)

72 FURMATO1X, Ab, AZ, 2E10, 2,261 Xo 6 5.2) oF 4 Oe ZFS eer 1XoF Fy Sr 2FIe2e
1 SC1X0F 445) 2E10+222F6.1,2t 5,2)

RewIND 7

KASE=0

P13.1415927

DATA INPUT

READ(5,50) (REF C1), 15144)2MsN,RLT

100 READ(5,52) (Kerk (1),1=5,6),0S,MPX,QM,RPO,U0,ANP,9C

TSET FOR END UF INPUT

TrC UO .LT» 16 ) GO TU 400

READ(5.51) EUs RAUF» RHUP,RR, THA, VISC

MiT=0

170.0

101 ITN=0
MPEQ.0

RMP=0.0

Vrs0.0

CALL AXPST TU PRESET INITIAL CONDITIONS AND COMPUTE BASIC PARAMETERS

Call XPSTCIFLAG)

Ik € IFLAG «NE. 1 2 GO TU $60

CALL AXCPV TO COMPUTE DIMENSIONLESS PARTICULATE DENSITY G(1,J)
AND ELECTRIC PUTENTIAL VO1,u)

114 CALL XCPV(IFLAG)

It( IFLAG »WE.e 4 9 GU TU 560

424 1INso

TEST FOR 4ST DERIVATIVES UF GCI,d) WITH RESPECT Tu R

DU 126 154,

BU 126 yt2.N
It € FUR(G,isy) .eQ. 0-0 2 GO TO Sd0

126 CUNTINUE



aan,

aa

aaa

aaa

aaa

aao

128

159

181

1353

134

136

1357

142

146

300

CALL RXDPE TU COMPUTE PARTICiLe DIFFUSIVITY UP(I+u) AND TIME

CUNSTANT FClaJ)

- 251 -
CALL XDPFCIFLAG)

I+ ( IFLAG «Ne. 1 ) GO TU $60

CALL AXCUP TU COMPUTE PAKTICLES VELUCITY UPII,J)

CaLL XCUP

CALL #RSCT TU TEST CUNVERGENCE AND RESET UQ¢I,4) = UP(I+J)

CALL RSCT(UP,UG,DIFF,N,N)

ITNSITN+4

It ( DIFF «LE, RLT ) GU TO 134

It( ITN «LT. 100 ) GU TU 128

IF LAGS?
Gu TO 360

CUMPUTE MASS FLUX MX(I,J). SOLIDS FLOW RATE RMP & VOLUME FRACTION vF

Du 137 [512M

DU 137 JF10N

PGCL>JIEF (Te) #G01L,0) *ABSCUF CU) UPC I,5)) #FS*UQ#RPO

Ir QM ,LT. ,1e-20 ) GO TU 136

VRC] -J) SDF er oeV (isu) suit

DP( J+J) SUP C1,d) #bF

MXC], J)2GC lov) *UP CIs)

DU 142 J=2em4

ARS0.5*PL#C RO S41) HRI UH4 HRCI) #ROI)SFLOAT OMI)

DU 142 151.M1

VESVF +e 25eaR#( GCled)* GOleutt)* GCltt,ut1)+ Goietyu))
MPBMP +, 25#ARB(MXC Ts J) FMXC Ls S44 MX0 144,044 MX (1 44,0))

ARFO.5#PL¥R (2) #R(2)/FLOATONI)

DU 146 J#1.M1

VFEVFeAR®( GO1,4)*% GC1,2)+ GCIi+t,2))/5,

MPEMP+ARS (MXC 121 FMXC 1,2) 4HNXC141,2))/85,
MPE2.aMP

RMPSRR#RR#KPY *#UUSMP

VF EZ, #RpPO *Vi /CRHOP*#P 1)

CUMPARE MPX wITH RMP

It € ABS(1.°MPX/RNP) ,LE. .05 ) GU TU S00

RPOSRPO#MPX/KMP
MITSMIT+#1

If ( BIT «GEs 10 ) GO TO 404

IFLAG = 10

GU TO 369
CiSRPUSPL#RRERKRUDSMPX

KASE=KASE*1

WRITE( 6,60) (REF C1) + 1=1,60),M,NeRLI

WRITE(6,61) USsc0,RHOF,RHUP > THA, UOsVISC, ANP, UM+C1,
CA, CB,CC, CE, MP, RNP, VF. UY, DF, MPX

WRITE(6,69) (CUPCLs J), JET,» Let0M)
WRITE(6,64) (CUCL JS) e JETTA) se 1 E19)

WRITE(6,68) COMXC Led) eJE1eN) so LEt eM)

WRITE(6,70) CCPGC Lod) oJF1,N),1590M)
WRITE(6,60) (REF C1)01=1,6)5M,NeRLT

WRITE(6,67) (CUPCL,J),J=1,N),1=15M)

WRITE(6,65) COV ied) sJE10N) 21 E45M)

WRITE(6,66) COVR( 1,5) 0 J=1,N)» Letom)

STORE RESULTS ON DISC FILE FUR GRAPH PLOTTING PROGRAM #Pu05

WRITE(7) CREF C1), 1=1,6).%s NDS, THA, UO/KNP, Qh, RPU,LA,CB,CC,

Ce,MP,RMP,VESUY, DF, ((DPC1,5),G¢1,0)3,MX(1.d),PG(1,J),



,

’

e UPCL dd eV CE, d) 2 VR CLs J) yp SE4 ND y 121M) 2 RK, MPX C4
Gu TU 100

350 TFLAaGs7

360 WRITE( 6,60) (REF C1)212126),M,NeRLT

ARITE(6,61) bS,b0,RHUF,RHUP, RR, THA,UO,VISC.NNP, UM»C1,

1 CAs CGsCC, Cis hP,RIiP, VF »UY, DF »MPX

WRITE(6,62) irLaG

Gu TO 10

400 RevINyD 7

WRITE(6,71) CREF C1)51=129),mM,N,RLT

1

e

410 WRITE(6,72)

7

LENGTH

aaa

104

106

LENGTH

DU 410 K

READ(7)

REWIND 7

sraP

END

1588,

FUNCTION

CUMPUTE

DiMENSIO
CUMMON /

TEt J 2k

TPO J 2
FURSO.5S*

Re TURN

FUR=0,5&

RETURN

FuR=EO,56

RETURN

ENQ

1445

0

S1,KASE

roe

CREF Ci ),151,0),MsN,DS, THA, UD, KNP,Q"%,RPU,CA,CB,CC,

CEsMPyRNPSVE SUYo DF» (CUP CLs Jd) e GCL, J sMXCT ed) sPGCI J),

UPCLs J) eVCLs Jd VRO Ls JS) eo JET OND, LE1 0M) > RRSMPX, C4

NAME XFU/B

FURCPale gy)

1ST LERIVATIVE UF FCI,d) WITH RESPELT Tu K

N F¢21221)

BLKE/ KAP» GM, RPUSMsM1,4CoNe NTO RLT, HOW

Q. 4) GU TU 104

Q@, N )-GU TU 106

CP OL JS*4)-F (Le ue1) ZH

CHF CL este) 44. #F (Le d44 Se *F O12) 7H

CF CL p Se 20- 45 HF C1 143, HF C1) ZH

NAME FUR

(REF (1),155,6),05, Us 4NP,MPX,U0sRPOOMP,RMPL GOON),

GOM,N)Y,UP C121), UPC1,N),UP(M»N),CA,CB,CC,CE,C1



FUNCTION FOWReIeJ) Z = 253 =
Cc

C CUMPUTE 1ST BERIVATIVE UF FCi,J) WITH RESPELT TU Ww

Cc

DIMENSION F(é1,21)
CUNMON /BLR2/ KNPSUM,RPUSMSM1,4C,N,N12RLTS HOW

TrC 1 260, 1. sO. -1 .60, M ) GO TO 103
FUWS0eSeCFCht1 ep yd-F CI 15d))7W

RETURN

103 FuW=0.0

RETURN

EnD

» LENGTH 70, NAME FOW

SUBROUTINE FNEWCY)M,XBEG/UX,N,XINI>YINT, IC)

c
ot #rNEW TS & NEWTON'S FURWARD [NTERPULATION SUBROUTINE

Cc

G CUMPUTE YINT FUR GIVEN XiNT FROM YOM)

c

DIMENSION ¥(4U),0(10)

Tey

MUSINTCOXINT#X6EG+DxX)/0X)

Tr ¢ MeN=1 2 929,121,904

104 IF € MO ) 120,120,102

102 It€ MO-M ) 105e105,120

103 Ir € M-4O-N ) 104,105,105

104 MUEM<N

105 FmO=FLOAT(MU91)

XUFXBEG+FMUMLX

USCXINT=XU)¢ux

As

YiNT=YCNU)

106 Du 107 151.N

Jetdrla4

107 DCI) Cu+t) = YC)
It ( N-4 ) 121,110,106

108 DU 109 K=2,N

DY 109 [=KsN

LENeK@1

109 ACLYFUCLI-DEL=-1)

110 DU 111 KE4,N
YINTSYINT+AeUCK)

FREFLOATCK)

411 ASABCUMFK)/ CR RET)



Re TURN

420 1020
RETURN ‘ - 254 -

121 [022 °
RETURN

End

LENGTH 214, NAME FNEW

SUBROUTINE RSUTCA,BODIFROMSN)

c

c CUMPARE AC leu) WITH Bleu)

Cc SeT BCL,J)FACtay)
c THE MAXINUM DIFFERENCE BETWEEN ACI,J) AND B(I1,J) 4S RETURNED AS DIFF

c

DIMENSION AG21221),8(21221)

DiFF=0.0

DU 106 1=1oM

Du 106 J1eN

Ik( J .EQ. 1) GU TU 196

RAXSABSC1 BCL, JISACL, 2)
It ( RMX ¢GTe DIFF ) DIFF ERNX

106 BCI,J) FAC ed?

Re TURN

End

» LENGTH 97, NAMe RSET



,

aaa

102

1

110
1

2

Ant

112

aaa

200

LENGTH

SUSRUUTINE XCPV(CIFLAG) = 259

CUMPUTE GCi,J) ANU VOl,d) FRUM EQUATIONS (4.2.1.4) © (A-2.1-5)

REAL KAP sMPOMX

CUMMON /BLAVZ AC21)2B(5)20( 21,5) 2 UP (24521) 08 (24721) 5021221)

SUMMON /SLAT/ HXC21221).P5021,21),R 021) UF C21), UP (21,21)
CUMMON /BLKT/ U9021221)+V 021221) eVR629221 92 (21°21)
COMMON /BLKQ/ KNPSOM,RPOM, M4, MCSNN{RLT, HOW

COMMON -KS/ CA,CB,CC,CEs DF, USsFS,60,RHOF »KHUP) RK, THA, UO,UY,VISC

ITNsO

IFLAG=1

CALL RSCT(G,Z,DiF RF, M,N)

DIFF =0,0
DU 142 1=12M

1175144
Ik€ 1.68, MD 1415M=4

1012194

THC I EQ. 4 ) 10722

DU 112 JF2.N

Ik J .E0, N ) GU TO 110

VOT se SPFCC Ss VEY CLs tT IFCCS, 2#VCTIT SPFC CU, SIEVI LD Ind d+

COde Fd HVC LUT se S)HC Ce 5d FG (120) :
Gu TO 411

VOT pS FOC4 PHFT Oe DEV OL UHT CHB HVC Le SH 2042,4#V 01, 5-3)

~B.HHRHECABG (1 J)" 2.# (CHAK HRQ2DHCVC11T JIFV C101, 00007
(Se #HH4 ee W940 (CHW) HD) )

AKG 5 CWV CLs d)-eDeCEHAC I) #R(U))

IF ( ARG «GT, 265 ) GO TU 200

GOI, J) EXP (ARG)

LTNSITN+4

TEST FOR CONVERGENCE

CALL RSCT(Gs2,DiFtsm,N)

Ir €( DIFF whe, RLT ) RETURN

IFC ITN «LT. 200 ) GO TO 102
TFLAG = 5

Re TURN

IrLAG = 6

RETURN

END

$27» NAME XCPV

|



9:

ana

4

1

4116

123

126

LENGTH

SUBROUTINE XCuUP = 1256) =

CUMPUTE UP(12y) FROM EQUATIiUN (A.2.1.1)

Real KNP»MP,MX

COMMON /BLKI4 AC21)2B8(5)50(21,5),UP (21.21) ot (24221),G6(21.21)
CUMMON /BLKYZ 4X(24.21)0P5(21,21)sR021) > UF (21), UP 621221)
CUMMON /BLKIZ U9(21.21)2V021,21)2VR(24,21)06621221)

COMMON /BLK2@7 KNP>QM,RPOLM,M1,4CsNONTARLT» HW
COMMON /BLKS/ CA,CB,CC,CE,0F,0S,FS,E0,RHOF sNHUP» RR, THA,UO,UY,VISC
DU 116 1F12Mm

11ysl+4

Ir€ 1 .6€Q. M ) 111=M94

1045164

Ike( 1.60, 1) 10152

DU 116 J#2sN1

SUMTEGCL + J) 80 - S*CCHE (Ls J) #UF CU) #UBSDR C1, 2 *( (UP (1,41 UPC Ie J71))
ACH#HD CUP CT T1,5)*UPC1U1, 0) 270K CJ) #W) eee) )

SUMZEFURCUPs Lod) #( (GCL, J) #UP CLs dd/R( 0) +DP Che) #FUR(G,1,0)%
GC1lsJ)*#FURCUP,1,J))

SUMSERDWCUPD Les) ®CCDPOLs J) #FDW(Gs Lod) 4G ie dd *FUWO DPS 1,0) 7

CROJ#ROD)

SUMGSGCT + J) CF (Led) *CB+2,*DP (1,5) #0014 SC HHH) #4 SCRV ID #N) HQ) )
UP (1+ J)5(SUM1+SUM2+SUM3)/SUM4

DU 12S 119M

UP CT 2NI=C4,#UR C1 sNW1) UPC I+ N-2))/ (30426 #H/KINP)

UPO=(4,#UP (MCs 2)-UP( MC, S))/3,

DU 126 I=14m

UPC] +1)=UPG

Re TURN

END

$57, NAME XCUP

he



SUBROUTINE XUFFCIFLAG) pee yaa

CUMPUTE FC lov) AND DPCI,J) FRUN EWUATIONS CA-2-(-2) ) CA-2.13? 6 Caaa
ReAl, KNPeMxX,MP

CUMMON /BLATZ AC 21).B05)20(2425)2UP (624521 ot (24221),6(21521)

CUiMON SBLA44 4X021,21),F0021,21) 5621), Ur (61), 0P621,21)

CUMMON /BLKYZ UQC21521)2V(21,21 + VR624.21 24621221)

CUMMON /BLK2/7 KNPSOM,RPOPMZN1 MUN, N1 A RLT He W

a /BLAS/ Ca, CB,CC,CE,DF,USsFS,C0,RHOF, RHHOP,RK, THA, UO,UY,VISC
IF LAG=4

Du 104 I=1>MTM

DU 104 V

DUFABSCUD#(UG( I,J) -UF(U)))

ReFRHOF *#DS#DU/VISE

CUMPUTE CDINT FRUM MORSI'S DRAG CUEFFICIENT EQUATIONSQ0a
Re ,GT,. 1000. ) GU TO 110

RE .LE, «1 ) CDINI#24./RE

RE ,GTe ¢1 eAND, RE ,LE, 4-0 )

1 COINTS( 22. 75/ RE) +6, 0905/(RE*KE) 43.69

AP GRE sly Wet AND. ORE. .LE, 104.2
1 CDINT# (2941 667/RE)-(5.8889/ (KE#RE) 41,222

IF( RE .GTe 410, «AND. RE «LE 100+ )

4 CUINTS(46,5/RE)-(116,667/(RE*KE) 2+, 61667

TEC RE «GT, 400, 9

1 CDINTS( 96. 3S/RE)"(2778,/(RE®KE) )%.3644

104 FCT, J)=, 75*CLINT#RHUF PDU/ (pS#FS#(RHUP+, S#RHUF) )

DU 105 1519

DU 105 J=2sN

105 DPCLeJIECHGC Te dF CLAS) #CFDROVe 1, 5) +e S#CE#A(T I/F DRGs 1,4)

DPOS(4,#0P (MC, 2)-DP(MC,35))/3,

Du 106 1=4.m

106 DP(1,1)=brO

Re TURN

110 IrLAG = 6

RETURN

END

Tt

It

I

» LENGTH 278, NAME XDPE



aaaa aaa

aaa

aaa

aaa

417

haw

SUBROUTINE XPSTCIFLAG) = 958 -

PRESET INITIAL CUNDITJ0NS

REAL KNPoMXenP

CUMMON /BLAV/S AC21)9B(5)40(21,5)+0F (21.21 ot (21221),6621,21)
COMMON /BLKYZ MX(21,21).PG(21,21)»R( 21), UF (21), UP (21,21)

CUMMON /BLK14 UQC21621)2V( 21.21) 2VR62121)24£(21221)
COMMON /BLK2/ KNPZOM,RPOLMSM1,¢NCoNsNT+RLT» HOW

CUNMON /8LKS/ CA,CB,CC,CEsDF,0S,FS,E0,RHOFsNHUPRK,THA,U0,UY,VISC
CUMMON /BLK4/ Cracio)

COMPUTE INTEGRATIUN STEP SIZES AND BASIC PANAMEIERS
M MUST BE AN UDD NUMBER

P1=5.1415926

M1EM=4

NIENTY

MCB(M/2) +4

HET ,/FLGATONI)
WaPI/FLUATOM1)

DF,015#RR*UU

FS*18,#VISC/(US#US*(RHUP+.5#RHUF ))
CABRPO*( (OMBRRD##2)/(4, #E0#DE RFS)

IF( CA .GT. 1-9 ) GU TO 140

CUERR#RREF SUP

CUS19, O2*RRRKRMCUS (PL *®THA160.)#(1,.7(RHUF /RNOP) / (DF *U0)

Ik€ CG ,LE, 41E-05 ) CC=0.0

CER19,G2*RR#SINCPI®THA/1 80, )#(1,7~(RHUF/RHOP) )/(UF*FS)
UNS, 84#U0

RESSV.*#RR*RHUF RUN/VISC

CALL #FNEW TU COMPUTE FINT FOR GIVEN RE FROM CFA

CALL FNEW(CFA,10+.SE+5,.5E+4,5,RE,FINT, IFLAY)

If ( IFLAG NE. 4 ) GU TU 130

CUMPUTE FLUID VELUCITY UY NEAR PIPE WALL

UY3, 0625*#DS#RHUF MUNSUNeF INT/VISC

ASSUNe INITIAL Glisd) AND V(I,¥u)

DU 110 1=19M

ACI) SFLUATC 191) «HW

ACT)=COSCACI))

DU 117 J14N

RCJ)FFLOAT (Ue) eh

UF CUD ECT ROG) 2 #H.1492857

IF( J «EQ, ND UF CU) EUYsUO
DUM=,95#UF (UD

DU 117 1510

VT, 5) =2+*CALUG(1 CAR(S) #R(I)726))
ARG os CWV CT, J) - eS *CEBAC IT) #RGI))

I¥( ARG «GT. 2.5 ) GO TU 150
GCl,J) SEXP (AKG)

DPCIeJ)=0.0

F(T,J)=0-0

MXC1+J)50.0

VRC Ts uds

Poll, J)=0.0

Z6143)=0+0
UPC l»J)=0UN

URI, J) =uUM



,

aan,

LENGTH

aaa
1
END

COMPUTE CUEFFICICNT C(lou) FOR EQUATIUN CA.Z-1,21)

= 259 =

DU 120 JF2sN

DUMEZ (C1 eS CWHW) DCR) HHO)

Clde1FCCR(YIF (2. 8H) eC RC) SH) #2) 700M

COde 2) E16 /CWHWHDUM)

COde S)FCCORC L4H) ##2)-ROII/ (02. #H) 7 0UR

O05, 4.80032)

COd15)F4e#CA#R( DHRC I) /ZDUM

RETURN

IF LAGS2

R=TURN
IFLAG = $

RETURN

IF LAG = 4

RETURN

End

538, NAME XPST

BLOCK DATA

ALR FRICTION CFA TABLE

CUMMON /BLK4/ CFA(10)

DATA CFAZ 401974,01914,,0185, ,0184,,0177+ 0174, +0172, .0170,

1016084,0168/7



= 960 —

APPENDIX 3

NUMERICAL SOLUTION OF EQUATIONS (4.5.2) - (4.5.4)

Because of the assumption of constant F and one 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=

-hye (i,j) + {1/x(3) }8{x()o i,j) du, Gj) /ar}/ar

a {1/x(j)?}0{0 i,j) 8u, 4,5) /30}/96

+ Bo(i,j){u(j) - u, Gi, 5)} =0 (A. 3.1.1)

e(i,j) = exp{-V(i,j) - inr(j)cos¢(i)} (A. 3.1.2)

{1/r(j) }o{r(j) VG, 5) /dr}/ar + {1/r(j)?2}02V(i, §)/962

= -bap (i,j) (A.3.1.3)

1, mand j =1,n.

Similarly, it can be shown that

4) Gs3) #b5,3) * biG I) vu G.341) - b' G1, j)u, G+1, 5)

* b'G,j-1)u, G,j-1) > b'Ci-1,j)u, (i-1, 3)

(A. 3.1.4)

V(i,j) = c' (i,j) + c' (4, j+1)VG,j+1) + c'(it1,j)V(i+1, j)

+ c'Gi,j-DVG,j-D + c'(i-1,j)VG-1, j)

(A. 3.1.5)



261 =

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),

VGi,j) = 21n(1 -}o) (A. 3.1.6)

and

p(i,j) = exp{-V(i,j) - 4ncos¢(i)} : (Ax3.1.7)

With the knowledge of the distributions of a and 4,

obtained from equations (A.2.1.1) - (A.2.1.5), it is possible to

estimate some average values for F and Do ive.

F = 3c,hu/a(1 + 20/6) (A. 3.1.8)

and

D, = {constant }Ru, (A53.1.9)

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 :

Is Set master iteration counter q to l.



10.

11.

1262

Assume initial p_ from
po

= 20. o, / mB: uy)
po

Compute the characteristic parameters a, 8, y and n;

step sizes h and w; (r(j),j=1,n), ($(i),i=l,m) and

(u(j) ,j=1,n)-

Assume initial ((V(i,j), p(i.§) j=2.n-1) ,i=1,m) from

equations (4.5.11) and (4.4.11) respectively.

Set iteration counter k to l.

Compute current V(i,j)'s and pp isi)'s from equations

(A.3.1.2) and (A.3.1.3).

Check for convergence :

ja - G.I} /e,G.)}4| <6 for i=l, mand j=2, n-1

(a) If the above is true, go to step 8.

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

step 6, otherwise terminate execution.

Assume initial (G5), j=1,n), i=1,m).

Set iteration counter p.to l.

Compute current u,G@,j)'s from equation (A.3.1.1).

Check for convergence :

ja - {u, G5}, /{u,G,5)} 4 <6 for i=1,m and j=1l,n



12.

13.

A.3.3

=12637—

(a) If the above is true, go to step 12.

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

to step 10, otherwise terminate execution.

TR

= 2S fp_u rdrdo.
00

Compute new mass flow rate M Sua

Check for convergence :

Le Mt: | Te &la -m7m,| <

(a) If the above is true, case solved.

(b) If false, set q toq +1. If q .LE. 100 compute
a 

:{ {oro tora (HM) and go back to step 3,D0 aew
otherwise terminate execution.

Computer Program# XFD3B

The function off XFD3B is to perform the iteration process

outlined in the previous section.

Program Symbol

Program symbols are similary defined as those in# xFp7B.

Estimation of Computing Time

For M=11 and N=11, the mill time is about 9 sec per case

on the ICL 1905E.



= 264 -

Tron By #XFAT tHe SA DATE O4/05/76 TIME 24.0942

aAayaIvoncaaro

62

64

65

TORK FEDS

SEND TO(GEOSSEMICOMp)
tisT (Loy

PROGRAM ¢XFD3B)

COMPACT
INPUT 5 = CRO

OUTPUT 6 = 100

use 7 = EDT/UNFORMATTEDCHYRO6000CHN4) /512
TRACE 0

END

ve K CHAR

PROGRAM 4XFD3B

NUMERICAL SOLUTIONS OF EQUATIONS (4.5.2) - (4.5.4)

METHOD OUTLINED TN APPENDIX 3

MASTER yED3R

REA) KAp. MP, MXeNPX

DIMENSTON REF (6)

COMMON saLKys AC959 6069565) 66095695) 045495), R615) ECTS)
COMMON /ALK2/ BC15615,5)+UP(15.15) -PG(95,15) .VRO15 515) MNCA5 TS)
FORMAT (4A8,2130F5+3)

FORNHAT(BFE10.%)

FORMAT CAR, A2,7E1N.3)

FORHATC.M2, GAR, %X,4H( H3,12,4H NE,T2,6H RET=,F5,3-2H YS
FORMAT (Zu DS=.E10.3,74 F0=,810.3,74 E410.3,

7H RHO £40.3,7H RR=.F19.3,7H
Fu U 90.3//74 Fin.3,7H

74 Q 10.3,7H F49,3
74 D 90.3,7H SrEt

pu c £10.3,7# CE=,E%9.
74 RM E49.3,74 VE=-E9.3,70 MPX=.E99,3)

FORHATC/45H CA TOO LARGE :,E19.3/)

FORMATC//34H GC1.S) AND V(T.d) DO NOT CONVERRE/SI/)
FORMATC/ 25H C(GCTad) pdeteH sT216M) 2, /70F10.3,19E14.3))
FORMAT C/>5H COV eda det ND ,TEIIM) 6 f/640.%,10E94 237)

he



= 265-=

66 FORMATOCS26H COVER OT, J) ,d=t oN) TEI 0M) 2 ,//0F10,3540E11.3))
67 FORHATC/26H CCUPTI, SY JETEND MD) +, //CF10.3510E11,3))
6B FORHATC/26H COMET de S=teN) TET 6M) 26 //0E10.3590E11.5))
69 FORMATC/ 24H UPCT+J) DO NGT CONVERGES/)

70 FORNALC/26H CCPGEL ed) cdateN) cTEt eM) 2e//(F10.30490E11.3))

PIT FORHATCIH2 + 3AB,A2 FSX 2GHO ME,T2+GH N5,T2,6H RLTHOF5S.322H Y/IS
i 24H SUMMARY OF TEST CASES 3///45%,2HDSs8X+2HQMs SX. SHKNPS
a GH MPX¥,3H UO,5H 8PO,4H MP,4xX,31:RMP,5SH GIN,SH GMN,

i 5H UP11,5H UPIN, 5H UPMN,4X,2HCA,7¥ e2HOB PAX 2HCC «SH ce,

4 au ciss)

72 FORMAT (4X oAB1A2,2E10. 20 201K F 3.2) ce FO. Or 2F 5.201 Ks FO. 5r2FS ee
4 BUX, F430 F19.2,2F6.1,2F 5.2)

73 FORNAT(1H2,29HRMP DID NOT CONVERGE WITH MPX)
REWIND 7

KASE = 0

P13,1445926

DATA INPUTano
QMEAD(S,59) CREFCT).121,4) M,N,RLT

400 REANC9,52) (REF CT) 15546) ,DS+MPX «OM, RPO UO KNP OSC

TEST FOR END OF TNEUTano
TFC uO .LT. 1. 9 GO TO 400

READ(3+51) EX /RHOF,+RHOP,RReTHALVISC

TFC DS (GT, .36&-04 ) Sc=.50
MITs0

401 RMP=0.0

mpso.0
vF=ol0

¢

c COMPUTF RASIC PARAMETERS

c ASSUME AVERAGE SLIP VELOCITY nu

c

NUR _ OCHA

REZRHOFwnSepl/VISC

c

c COMPUTE fPDINT FROM MORST'S DRAG COFFFICTENT FQUATIONS

c

TEC RE .GT. 1009, ) GO TO 190

TFC RE L1E. .1 9 CDINT=24./RE

TRS REL GT: olor CAND RE, «RES 4rO )

4 CoyyT=(22,73/REVHC. NOOS/CRE*RES 43.69

WeC RES Lat. a AND, RE .LF. 10. )

+ CrriT=( 29. 1667/REI-63. 8889 / CRE*RE) 41.222

TEC RE) GT. =10 AND. ORE hE 1.00. _)

1 COINTE (46. 5/PF Y= (116. 667/ CRE#RED 4.61667

TRC REC GT, 400.)

1 CDinTs(9B, S3/REI= C2778, J (RESRE) 4+, 3644

75*CHOINT#RHOF*+DU/ CDS* (RHOP+. S#RHOF))

-O10epReo/Sc
DOs rQMeOR #20 / (4, 4 F OH DD HF)

PRERPYE/ DD

COHLO AP *RRERRECOS CPT eTHA/SISO, «C4, = CRHOE/RHOP))/(CDPHUN)

TRC CC FE, .4&-85 ) CC=9,0

CES79 +62 eRReSINC OL HTHA/SIR0.) #01. ~CRHOF/SRHOP)) /CNPHF)

¢

t CHESK LIMIT OF cA

IFC CA 117. 4.99 ) GO. TH 102
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102

443

104

905

206

108

400

VETS?

WRITEC6,60) CREECTY,1=9,6) oMeNeRLT
WRITFCA,A2) CA

60 *N 106

MCHCM/2) 41

M1=ue1

Nien
FMT=FLOAT CMA)

FNIZELOATONGY

COMPUTE STEP SIZFS

HET O/ Fit

TF My

DO 1935 1,M
ACT) =FlOaTCy-1) ey
ACT) =COS¢CAC]))

COMPUTE FLUID VELOCITY PROFILE UF CJ)

DO 104 J=4.N

ROS =FLOAT Cae 1) eH

UF CIIRC) ROI) e143

COMPUTE COEFF CCTrd) FOR EQUATION (A- 4-15)

NO 105 yr2.nt
NUMe2e* CCT SOUND CROCS) SH) eH?)

COD VI RCER CIOS C2. HDD + CR OD) eH 2) SUM
COd,20 84. / Cele numy

COI ACOCROID HY #2 ROI) IC 2. HD DUM
COI, AEC 6d 12d

CON, 525 Gee CARR (I) HRCI) / DUM

ASSUME INITIAL VCI,d) AND GCT,J)

no 106 M

nO 106 oN

Wey) *CALOG (TM CARRCI VER OII/2.99

GUL, JSEXPCRV(CT, Je SH#CEHACI) &ROI))

START TTERATION FUR G(T,J) AND Veteay

GoTFs0,0

DO 409 JetoM
T1151%4

rOt=1"4

DESO £0. 1 tO la

EC) FQ. M )-149TeNN4
NO 499 va2.n4

J042I74

Wad

DAV EVCT dee Od QVaAVCIAV DIF Ode SV HVT date
Cll bya (CTO4e$) 4001.5) *6 01.0)

DUM FEXPCaeV CTs d= SH#CEWACT eR OID)
RUX=ABS (4 eG el. ud/ uM)

TEC RMX GT. GOTE >» GpoIF=RMX

GCL, J apis

TESY FOR CONVERGENC:

TEC GOTF LE. RLY 9 GO TO 140

1200 =
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TINS TNs 4

TREC 1TK LE. 200 ) GO Toe 168

WRITEC6, 63)

GO TO 199

COMPUTE COEFF BcT,Jd,K) FOR EQUATION. CA; 3,14).

410 nO 210 1=16M

Tiatt4

LOlsit4

SFC Tred. Dorota?

YFC 1 .£O, MD) I41etHe4
pO 210 y=2,N1

SUM4=601 J) / OHHH

SUMA=C CG ET IARC IDVHCGOT ITV MGCL, IN19I 702, 0H IS CZ. eH)
SUMS=EGC] J) SORCII*R CI) whew)

SUMAECG CTV I HGCIN1 IIIA CO. HROID AR CI) WUD

SUM5SGCT, Jef CRHIF OI =. 500)

SUMGEG CT de COZ / CHEN 4 C2, / OR CIDER OI) HW) DOOBY

RCT, $61) =CSUM14SUM2) / SUB

BCE hed SUM34SIIMA) /SUN6

RCL tes SUM1=SUM2)/SUN6

BCL, S66) 3 (SUMS =SHNG) / SUNG

210 BCT, 365) =SUMS/SUM6

START ITERATION FOR UPCT ed)

0.6

3 rst.M

reC y 6M. 4) 1Nte2

TFC Y .EO. 4) 114 e849

00 213 y=2,N1

JOteIe4

M11 2544

DUMSBCT eT HUD CT JID ERD ed 2>eUPCI1T IMB CT I, 3) HUE CT, 04)

4 BCT. J ,4Y¥URP FING, JY+BC1T 5,5)

RUXaABS 64 uP CT, J) / pum)

TEC RMX GT_L UDTF ) HDTESRMX

2413 upCy,d)=nUM

UPDATE BOUNDARY VALUES

oO 2414 r216M

P14 PCE Nah eUP CT NeP RU CT Ne2dI/ (C3 e224 / Kup)

UP0=2(4 wIP CMe 2) MUP CMC 3ddD/3,

NO 245 r=1.m
215 up d+,1)suP0

TEST FOR CONVERGENCE

TRC UOTE .LE RLT Y GN TO 234

PAZ TTNSTINGd

TRC TTN LE. 200 ) GM To 212

URETEC6 LAD)
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GO TO 4140

COMPUTE MASS FLUX MX(Ies3),- SOLIDS FLOW RATE RMP AND VOLUME
FRAcTION VE

236 nO 230 i=1,M
PO 237 Jstan

PG lr, dd) =H PO *U08G OD ed) eFRABS CUR CI) =<UPCIed))
uRCi dd 29,0

TEC QM (iT, 118-20 ) GO TO 236

VROT, J =nPereV (1, Jd /OM

256 MXCi-9 2607.0) UP (Td)
237 CONTINUE

DO 242 J=2,1011
BRED S*PTHECROSHTIER CSET IER CID ERED SEMA
pO 242 1=4,01
VEFSVE*. 25% AR*( GOL, JY4 GOL e Jet GOS dete GCT4e1 dd)

242 MPBUPY. O5#AR*CMX OT SYEMX CT SHV 4MX C144 4d OMX (E41 og)?

AREO S#DtreR(2)#RO2)/ FMI
DO 246 1-4,144

VFAVETARWC GO141)9* GOLL294 GOTH1/2)9/3.
246 MPSHPTARYCMX 

C12 TYOMX ODS 2D4MX CT H1 2209/3.

MPB2.*Mp

RMP=RReRReRPO *UOeMP

VFE2.*RDA *VE/CRHOPePT)
TFC ABS(1,@MPX/RMP) .LE. .05 ) GO To 300
RPO=RPOsMPX/ RMP

MITsMIT 44

TRC MIyO CLE 40.) -40: 10-104
URITEC6,73)

2 GO TO 1490

ZU0 CLBRPUMDTeRReRRaO/NPX

WRIETE(6,40) (REECE), 1=1,6) ¢MsNeRLT

WRITE(6,61) DSSEN RHOF,RHOP,RR«THA,UO,VISC+KNP,OM/04,SC,NP,
1 CArCRr CC +CE.MPeRMPLVEMDY

WRITEC6, 64) CCG CT ed) pdE4eN),TE1,M)

WRITE(C6, 68) COMXCI sd) dH10N) 6 TS10M)

WRITEC6,70) (CPG CL sd) sdateN),TS1—M)

WRITE(6,60) CREFCI), 151.4) eM NeRLT

URITEC6,47) CCUPCI Add, oN), T=1 6M)

WRITEC6,65) COVOLed od Nd. M)
WRITE(6,46) COVRETI)Y, aN),TS7,M)

STORE RESULTS ON DISC FILE FOR GRAPH PLOTTING PROGRAM #PI06

WRITEC7) CREECT) + 12176) MeN eo DS e+ THAN KEP, OM,RPOLSC,DP>RR EMP y
’ CA, CBs COrCEMP,RMP VE (CGE SD MXCT 6d) PGCE od) pPCLad) +
? VOL AVROD ed) Sete ND TEV MI LCI

GO To 100

400 REWryND 7

WRITE(6,79) CREECE),1=21,4) sMeNeRLT
bO 419 y=1,KASE

PEADCC) CREFCT)»121+6).MeNsDS+THAUO,KNP + QM, RPA,SC,DPeRROMPX,
+ CAB r Cle CE MPL PMPLVEs COCO CTI) eMXCT, J), PGCT J) -P CTL)»

2 VOT ,SV-YROT eI) SST IND A TET oth) 04
410 WRITEC6,72) CREFCI), 125.6) +DSsQH r+ KNS -MPX,+U0,RPO,MP + 2MP+G (19M) »

GOMN) IPCI .1) UP CTLND UPON) CA, CR, COLCEL CI
REW{ND 7

STOp

END
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APPENDIX 4

COMPUTER PROGRAM 7 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.
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aan aoa
aaa

100

70

80

59

60

90

106

109

61

516

125)

54

voK CHAN

PROGRAM #CPY1 + COPY DATA FROM P/T ON TO PIse

INTEGER TH, DATE, TENP, PRESS, TYPE

DIMENSTON KA(48).KB(43) -KC (48)

TELETYPE MESSAGE

WRITEC7 70)

FOPMAT(30H TYPE 20 TO GOt)

READ(G,80) Jd

FORHAT(T2)

TEC Ja .NE. 20 9 STOP

READ DATA TAPE

READ(S,50) TN, DATE, TEND, PRESS, KRH,KNL

FORMATCI4)

WRITE(6,60) THs DATE, TEMP, PRESS KRHA KNL

FORMAT CVHS O16)

WRITE(9¢9G) TNH, DATE, TEMPs+PRESS/KRHSKNL

FORMAT CBI5)

CHECK INDEX (DATA MARKER)

READ(CS,59) INDEX

TFC INDEX ,€Q, 6 ) GO TO 106

GO TO €106,1416,123,123.12341396123,123 7200) , INDEX

READ(S,50) TYPFE,KROS

READ( 5,50) 1X

Ipt Ix ,FQ, 0 >» GO TO 106

WRITE (6,64) THDEX

FORMAY(SI4)

WRITEC9690) INDEX

WRITE(H,64) TYPE, KROS

WRITE(9,99) TYDE,KROS

GO TO 137

READ(S,50) KDS

READ(C5,50) 1X

Ife 1x ,Eq, 0 9 GO TO 106

WRITE(6,61) THREX

WRITE(9,90) TNHDEX

WRITE ‘6,6%) KDS

WRITECOAP9IO) KDS

Go 19 437

READ(5,51) (KACT), KBCI)- KCCI), 121,48)

FORMAT (CI3,1942973,1552135950233,15,11)

READ(5,50) 1X

Tec 1X .Ea, 0 3 GO TO 106

WRITECG,64) INNEX

WRITE(9,90) TNNEN

WRITE(6,63) CKRCT) Es

WRITECO,9D) CKRACI)-T=

Go TO 137

48)4,

448)

—270 =
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139 READ(S,50) KSCALE

READ(5,539) 1X

PEC IK EG. 0 9.60 TO 406

WRITE(6,64) INDEX

WRITECO,90) THREX

WRITE (6164) KSCALE

URITEC9290) KSCALE

137 INDEX=Ix

GO TO €109,1161123,123,1235130.123,123,200),1NDEX

200 WRITE(6+61) INDEX

WRITEL929%) THDEX

WRITES? 71) Til :

71 FORMATC12H LOADED TAPE.13)

Go TO 100

END

1372 ENTRY 00222

oT
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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, (ne/sec)
DUN computed velocity gradient at pipe wall, (Gackt)
DUW experimental velocity gradient at pipe wall, (sec 4)

FA air friction factor

MF air flow rate, (kg/sec)

P data signals

PG pressure gradient, (ke/m’sec*)
PR ambient pressure,(cm of Hg)

sw wall shear stress, (N/m?)
TR ambient temperature, (Deg. C)

vs frictional velocity, (m/sec)



- 273 -

TON By #XFaT MK SA DATE 4/05/76 TIME 21.14.43

wORK CED,
SEND TOCGEOSSEMICOMP)

LiSrcle;
PROGRAM ¢PDpt)

COMPACT

INPUT 5 = CRO

OUTPUT 6 = LPO
USE 7 = FDI/FORHMATTED CRYR6600NCHN2)/512

TRACE ©

END

MASTER pnPt

REAL MF

INTEGER TN, DATE, TEMP, PRESS

NIMENSTON REF C4) ,PCS) 2268) 6186678) 0V 610) -OC1N) OME CIS)

COMNON sRLKI/ AR, RR,KSCANSRKELX(10) CF 07,2) ,PUTC15) -ROTS) PIF CAS)
READ(5,59) (REF(T) 151.4)

50 FORMAT (AaB)

CAL) Over
403 READC?7,75) TH, DATE+ TEMP, PRESS, KNL

70 FORMATC315)

LING=14

TRE CELOAT CT EMP) /160, 24273.

DREFLOATsPRESS)/100,

PHOFS4 64444PR/TR

VISC#O.9N672/ CTRE120.) *OCTRI273.) #H1 5)

108 READC(, 79) TNDEX

TFC TNDEY .FQ. 9 ) GO Tn 200
READ( 7,70) COIS (Ted) ep JET, KNL) E17, KSCAND

90° 445 4=4,7

p(J5s0.9

DG 114 t=4,KSCAN

446 DCS=EPCUY*ELOATCIS C1 dd)

915 PCJ SPCYYSFLOATCKSCAN)

TEC INDEX LNF. 3 2 GO To 119

pO 148 g=T,KNL

V1B 20N5eP C5)

GO TO THR

179 DO 421 J=1,7

PCJ =P CyyeZ¢1)



121

428

138

61

eae

62

o3

05

2n0

LENGTH

PCUSSCCECI,VYOCET IY, 2 eR CI) EPCS)

MF=O_ OO 7A 5SeSORT(RKE RHO HP (2))

UN=HE/ CAP eRHOF

U0F1.e24eUN

RES? *RReRHGE®

y¥(1) 20

DO 128 i=2,5

PCT+D=prteare

VOT) sPCypa2y_r6

)

Un/VIse

PCT+4)

3)

CALL #LTS@ TO SHMOTH DATA

CALL LTSQ60,2+5,X%+V,0,1F LAG)

4.) GO To 108

PGS$96,44°0(1)411,4002))

TFC TFLAG NE,

SWS-0,549RWDG

VS=SQRTCSW/RHO

FA=3.*S1/ CRHOF

DUWeRSW/¥ISc

DUNSUUs 11044)

pO 135 1=2,10

FY

*UN*LN)

ARR

DECI IEC EH ReRRER OT) WPG/ (2, eUDHNUT CDI RVISCY /PUOE
LINFslIngs4

TRC LINE .Le.
LINGSs1

14) GO TO 144

WRITE(6,60) CREFCI),1=41,4)+TN, DATE

FORMAT(AH2,4A8,5X¢4HTAPE,13,1H@,1G//)

WRITE(6,41)

FORMAT (COX, 3HMF

Sxe SHEA

FORMAT CS 19644

7 BX es 3HUN BX, 3HRE 2 BX, 3BHPG

+8X,SHDUW RX, SHDUNS)
UREYEC6,62) MECUN RE CPG, SW/YS/FA+DUU, DUK

-3)

WRITEC6,43) CDFCT) + 1=2.19)
FORMATC(SH DE ¢:

nO 146 422,19

DFCPIRDECTIsSC2

79F19.3)

+ *RReUN)

WRITEC6,465) CDFCT), 122210)

FORMATCSH DF4

GO TO 108

TEC TN NEL 49

REWIND 7

§TOp

END

490. NAME

°9F19.3/)

») GO TO

Poppi

103

1BX,3HSW

= 215 —

rBXeSHVS 5
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SUBROUTINE pVEL

COMMON /RLKV/ ARP RRAKSCAN,RKE AX (10), CE C762) -MU10915) -RO15) ECTS)

po 104 yr4.41

RCT) =.1wELOAT(TH1)

902 DECTIECT LHROT))4+.142857

DO -104 122,10

104 DUTCHIECUFCIS1 > -UFCI=4))«5,
DUT C11) S7UF (9) =4. UE C10) #5,

RETURN

END

LENGTH 79, NAME .DVFL

SUBROUTINE GAUSINCA,M,N,8,C,X,V,10)

¢ THIS PROGRAM WILL SOLVE AN N BY N SYSTEM OF LINEAR EQUATIONS
USTNG THE GAUSS#SEIDEL METHOD

DIMENSTON AC10,19)9,B610) -CC10)-RO10,119 -XO199,Y 010)

1C=4

ERR=.0004

a

MME)

pO 111 t=15M

TFC ACTLY) 9 112,196,192
#12 CCUlyst,

RCT Mi) aRCT)/ACL.IT)

00°44) Jaton
VAT ROT, JDEACI,SI/ACT OT)
104 ©*0 6

nO 403 y2tam
PeR¢(TeMMyy

nO 4192 j=tom

102 pePar(l,s)yeced)

CCl aC Cp y4p

103 FeEsaBbScp)

TEC FER ) 104,106,405

405 wskel

TEC 4000"K > 106,104-404
404 FRRSERR «10,9

TFC ERR LE, 0.0014) GO To 413
144 1050

$04 RETURN

END



LENGTH

404

409

200

200

490

402

103

104

LENGTH

185, NAME GAUSTD

SUBROUTINE LTSQCKTsMrNe Xr ¥eCo IC)

DIMENSTON X(109,¥010),00109,F 010-10) ,A010,10),B010)

M UNKNOWN COFFFS AND N PAIRS OF (X,V)

TEC KT. 60, 49> GOTO 180

po 107 J=4on

00 101 ye1,M

FOL, J2 =X Cd) ee

60 TO 440

nO 200 J=4.N

FCT, J) =X ed) ee (T-1)

nO 403 tn1.m

DO 193 K=1e1

ACK,1)=0.0

nO 102 Jaton
ACK, TI=ACKSTYFE CT ed *F CK ed)

ACT, K2=ACK.1)

PO 404 KxtaM

R(Ky 20.9

nO 106 Jetln
BOCK =BCK FY CID HE CKD

CALL GAUSIDCADM,N+ Be CoXeVe IC)
PETRA

FND

?3e, NAME LTSQ

276 =



PIP

BLOCK DATA

COMMON sBLK1/ ARS RRe-KSCANSRKF LX (10) CEC 722). DU1(15) - R615) PE CIS

DATA AR, PKA KSCANDRKE/ .0907674.045625.664014 J
DALAL ACL O50 7950521 67 -5659398.0.0.0.0,0.0,0,0.0.0. 7

DATA CF /¢ ,65E903-.0156.0193,,01964, 017372. 015777, 0165,0.N,

‘ + 169E05,.176F-05,.2378F-05,.1726H05,.1018F 05, 190K WIS /

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 C

CEM suspension friction pe Co
CFP particle friction factor ce

FR Froude number

IB ball probe current I> (amp)

IN dimensionless current number T,

MF air flow rate Mg, (kg/sec)

MP solid flow rate M> (kg/sec)

MR mass flow ratio CH Me)

PGM pressure gradient of suspension flow (8P/8x) (kg/m@sec*)
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/m?)

TR ambient temperature, (Deg. C) .

UN mean fluid velocity u, (m/sec)

* Others are defined in #XFD7B and#cyP1.
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(GIB) yveuos be

CAMS OHE XS NINE 4

*KO'SLHS XE AAIHE Xe HAQHE XO RG SAQHS XO’ BANC XY LVNYOd £9

C/E UbAL EE AHL‘ DT MHL CL MHE SL) iviyod 29

C/ABHS AGT ONHS 4A0 ‘

"NOHS XO SW/GHHS ‘4X9! ChiAY) /dWHE XE GHHZ'XOSHHS XY LD VEeOd 19

Cf/CE490 HE SL AOVGHY XS CHUZH ETS OH ne .

O*GH A HEE SHIHE AE OT MHb ST AGVLHPIAS OVC Anh) yvilMOd 09

Cevcogvilyos os

CULIX*CUbPIWI A Sa SNe NYO COLD HED CSdGus (2420404 4N FS bATU/ NOMHOO

CBIZSCULIAS CRISIS CBI aS CES DIST Co UOIVI COLE Cab OBI YY NOI SNSWIG

ae COCs

SSHUd‘dHAL SLVU'NL'FdAk BQ9FENT

NICUT SUN di’ dy Vda

ZdUd ysl syn

bAdO# AG UR4HUS<34d Viyd d/l

2ddde WYU9OUd ONISS|IUYd VLG

NvHo WY A

qgogco wt

Qua

o a0yad

Z2ES/C40U AdVL OVNIGSLAVWYOANN/OLH = & plidinu

ZUS/CUNHIVOOODSAH) G3Livildod/ bas = 2 3S

Gb°gb te

Odt = 9 gndene

uso = ¢ AfldNI

49¥dWOd

(edddy wyadoud

<dT§ 2504

(GHOUTHASSOR9I UL UNAS

£d9) 490M

3WIa 92/50/70 2ayu VG x LVAX# ng NOL

Bb ye L¥ 92/59/90)



SOs 7 ety

2 S268

123
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cpevr
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COMPUTE AMBIFRY TEMPERATURE TR, PRESSURE PR, AIR DENSITY RHNF
AND DYNAMIC VISCOSITY VISC

TRE (FLOAT CTEMPD/100.)4273,

PREFELOAT/PRESS)/4100,

RHOF=4,6644% CPR/TR)

NUMEO

VISCHC. 906727 (TRHIZ0. De OCTRI273, 4415)

READCC,74) INDEX

GO TO €449,44920445619504956191351152115,200), INDEX
READC(,7*) TYPE,¥S

QHOPSFLOATCKS)
DSFONCTYDEY

GO TO 198

REAN(C, 74) KDUM

GO TO 108 =

READ(7,74) KSCALE

SCALE=FLILQATCKSCALE)*, 16-12

60 TO 48

READC(.74) CCIS(Ted) -de1eKNL),T=1,KSCAN)

COMpUTE TIME AVERAGING OF EACH SIGNAL P<J)

pO 120 v=2,KNL

PCJ 20,5

po 1419 j=1,KSCAN

PCJIVAPCIYFFLOATCIS (12d)?

PCI>=PCOS/ELOATCRSCAN)

TFC INDEX .NE. 3.) GO To 124

pO 125 s=2,KNL
Zs) BP OS)

GO TO 102

99 4125 1=4,KSCAN

NET) SFLOATCIS(11))

CALL #ALTSQ TO FIT BEST STRAIGHT LINE THROUGH MASS/ TIME POINTS

CALL LISO(1,2eKSCAN, TIMELY eC, TFLAG)

fEC IFLAG .NEw. 1) GO To 108

MPBHCF CL, 1) 4002)

CONVERT 2 CJ) INTO PHYSICAL QUANTITIES

NO 431 ge2.KNb

PCJ =P Cyre7ZCN)

TEC GEO. KNL )/ GO>70: 132

PCJ RCCE CD eT VFCECU, 2) eR I) #P CI)

yCly)s¥,

dO 432 12,5

DCTP repr Tae 2VeP (44)

VC(T) =P Cr+ 2) 4p (3)

CALL #ALTSG TO FIT PRESSURE DISTRIRUTION CURVE

CALL LT59(0,205,X0¥,C, TELAG)

TEC TFLAG .NF.L 1) GO-TO 108

COMPUTE aTR FLOW RATE Me, MEAN ATR VELOCITY UN AND REYNOLDS

NUMBER RE

MES _OU7RSeSOPTCRVFeRHOR«PO2))
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200

243

281 =

iF/ (AR*RHOF)

*RHOF WINER AVISC

CALI #FREW TO INTERPOLATE ALR FRICTION FACTOR FINT FROM CFA

CALL FNENCCEAL10, »3E*5e.5E44,5+RE,FINT, TELAG)
TFC TFLAG .NF. 1) GO To 108

COMPUTE AIR VELOCITY AT PIPE CENTRE UO, MASS FLOW RATIO MR,
FROUDE HIMBER FR, PRESSURE GRAMIENT GM, SUSPENSTON FRICTION
FACTOR Cem, DARTICLES FRICTION FACTOR CEP, CHARGE CURRENT TR,
DIMENSTONLESS CHARGE CURRENT NUMBER TH AND CHARGE TRANSFER DER

MASS QM

UOe4 ,e24+UN

RPO=MP/¢ARwUN)

MRENP/ME

FREUN*UN/ (19, 62eRR)

PGM=98, 4+ (CCT) #19,80072)9)

CEM=h. Pe PGM/ CRHOESUNWUN)

CEP SCFMREINT

1B=p(8) xe CALE

TNE (TB4 rn) /(DS*DS*PHOF HCO. 62E910) eCUNHRLY)

OMFme1B/ CP POetINe) . 30GBE@4)

NUMSNUMS 4

TACKUN, tY=TH
TACNUM,2)=NUM

TACNUM, 3) 2 INDEX

TACWHM GY ETYPE
AACNUM, 19 eMe

AAC HUM, 29 =Mp

AACHUM, 39 eRPO

AACNUM AY EME

AACNUM, 5) SUN

AACKUM, 6 FD
AACNUM, PY ERE

AACNUM, ax SER

AACKUM, OY Ep gy

AACHUM, 19) =C EM

AACHUM, 14) GER

AACHUM, 42

AACNUMN, 43) 21N

AACHUM + 4A) SQM

GO TO 108

STORE RESULTS ON M/T

WRITECR) TN,DATE,TRPROKRHONUMY CCIACT od) od 241,4),729,NUM),
COAACT, $2 5521214), 134 NUM)

LPe(NUM/ 30)
TEC (30e1P) LT. NUM ) 1 PE=LP+4
Lpz abe

KPRO

nO 213 r=4.NUM

TRO COCEm1D/3O HFG) NE. (1-1) ) 6O TO 243

KPSxot4

URITEC6,40) (REECK),KE1,2),TN,DATE,TR,PR,KRH.KPSLP
WRITEC6, 449

WRIGECH, 62) CIACT JS) pSE164),CAACI I) 5S
DO 72¢ r=t.NtIe
TRE (CC rm4d/70)430) NEL (1=1) 9 GO TO 222
KPaypet

1,7)

UNIT

bi.



e282

WRITEC6,60) ¢REFCKY,K=1,2),TN, DATE, TR,PR,KRHLKPLIP

WRITE (6,63)

222 WRETECO,AZ) CIACY sd) -dE144), CAACT J) SEB. 14)

€

c CHEEK FOR END OF TAPE

C =

TEC TN NE. 43.) GOTO 104

REWIND 7

sTOp =

FND

LENGTH R36, NAME PpP2

SUBROUTINE LTSQ(KTeMsNeXe Ve Co Il)

LEAST SQUARES CURVE FITTING PROGRAM

M UNKNOQUN COFFFS AND N PAIRS OF (X,¥)anan
DIMENSTON XC410),V010)600109,F (10010) ,4610,10) ,B690)

TEC KT .fQ, 4.) 60 TO 100

DO 104 Jetln

nO 467 Y=19M

409 ECL, JI EX Cd wel

60 ro 490

100 pO 209 g2i,n

200 601,39 34 20

no 309 j=iwn

nO 300 1=2,m

B00 FCT, U2 2xcd) ae (Int)

400 nO 103 y=21.M

Kel st

0

=4aN

1G2 6¢K,1 VOR TYFE CT eH R CK ed)

103 WOK TD

nO 104 K=40M

ROCK) 200

no 104 g=46m
404 BCK) SBC KV CID RELKL SD

CALL GAUSIDCAMMIN¢ Be CoX sell)

RETURN

eed



LENGTH

406

2a)

ye

444

401

103

+05

106

i114

2$2@, NAME LTSO

SUBROUTINE GAUSINCA,M,N,ByCeXeV,1C)

THIs PROGRAM WILL SOLVE AN N RY N SVSTEN
USING THE GAUSS-SEIDEL METHOD

DIMENSTON AC10619),3610) 46010) -R6910,49)9,X 0109, 010)

LCe4

ERRs. 0004

k=0

MH =He7

nO 141 fs1.M

eC LACE ST): 31492,196.4%2
CCls st.

RCT MM) =a(1) /ACIGT)

NO 147 Gx4an

RET. ISI EACT A IY/AC TAT)
639.0

90 103 t=40M
PeRe remit)

nO 192 Jato

PEPAR(T, I)endJd)

CCT) 2COryap

FE aBSen)

TEC EWER® ) 104,904,105
Kaka

TFC 4000-K » 106-104.1404
FRREERR e109

TFC ERR LE. 0.0914) GO To 143

TCO

926355

HINEAR EQUATIONS
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= 200

“Vid AsAs(UsEK) /CEKe1.)
RETHON

120 16"6

RETHON

42% TCs?

RETURN

END

LENGTH 214, NAME FNEW

BLOCK DATA
COMMON sRLKT/ AR, CEC7,2),00(5)-CFAC10) .KSCAN,RKELRR,TIMECIND -X(10)
DATA

DATA

DATA

4

DATA

DATA
DATA

END

AR, OR, KSCANRKF/ .090767,.0154625,6,9.11 J
% #060 22.9305.4467.5619.98,0.0,0.0.59.0.0.0,000 /
CR 7 ,65E"0%4,0154.0193,,01964, 04787 4.015771,0165,0.0,
eT69EW 05, ,176ERO5, 2378E=055 172605, ANT BEH05, 1906E RNS /
THE 10.012,256 14.598 66. 76269.016 519.27 4005 200.00-0 S
On / ,35E"4,-75F a6, BEW4,. 385E=3,.1385F-2/

CFA/ = .9197,.0194,.0185..91814,0177,.01746.0172,.0170,
+9468, .9168 /
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APPENDIX 7

COMPUTER PROGRAM #P.J03

The function of #PJO3 is to sort out data produced by #Ppp2

for graph plotting program #PI04.

Program Symbols

Program symbols are similarly defined as those in #ppp2.

Input Data

1. (ICON (I) ,I=1,6), NFIG

2. (FIG(I) ,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 (713) and (10A8) respectively.



: 

ee Oe

04/05/76 AT 24.05

ton ay #XeaT He SA DATE 04/05/76 TIME 21.05.76

WORK CED) 
a

SEND TOCGEQSSEMICOMp) 2 =
LIST CLP)

PROGRAM ¢PJn%) 
:COMPACT

INPUT S = CRO

OUTPUT 6 = 170

INPUT 7 = MTO/UNFORMATTEDCMAG TAPE 0019/5492
USE 8 = EDI/UNFORMATTEDCRYBO69D00CHN2)/5472

TRACE 0
END

¢
C vo K CHAN

C

C PROGRAM #PJQs
¢ GENERATE PLOTTING DATA FOR 4PJ0G

c

MASTER pig

INTEGER YN, DATE

DIMENSTON TCONC6YFTA(60.4) 6ANC60416),18(950,4) +t P6150) »EKC150)
DIMENSTON TX¥C150),X0150) NP C30) -P(30),0030) NL¥C39) ,$(150,5)
DIMENSTON AXTS¢2,3),HEAN 

6S) sNCH(2),FIG(10) PS (3) ,Q8(3)

COMNON /BLK44 TITLEC 3514) ¢NTLO14) sVAP (14) » BLANK
50 FORMAT(?13)

$1 FORMAT C*OAB)
GO FORMAT(*H2,/9H FIGURE £,5X+10A8//146X,1BNGLASS BEADS TYPE #,14,

+ Thee hXeTGHOUP BY #PJO3 (,11,-561H=,129.2Hd 0 S/)

OV FORMATCIAX,16HDATA = REFFRENCE,S¢(3X,AR)/)
62 FORMATCOY,T2.1H.-12,9H) 

146112, tHe sT4 THe 11, 5E44, 3)
REWiND 7

REWIND &

C

C DATA INPUT

"O00 READC3559) (TCONCL), 121.4) sNEIG

TEC 1COHNCT) (EQ. © ) STnP
READ(5.54) (FIGC1), 121619)

nO 107 121,150

004.0) Jets
"OY SCT, d%S0. 0



sai bats ia

ee

Ro eS88

es e303

wa

107

120

428

130

143

464

NUM=0

READ DATA ON H/T PRODUCED BY #PDP2

READ (TY THADATE, TREPR KEN, MN, COTACT I) 35104) ,1515M),

CORACT 6d) SET, 14 0 TET MD

pO 115 freien

re¢ rACr.6) .NEL ICOMN(1) ) GO TO 113

NUMSNUMe4

STORE REQUIRED DATA IN ISC(1,d) AND S(IeJ)

DO 197 J2144

TS CHUM VVETACT AS)
pO 112 Kz2.6
te( TCONCK) .£Q. 0 ) GO TO 112

JeITCONc(Ky

SCNUMe Ket) SAACT, A)

CONTINUE

CONTINUE

CHECK FoR END OF M/T

TRC TN NE, 43 )» GO TO 103

REWIND 7

rFC NUM .LT. 4 ) GO TO 100

PE"ORPER PLOTTING DATA POINTS AND STORE LIST IN IX(J)

po 120 1a1,NUM

mPe¢1)50

tXr)

rXY¥Cr

XCT)=807 1)

nO 4130 get,NUN

1y=4

nuUM=XxCTT)

pO 128 122,NyM

te XxC(1>) .GE. DUM ) GO TO 128

TI;

NUM=X CT)

CONTINUE

Mt119". TEe6

IXCSVST1

NOTSNUMR*

LAS7=0
TFC ECOn¢S) .NE, 0 AND, ICON(6) .NE. 0 ) GO TO 200

DELETE MULTIPLE POINTS

pO 444 121,N94

idet+4

ho 745 J2t41.NUM

TEC TXV¥E3) (FQ, 9 -) GO TO 143

TREC 181.3) NFL 1S(de3) 2 GO TO 143

TRO ABS C4 9S C1649/50424)) .GT. .95 > GO TO 143

TEC ABSC4 eg C1679/5Cd21)) .GT. .05 9 Go Ta 143

TFC ABS (4.45 ¢1,29/8(5,2)) «GT. .05 1 GO TO 143

XY cg =6

CONT TRUE

CONTINUE

== 285 —



4146

448

153

460

406

167

200

210

aii

aie

pale

=ueO9 =

COMPUTE PARAMETRIC CONSTANT P FOR EaCH CURVE

DO 148 T34,NUM
TFC IXYCT) .NE, 9 ) GO TO 149

CONTINUE

GO TO 390

PMInN=SCr.4)

DO 155 1=4,NUM

TFC IXV¥C1) EQ. 9) GO TO 4153
TFC S(T,4) .LT, PHIN ) pMIN=S(1,4)
CONTINUE

DO 167 THDEX#7,8
SUM20.0

KK=0

DO 160 t=1,NUM

IFC rX¥ct) FO, 0 ) GO TO 160

veC 18¢1,3) NE. INDEX » GO To 160
TFC ABS(4.=S¢1,4)/PHIN) (GT. .05 ) GO TO 160

KKEKK*4

SUM=SUMaS5 (1,4)

NLTCKK) a1

1X¥¢1)=0

CONTINUE

DELETE CURVES CONTAINING LESS THAN 4& DATA POINTS

VECLRRE LT. 4). G0 TO 1467,
LASTSLAST#4

NPCLAST3=KK

PCLASTY2SUM/ELOAT (KK)
nO 1669 KaieKKe

NENLTCKS

IPCHY=LAST

CONTINUE

60 TO 146

DELETE MULTIPLE DATA POINTS

DO 211 Te1,NO4

ti4e1+4

hO 240 J=144,NUM

TFC IX¥¢d) .FQ. 0 9 GO TO 210
TEC ABS(4 SCT eAd/S (Se)? .GT. .05 ) GO TO 240
TEC ABS(4.-S(1,5)/8¢5,5)) .GT. .95 ) GO TH 210
TFC ABS(4.@S¢(1,19/8(5,1)) .GT. .05 » GO TO 210
TEC ABS (* estl,2)/S8(0,2)) .GT. .05 ) GO TO 240
IXY CJ eG

CONTINUE

CONTINUE

COMPIITE DARAMETRIC CONSTANT P & Q FOR BACH CURVE

DO 244 t=1,NUM

TFC IXv¢r) NE. © ) GO TO 215
CONTINUE

60 TA 30

OMIN=S(1,4)

oMly=sS¢7.5)

NO 22¢ 1=4,NUIM

TRC PX¥¢1) LEQ. 9 9 GO TO 222
TEC §(1,4) .GE. PMIN-) GO To 222

OMTN=S(;.4)



ao

aan

222

235

243

300

316

324

322

325

327

amIneS¢1,5)
CONTINUE

psuns0.6

asun=0.0
KKF0

nO 23> 1=1.NIM

TREC IXY CI) (EQ. -0-) GO 50 235

TEC ABS(C1.eSC1+4)/PMIN)D .GT. .05 ) GO TO 235

TFC ABS(1.@S¢(1,5)/QHIN) .GT. .95 ) GO TO 235

KKEKK*1

SUM#S (114)

OSUi=ASUM4S (01,5)

NLTCKK) a1

IXY¥crs9

CONTINUE

DELETE CURVES CONTAINING LESS THAN 3 DATA POINTS

Lec KK OT. 23.) 60. 702212

LAST=LAST#4

NPCLAST) =KK

PCLAST)=PSUM/FLOATCKK)
QCLAST) =OSUM/FLUAT (KK)

DO 2435 K=1,KK
NENLTCKY

IPCNDELAST

GO TO 212

TFC LAST .Ea. 0 Y GO TO 100

KTFO

SORT DATA POTNTS AND PARAMETRIC CONSTANTS For EACH CURVE

DO 31¢ 1=1,LAST

KTEKT+NpFL)

pO 3135 K=1-5

CALL COpy(B,HEADCK),1,BLANK,1)

1s0

DO 346 K=2s6

tRC 1CONCK) EQ. 0 ) GO TO 316
(ats

J=TcoN(K)

CALL COpY(R,HEAD (IY. 1 ,VAR(I) 01)

CONTINUE £

pO 321 121.2

K=Tcon(ys4)

NCHC TI SNTL OK)

bo 321 y=1,3

CALL COpy(B,AXIS (1 ed) ,1,TITLECIK) +1)

KaTCONG5)

NPS=NTLOK)

0O 32e w21,3

CALL COpy(8, PS Cy +1, TITLE CI KY 61)

WRITECSS CICONCT),121,6) HEIG, CFIGCT),1=1,10),

‘ CNCHC(T) . 121-2), COAXISC1 J) ,459,3) T2102) KT, LAST,

2 CNP OCT), PCT) 2 Tet + LAST) NPS CPSC1), 124,35)

IF( 1COn?76) .EQ. 0 » GO TO 327

Ke lconce)

NQSZNTL GY)

nO 322 J=1.3

CALI. COpV(BR,QS(S¥e4, TITLE CE KY 61)

WRITECR) CQCT) + Tei, LAST) «NQS, (QS(1),121,3)

LIN-=60

e290 ye



= 294 =

DO 333 L=t,LAST
KK=0

NO 335 1=1,NUK

TreiX(y)

LEC TPCry) WE. . 9 GO TO 333

KKEKK*

M=Q

DO 330 K=2,6

TFC ICONCK) (EQ, 0 ) GO TO 330
HeM+4

SCi take)

330 NUE
INE +4

TEC LINE .LE. 56 ) GO To 334
LINES?

¢

¢ L/P LIsrvrng

c

WRITEC6,60) CFIGCJ), 021,10), 1CONC1), CLCONGI) J=1,6)
c

c STORE RESULTS OWN DISC FILE :
¢

URITE(6,41) CHEANCS) 1381.5)
331 WRITEC6,62) LAKKe CISCIT, I) 6 JE104) 0 OX0S),de1 9M)

WRITERS LeKK CISCIT, dS) 2 dB4 5b) o CK CS) dM)
333 CONTINUE

60 TO 104

END

LENGTH 1407+ NAME PJO3

BLOCK DATA

COMMON /RLKVZ TITLE(3,14),NTLO146) ,VAR (14), BLANK
DATA NTL /40-10,21+81809 7818513 124821325,9/

DATA BLANK, VARSTITLE

4 13H /OHIE 1 BHMP 1 SHMP/ CAM) ¢RHMP/ME ’
‘ Byu -8Hu0 sBHRE oSHER + 8HDP/ DX ‘
4 BuCRM ,OUCRD 7RHIB eSHIN +BHO/M ’

‘ BUMP, KG/S,8WER 18H '
BuMP, «G/S5,8WEC 78H a
BuMP/CA*U),&84, KG/CU,,8HM. ’

BUMP /ME + OH 78H ,
4 BHU+ M/SEC,8H 78H ,
4 BHO, M/SE,8HC 7Rw ,

BHOE 18M 18H '
4 AUER 7Bu 18H .
1 BHMP/DX+ He BH/CULM 18H ,
‘ BHOEM 18k 78H ,
* Burep 16M 28H ,
4 BuIB (-VE).3u, AMp 18H ,
* BuUIN au 8H :
‘ BuQ/M, C/K.8RG 78H /
END
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APPENDIX 8

COMPUTER PROGRAM /PJ04

The function of #PJO4 is to perform graph plotting

( Figs. 8.2 - 8.57 ).

Input 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 (13) respectively.



=293 =

(ON By #XeAT MK SA NATE 04/05/76 TIME 21 07.76

woRY CED)

SEND TOCGEOSSEMICOMP)

LIBRARY CED, SuBGROUPSPF7)
LIBRARY Crd, SURGROUDSRGP)

LIBRARY CED, SUBGROUPS=RS)

EPS. Cup)

PROGRAM ¢PUO4)

COMDACT

INPUT S = CRO

OUTpUT 6 = LPo

USE 7 4 EDI/UNFORMATTEDCHYBG6000CHN2)/572

TRACE 2
END oa

VK cHan

GRAPH PLOTTING PROGRAM #PN04

PLOVTING DATA PRADUCED AY #PJ03

MASTER prod

DIMENSTON REF CS) sICON(6) + FIG(10) eX¥S 03) 44S 03) -PSC3) 49803) .YV(30)>

4 Np (39) ,P(30) 6Q630) /X€150),V 0150) 0263), TS 669 XX (30)

DIMENSTON BOD(2)

COMMON /RLKI/ TYPEC4),SYMB(15) -CASEC10) CURVE (12)

50 FORMAT (5A8)

51 FORMAT(CT3)

REWIND 7

INPUT DATA

PEAn(9,50) CREF(T)»1=1,5)
READ (9,54) NELOT

CALL HGpSTARTCREFE, AY)

CALL HGDORIGINGO.0,45.)

: REA) DATA FROM pISC FILE PRODUCED RY #P4N3

no 200 ryrt=4q,NPLOY

READ(CT) CICONCT) .1=1,6).4FIG, CFIGCI),121.10) NXSONVS,

1 CXSCTI ATRL BVeOVSCT),T=123) KT LAST. CNPC) POT), TE4,1 AST),
NPS,OPS(1) 12443)

TFC 100176) NEL O ) REANC7) COCT),T=1,LAST).NQS.(OS(1),1=54.3)



ape

42h

438
139

464

= 294) =

00.470 121,150

¥(Tys0.9

¥(T) 20.0

MEoD

DO 416 ¢x236
TFC 1CONCK) .NE, O ) Manet

CONTINUE

00.197 121,KT

READC7Y CISC er dT sO EXOD AVOTI CZCS dR1 EMD

EEG Cy UTS O07) KCN eexXCT)

TEC VC) CLT. 0.0 2 ¥CT)SRYCT)
CONTINUE

LEC UASTS .GT. stee de LAStste

KTVaKTe1
CALL NGPSHIETCX,KT,15.)

CALL HGpshHrercy,kT.15.)

CALI. HGPSCALECX,KT1,15,.¥MIN DKLV) ©

DX#2. *DX
CALL HGPSCALFCY,KT4,95.5,YMIN-DYs1)

DY=2_*Dy

PROCOC Ly 23-82) 1, Gan 11 Fo) =G0- 1024123

CALL HGPORIGIN(214..29.7)

GO TO 124

CALL HGPORTIGINGG .0,=29.7)

CALL HGPRECTCO,O,0.0+16. 516.640.0639

CALL HGPRECT OTS. 1791-5529.7621-01000,3)

CALL HGPAXISVCO. O00. ,XS¢-NXS 616. 60,0, KM IN DDK 62, 05)

CALL HGPAXTSV(O.900,0,YS+NVS 116.690. -YMIN, DV, 2053)

LAO

LB=0

pO 139 L=teLast

LAFLBTI
LBSLBYNPCLY

pO 134% T=La,'B

K2ln A+

XXOKIEX CT)

VY CK) EV OT)

CALL HGPCHARCXX, YY sNPCLY Le. 4)

CALL HGpSYMBI (=25792.5,.25+3HFIGURE +,0,9,8)

CALL NGPSYMBEC2.5692.56. 250 FTG. 0. 0,NFIG)

CALL HADSYHAL (2.5.9 3e 9025211 HGLASS SFANS/ 069,11)

keIcon 1)

CALL COPYBC RCD (1) + TYPECK))

CALL HGMSYMBL OS. 573.00 25780000.008)

CALi HGPSYMBL(".59"6.5.25/23HCONSTANT PARAMETER(S) 2:20,0,23)

CALL HGPSYMBL(6..74.5.25+PS,0.0,NPS)

TFC 1CON(6) NEL O ) CALL HGPSYMBL(11.5,7°4.,.25,08,0,0,NAS)

YY (2)4"4.6

KOT FS 2

00 164 L=1sLAST

CALL COpvB( aed (4) -CURVEC(L)?

VY C2VFYV (2.94

VY C19 FYV0204.925

CALL NGosYMat (2.8¢V¥02),.25,B69,0,9,8)

CALL HGPCHAROCXX,Y¥eiebe. 125)

CALL HGPNUMBER (CG. YY 62) 2 06250P 01) 6000610243)

TF{ 1COWCG) .NE. 0 > CALL HGPNUMBER(471.5-¥¥(2) 6.256 QCL) 60405472.3)

CONTINUE

K=TCONC{ +4

CAL). COpY(2,CASEC8),2,SYMB(K) .1)

K=TCONC2) 44

CALL COPY (2, CASEC3).5,SVMROK) 11)
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iN

BLOCK DATA

COMHON "BLKA/ TYPEC4) -SYMB(15)-CASE(10) CURVE (12)

DATA CASE / RHDATA COM,AHPUTED BY,8H #PDP2, .RHN/P BY Ae
RHPJO3. PL»AHOTTED RY,8H #PJNG RHE = @ 5

Awe eek /

DATA CURVE 7 BHCURVE 01, 8HCURVE O2+8HCURVE O%,8HCURVE 04,
1

2

1

2

3

SHCURVE 05,8HCURVE 06,8HCURYE 97,8HCURVE OR,

BHCURVE 09,8HCURVE 10,8HCURVE 14,8HCURVFE 12/

DATA SYMR / BHOOD 78H04 1 BH02 +BHO3 '
RHOY Aahos BH06 +8H07 ’

RHO 2 3H09 2 BNI0 B44 '

BH12 78W13 BUTS Zh

DATA TYpDE / SHTYPE #1, ,3HTYPE #2, ,8HTYDE #3,.RHTYPE #4./

END

FINISH

NO ERRORS

28 BuckETs USEN

= 296) —
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APPENDIX 9

COMPUTER PROGRAM #PJO5

The function of #PJO5 is to perform graph plotting

( Figs. 7.1 - 7.36).

Input 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 (13) respectively.



LOW

ee ee
50

52

= 290 =

By #XEAT WK SA DATE 4/05/76 TIME 24 12.52

uNRe cEDY

SEND TOCKGEOSSEMICOMP)

LIBRARY CED, SUBGROUPSRE?)

LIBRARY( FD, SUBGROUPSRGP)

LIBRARY (ED, SUBGROUPS=RS)

LISy (Lp)

PROGRAM (POS)
COMNPALT

INPUT 5 = CRO

OUTPUT 6 = Led

USE 7 = FDI /INFORMATTEDCHYBG6090CHN3)/512

TRACE 2

END i

v K CHAN

GRAPH PLOTTING PROGRAM #2005

PLOTTING DATA PRODUCED RY #XFD7B

MASTER D105

REA: KND HPL MX MDX

DIMENSION TESTC29 4K (65) .XXC5 +65) 6 VO21) HE COT) R619 27021) OF E(B)

DIMENSTON DPC21,219.6021 624) MX (24021) 226624621) UP(21024)
DIMENSION V021724) -VR 021221) -REFOCS) »TYSF C2)
DATA TYpe /8HTYPE # ,,8HTYPE # ./

FORHATCT3)

FORMAT (SAB)

REWIND 7

nO 400 121,61

PCT) =.05eFLOAT(Ie1)

INPUT DATA

READ(S.52) CREFOCI),121,5)

READ(CS.59) nPLOT

CALL NGosTARTCREEO640)

CALL HGpnrRtGgtn(5.+11.)

REA) DATA FROM DISt FILE PRODUCED BY HXFN7B

pO POU rrT2aq4,NPLOT

PEAR CC) CREECT),154,4) 6 CTESTOT) ,151,2) eM NedSeTHAPUQKNP OM,



ene ame

4 RPON,CA.CR-CC,

4 CE,MPrRMPLYF,UY SDE, (CDP CT IY ,GCT edd MXCT ed) »PGCT OI),

2 UPCT AID VET Add VROD ed sdSTLND ec LST eM), RROMPX,C1

CALL COpY(1,TYPE(1),7,TEST(2) 21)

THCHCMa4V/2

N3S3eN

po 110 1=4,64

940 UF CT) FU04 OOF HROTI/3,) ee, 1462875)

W=1 /FLOATON@1)

dO 415 [=1.M
443 VOT) a3. eHHFLOAT(I@1)

K=0

dO 123 r=21,M-INC
DO 123 J=4,N

KsKe4

XXO4, Ky evR(r, Jd)

MX C2, KI =RPOKGCT, J)

XXCR KY sOwyp cr.)

KX C4 KI sePOKNOHMNK (TAI)

123 ¥X(5, Ky ane (rsd)

TFC CClET/2)2) EQ. Ir > GO To 126 s

CALL HGPORTGIN(C21.+52.2)

GO TO 127

126 CALL HGPORIGIN(O.0.-7.2)

427 hO-154 3184,5

DO 129 s=1,N3
429 xCdyakXCTT I)

IFC TT NE. 3) GO TO 432

CALL HGDSCALFCUF+64,9.5,XMIN¢ DX, 1)

do 137 g=1.N%

134 XS EK CI / DX

GO TO 1353

132 CALL HGPSCALFCX,N3,9.5.XMIN,DX.1)

133 DX=2.*Dx

CALL HGPORTGINGD 0,-4.5)

CALL HGpRECT¢(0.9,0.0,3..10..0.9,3)

CALL HGpaxtsv(0.0,0,9, Ril R* 2823-4699. 60.042541.543)

GO TO) 6435451362737 61385139) 72

435 CALL NGPAXTSY(0.070, 0,22HELECTRIC POTENTIAL (V),"22,10,,0,9,
% XMIN DX ,2.03)

60 70 140
136 CALL HGPAXTSVC0.970,0,204PARTICULATE DENSITY (CKG/CULM) 1=29,10.,

4 O.0,XHIN,DX,2.,3)-

GO TO 149

437 CALL HGPAXTSV(O.L940.0,25HPARTICLE VELOCITY (M/SEC) 1-2546100 50.0%

a XHIN«DX 02.43)

GO Ta 149
4138 CALL HGPAXISV(0.060.0,234MASS FLUX (KG/SO.M*SEC) 2723-10, ,0.0,

+ XHIN, DX 22.43)

60 To 140

139 CALL HGPAXTSV(0.0,0,0,31HPARTICLE DIFEUSTVITY (SQ.M/SEC) , 931,
4 10.00.9,XMIN(DX22003)

140 LAO

LBSO

po 150 161,3

K=0

LAS LR+1
PRE REN

nO 446 L=LA,18
KaKa4

448 7CKyaXCLy

Ye tl .fO, 5) Kees
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154
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CALL HGpehAr(2+¥.Kelr edd

CALL HGpsCURVECZ.Y,K+0009,0,0.0)

te( tl NE, 3) GO TO 4150
CALL HGp: INECUF,R 61,1)
CONT TNE

CONTINUE

CALL HGDRECT (M6. (6.5529. 7.621.020; 3)

CALL HGPSYMBL("2,5.-2.0,.25,66HFIGURE + VARTOUS DISTRIBUTIONS
IN A FULLY DEVELOPED THRBULENT,O,0,66)

CALL HGPSYMBL(.5.72,5,.25+40HGAS=SOLID SUSPENSION FLOW, PARTIC
LES,0.9,40)

CALL HGPSYMBL(9.37"2.54.25+TYPE,0,0,28)
CALL HGPSYMBL(=2.5,"3.,.2,77HPIPF FLOW PARAMFTERS + R& Ms
u0s M/SEC: Q/mM= C/KG6:,0.0,.77)

CALL HGPSYMBL(72.5.73.6,.2,81HKNPS : DFs SQ.M/SEC
7 Ups CEPT), (COMP) KG/SEC.,0.0+81)
CALI HGPNUMBER() .66=3.,.2/RR10.0510243)

CALL HGPNUMBFRO4, 40=3.5.20U000.0010243)
CALL HGPNUMBER (A. 6" 3.442+0M,0.0,1,2,3)
CALL HGPNUMBER (m2. 4"366,.2+KNP10.054,273)
CALL HGPNUMBER(, 61573.6,.200F 10.051 ,253)
CALL HGPNUMBER (4.4 6-366, 6 20HPX eM e004 4203)
CALL HGPNUMBERC7.2."3.6,.2+RMP60.0014263)
CAL: HGDSYMBI (4. ,73.46-.2+25H . 5 21920025)
CALL HGPSYMAL(4.,73.8,.2-36H =0.0 3 290.0 : 5480.0; AIR...

MCU 3aeS 7

200

ENGT i

9.0+36)

X19 23,05

CALL HGPCHARCK Yet 01444)
X(1)25,3
CALL HGPCHAROXY 6142501)

x¢1)=6.9
CALL HGpCHAROX, Ys 143009)

CALL HGPLOT(R.6,=3. 74340)
CALL HGplOT¢0.3,"3.77220)
CALL HGDSYMBI(.603+°3.6,.2,8d + 1£0.6,8)
CAL! HGPSYMAL(~2.5,"3.8,.2+25HPIPE INCLINATION = 24040725)
CALL HGPNUMBERC.41.73.8,.2+THA10.070,304)
CALL HGPSYMBL(O,01"5,5..2,52HDATA COMPUTED BY #XFD7B, PLOTYED BY 4
by0S (TEST 2400.0,62)
CALL HGpSYMBL(8.4.°5.5,.2,TEST.0.0,10)

CONT INUF

CALi HGprINish

S$TOp

END

1454, NAME PynS
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APPENDIX 10

COMPUTER PROGRAM #PJ06

The function of /PJ06 is to perform graph plotting

( Figs. 7.36 - 7.60 ).

Input 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 (13) respectively.



pr BY

=o02 =

#Xe aT Wk SA DATE 04/95/76 TIME AA. Sh.

WOR, f ED:

SENn TOCGEOSSEMICOMP)

LIBRARY CED, SUBGROUPSRF7)
LIBOARY ED, SUBGQOURSRGP)

LIBSARY CED, SUBGROUPS=RS)

LISt (Ley

PROGRAM ¢PJO6)

COMPACT

INPUT 5 = CRO

ouTeuT 6 = .ed

USE 7 = ENT/UNFORMATTEDCHYB66000CHNG) /512

TRACE 2

END

vo K CHAN

GRAPH PLOTTING PROGRAM #PUN6

PLOTTING DATA PRODUCED RY #XFD3B

MASTER p.106

REAL KND, MP .MXsMPX

DIMENSTON TESTC2Y 2X (65) .XK 05165) eVO2T) HE COV) RKG612 2 2021) REF (CH)
DIMENS TON G24 29) MKC24 424) 626024629) UP (24024)
NIMENSTOMN VOP1029) 6 YR (24027) -REENCS) »TYDF C2)
DATA TYpE /AHTVPE # .,AHTYPE # Lf

FORNAT( 1%)

FORMAT C5A8)

REW[ND

DN 100 124,61

RCT) =-O5eFLOAT(CI=1)

INPUT DATA

READCS.52) cpEFOCI),121,5)

READ (C9559) NELOT

CALL HGocTARTCREFO,49)

CALL HGPORTGINGS. 741.)

REA} DATA FROM DTS FILE PRODUCED BY #XENSB

nO 209 srtsq-NPLOT

READC7) CRERCT) 124,46) 0 (TESTON) -TH1.2) eM NODS, THALUD + KNP, OM,

bk.
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i. PPO, SCs DPARRAMPX + CASCBACO,CE MPRMP VES COGCT ed) eMK OT ds
? DGCT J) UPCT JV -VCT SID -VROT LI) det en Late) C4

CALL COpV(1,TYPES1),7,TESTC2) 514)

UNC=(Ma4y/2
NOS gah

po 110 121,61

410 UEC) FUGECO1, RCTS, ex, 142875)

H=1_/FLOATONS1)

po 143 t=1,N
143 VCLp eS, eM RLOAT CIN)

wa

nO 425 1=1+M,INC

pO s25 Jalen
K=K+1

XXCA RI aVROT-d)

¥XC2,K)=PPOeGC1, I)

XXC%,K) suO#ue Ct. s)

923 XXCA-K) aPPOKNOwNKC TS I)

TEC CCVGT/2)¥2) EQ, TIT > GO To 126

CALL HGPORTGING249, 549.7)

GO TO 127

426 CALL NGPORIGIN(GO. 0,-9.7)

427 00 154 1184,4

DO 129 J24.N3

129 XCJSR=KX CIT ed)

reC fl .NE. 39 GO TO 132

CALL NGPSCALFCUF,69,9.5,¥MIN,D¥«1)

NO 4131 Ja1.N3

434 ¥CI aX CI / DX

GO TO 133

432 CALL HGPSCALFE(KLN369.5+XMINDX01)
133 NX=2.*D%

CALL HGPORTGINCO.0+=5.9)

CALL HGPRECT(O.0,0.0+3. 210+ 69.943)
CALL NGpaXtsv(0.9+0.0,8H R* 080301900 196046 561.563)
GO TO (435,1365137,138),1F

135 CALL HGDAXTSV¥(0.0-0.0,22HELECTRIC POTENTIAL

’ XHIN, OX 42.43)

GO ro 140

(VI.922,10. 1000,

936 CALL HGpAXIsVv(0.0,0.0,2CHPARTICULATE DENSITY (CKG/CULM)+729,10,¢

457 CALL HGPAXISV(0.070.0,25HPARTICLE VELOCITY (M/SEC) 2257106 60.0%

4 OL9+YMIND¥ 22.43)

GO TO 149

1 XMIN, DX 22043)

GO TO 149

*38 CALL HGPAXTsSv(0,.0,0,0,25HMASS FLUX

4 XMIN,OXe2.-3)

1=1,3

DO 148 L=LA,LB

wsKe1

448 7(KpzKCLY

CALL HGHCHARCZ>Y-Kets eld

GALL HGpsCuRVECZ+Y+K.000-0+0,0)

TFC yl ne. 3 9 GO yO 1450

CALL NHGpL_INeCUF,R2 161,19)

450. CONTINUE

454 CONTINUE

CKG/SO.MeSECY,°23,10.,0.9,
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CALL HGPRECT("6, .78.5,29.762%.600023)
CALL HG OSYMBE (CH 2.5,-3.9,,25,66HEIGURF ¢ VARTOUS DISTRIBUTIONS

IN A FULLY DEVELOPED TURRULFNT,0.0,46)

CALL HGPSYMBL(.5+"3.5,.25,40NGAS=SOLTD SUSPENSTON FLOW, PARTIC
“LES, 9.0 40)

CALL HGPSYMBL (9. 32"3.55.25+TYPF.0,0,8)
CALL HGPSYMBL(#2.5,—6,.,.2,77HPIPF FLOW PARAMETERS ¢: R= Me

1 U0= M/SEC; Q/i= C/KG540.0.77)

CALL HGpsYMpl (-2,.5.°4.5,.2+81HKNPS : DF SQ.M/SEC
43 Mps (EXPT), (COMP) KG/SEC.,9.0+81)
CALL HGPNUMBFR (1, 607°4.6.2+RR60.0017273)

CALL HGPNUMRER (4. 4574,6.2,U0,0.0+152,3)

CALL HGPNUMBFRO3. 44. 4.250M,0,0,1,2,3)

CALL HGPNUMRER(CH2.474.5,4.2eKNP 6040014263)
CALL HGPNUMBER(.41,7-4,5,.2-002,0.0,1,2,3)

CALL HGPHUMBER (4. 4,-°4.5..2+MPX10.011,2453)
CALL HGPNUMBER(7,2,-46.5,,2+RMP10,004-2,3)
CALL HGpsS¥MBI(4.,74.8,.2,25H ‘i ? 110.0425)
CALL HGPSYMBL(4..°5.0,.2,36H =0.0 3 2900; 5180.0 ; AVR aie

+ 0.9736)

Yl y="679
X61) 25,95

CALL NGPCHARCKX+ Ve le10e4)

NCW e2 3

CALL HGPCHAR(X+Ve1e2001)
XO1) 26,9 f

CALL HGDCHAROX+¥e1.34.4)

CALL HGPLOT(8.6,°4.0°,3,0)

CALL HGPLOT(9.3,°4.9,2,0)

CALL HGPSYMBI(.63176.8-.2,8H + 79+0,8)

CALL HGPSYMaL(2.5,-5.0,.2-25HPIPE INCLINATION = 2#M00-25)
CALL HGPNHUMBRERO.412°5.0,.2¢THArL9.010:324)

CALL HGPSYMRI(O.0,°7.5¢.2,62HDATA COMPUTED BY 4XFD3B, PLOTTED RY #
bJ96 (TEST ».29,0,62)
CALL HGPSYMBL (8. 4007,56.2, TEST» 0.0519)

200 CONTINUE

CALL NGpeINISH

STOP

END

LENGTH 1492, NAME PYN6
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