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ABSTRACT 4

This thesis ig primarily concerned with the energy required to

hydraulically transport sand and lim% slurries in a 5.1 cm.-diameter
<

vertical pipeline for both steady and pulsating flows. B =
In the steady flow experiments, three different gréqS?'of sand
of average weightedbﬁzfmeter d = 0.66, 1.20 and 1.84 mm. were inves-~

tigated. The lime §lurry used had an average particle diameter of
3

1.8 x 10 ° mm. The delivered volumetric concentration CS, the averdée

mixture flow rate Q, and the pressure difference AP across the test
& .

section were measured within the Reynolds number range of & x'\lo4 to
5 . ' .
2 x10°. _ _
In the pulsating flow experiments, only one grade of sﬁed of

‘ ! ’?
average weighted diameter d ="1.20 mm, was investigated at ff&gﬁgfijes

of 0.22 and 0.44 cycles per second. é’(jiki

Two methodé of predicting pressure gradient for slurry flow.

. “ )
were attempted. The first was adapted from Newitt et. al. (1961). By

comparing the measured pressure gradient i ‘for various suspensions to
those for water flowing under similar conditions iw’ an excess

dimensionless pressure parameter ¢ was obtained. It was pgssible to

3
L3

correlate the steady floﬁ data using ¢ and another dimensionless parameter

‘¥ related to mixture.velocity Vnp diaghkter ratio-g and specific gravity —

of sclid §. In the second method thé,excess pragsure gradient (i-iw)

N o Lid

N



iis equated to the.excess hydraulic head CT(S—l). The results are
presented in graphical form and each method is appraised in the
discussion. .

The ené;gy dissipated per unit height of the test section and
mass flow rate was determined for steady and pulsating flow of sus-
pensicns. The energy ratio. p/JS at the two frequencies was obtained
for low concentration slurries (CS < B.Qg). "It was found that no

-

‘energy savings were recorded for pulsatile flow under these conditiocns.
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CHAPTER 1
INTRODUCTION

’The vertical flow of solid-liquid mixtures in pipelines finds
many applications in modern industry. For example, solids have been
fransported in fluidiz;d systems while performing the function of
either catalyst, reactant ;r heat transfer medium in various types of
reactions in the chemica% procéss industries (Frantz, 1962). Also, in
direct contact heat exchangers, gradual removal of scale depesits can
be achieved with the addition of abrasive solid parti&les to the flowing
liquid (Barton and Fenske, 1970). In this case vertical flow is
encountered since there are vertical 1ifet linés from the base of one
tower to the top of the next.

Most of the applicatilons concerning vertical solid~liquid f}ow,
hoqever,rare related to the mining industry. For instance, hydraulic A
hoisting of iron ore and coal from deep mines has been proven to be
completely reliable, economically superior and safer than conventional
hoisting {Harzer, 1974). And yet, despite its apparent practical

importance, our ability even to predict the pressure drop in generalized

vertical solid-liquid flow is limifed.

-

e

/ In the early stages of design of solid transport by pipeline,
the tendency was towards the use of high mixture velocities, since at
an increased flow rate the pressure drop-velocity relationship for

1

e



solid-liquid mixtures are similar to those of liquid flow. Such
practicés resulted in higher rates of pump and pipeline wear or size
degradation in the case of friable soliés. Later on, solids were
introduced into water flow systeﬁs on the discharge side of the pump
by means of 'feeders', while the high-pressure pump handled clean water
only. Feeders, which are custom built machines mostly encountered in
hydraulic hoisting, sériously hampered the overall pumping efficiepcy.
A further improvement, and one that exists to the present day; involves
the use of positive displacement pumps which are capable of handling
slurries without serious loss of efficiency.

Recent studies and experiments, carried out by.Ro;nd, Latto and
Lau (1976), have indicated that energy savings can be achieved when low
frequency pulsations are superposed on the éteady flow of solid—liquid
suspensions in a horizontal pipeline. It has ;lso been suggested that
the ratio of tﬁe energies required this type of pulsatile flow to -
that of steady flow is a function of th freqﬁency of pulsation. Further-
more, limited results appear-to indicate thaﬁ a-minimum energy’ratio may
be obtained at some 'threshold' frequency. |

In this thesis, tht results of experiments that were car;ied.out
are presented in an effort to fulfil the following objectives:
(a) To obtaiﬁ experimental data for limé'and medium-sized sand-water

suspensions fiowing in a 5.1 cm-diameter vertical pipeline,

(b) To obtain generaii;éﬁ correlations for pressure gradient at

, different mixture velocities and concentrations, and,

(¢) To verify, in the light of observations made by Round et. al.



(1876) on horizontal slurry transport, whether energy savings can

be made possible with vertical pulsatile transport of slurries.



CHAPTER 2

LITERATURE SURVEY

The present knqwledge of the vertical trangport‘of solid-liquid °
mixtures is a result of'exteﬁsiﬁe studies which were initially under-
taken in the' field of fluidization. ‘Most of these studies were con-
ducted prior to 1945 witﬁ the first articles beiﬁg pﬁblished around the
1950's. Beyond the fluidized state, however, attention is focussed on -
the practical aspect of vertical solid transport in pipelines in slurry
fq;m.

Of, particular interest to our research are the results presented
by NEWitt Richardson and Gliddon (1961). In their experiments, Newitt
et. ‘al. "investigated the effect of particle size, particle density, size
distribugégn{ pipe diameter, slurry conceutration, and velocity on the
‘hydraulic gradient of flowing slurries. It was noted that the most
striking feature of vertical conveyihg is the almost negligible influence
that the larger particles hate on the pressure drop. It was also observed
‘that the density of the solid particles had a marked inflﬁence. Gféphs
expressing the relacionship for various sand-watey mixtures of hydraulic

:éraQiént against mixture velocity at different concentrations are shown

in Figures (2-1) — (2-4).

.
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Durand's (1953) experiments with coarse sand particles led him
S .
to the conclusion that the pressure drop when a. sIurry is being conveyed

is the same as for water onlx flowing at the same average velocity,

-,

provided allowance is made for the static head of the solids in the

pipe.

'Including results obtdined by Bhattacharya and Roy (1955), Newitt

" et. al. found that for slurries composed of small particles d g 2 0.25 mm

the dimensionless parameter i~ iw/C:Lw, can be satisfactorily correlated

" to the Froude number ”V /gD, spetific gravity, 5, and diameter ratio,

D/d, by the'following empirical equation:

-1 - 1 o
—¥ = ‘o.0037 £2 D . (2.1)
Ci =2 3 , -

w ‘ : Vm "

Meanwhile, the study of particle motion in oscillating liquids
has assumed greater importance within the last thirty years. Houghton
(1966) in an attempt to predict the general behaviour of free particles
in a sinusoidal velocity ﬁield stated that ”the dynamic behaviour of
particles such as bubbles, dropiets and solids particles in an oscillating
._CPntinuous phase can.have\a pronoonced effeet on the holaup and mass or .
.heat transfer‘characteristics of the resulting two-phase system."

: | An'investigation;by Baira, Senior and Thompson (1967) dealt
specifically with the quantitative effect which low frequency liquid
‘oscillations or pulsations have upon the average settling velocity of

single sphericallparticles. It was found that such oscillations

resulted in a decrease of up to 28 percent in the terminal velocity of



\

-

[

A

the particles tested. It is also interesting to note that freguency
was found to have more of an effect on retardation than amplitude. 1In

correlating the results Baird et. al. obtained the following expression:

Y o @)
2 .

mckc
1]

(see Fi;;}es’Z.S and 2.6).
' Molinier and Angelino (1976) working with monochlorobenzene
and carbon tetrachloride droplets in water under ﬁulsed conditions found

that their results were also well correlated by equation (2-2) (see

— r

Figure32.7). . .

z\Ech..rzan:ds and Wilkinson (1971), in extendittg this concept to
pulsating flows, an;lysgd the effect of superposed osciilations on steady
flowing solid~liquid suspensions in pipelines. They predicted tHat there
are advantages to be gained in terms of energy fequir;ments when pulsing
Newtonianl'settling' s;spensiogs. Limited experimental fata by Round,
Latto and Lau (1976) suggests that the ratio of pulsating energy to steady
flow energy is a function of the frequ;ncy of pulsati;n. Both Round et.
al. and Colamussi and Merli (1972) observea that this energy ratio

approac a minimgﬂkvalue at some frequency lying between 0 and.0.25 Hz.

+
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Summary of Literature Review

A list of‘the vertical flow experiments, which have been
car;}éd out with medium~sized solid suspensions, is given in Table (2.1).
From these studigs, attempts have been made to predict.thﬁ‘pressure
drop of slurrids composed‘of irregularly-shaped sand-and uniformly
0, ~
sﬁaped dense particles. So far, the most successful equgéion for
correlating the data for the hydraulic transport of medium-sized and
coarse solids in vertical pipes can be expressed as follows:
APT Vl2

DT_AZ = CT (S~1) + 1 + £ E@ (2.3)-

+
-
-

Kostuik (1966} has suggested that the application of Equation
(2.3) should be limited to the condition given by Vm/Vo > 10. .But apart
from this restriction on flow wvelocity, the resr-_;archers listed in
Table (2.3) all seem to be in general agreement with this equation. -
Kopko et. al. (1975) further states that in Equation (2.3) the pressure
drop due to solid-solid and solid-wall collisions is épnsidered to be
: negligible.

However, observations made of hydraulic lifting in transparent
tubes bleewitt et. al. (1961) and Toda et. él. {1969) makes it ciear
that the amount of inter-solids collisions increases with rising size
distribution band-widths and decreasing fluid velocities. They claim
that smaller pérticles because of their lower free settling velocities

tend to rise faster, colliding with bigger particles. Again, at low .

fluid velpcities and particularly at high concentrations, gelid-wall



Table (2-1)

Medium-sized sand-water suspensions tested in vertical flow

10

Reference

Solid d ‘ b C
Material (mm) (cm)
sand 0.36 | 10.48 .60 | 0.35 Oedjoe et al (1966)
sand 0.38 1.27 .64 0.60
sand 0.38 1.90 .64 |.0.60
Cloete et al (1967)
glass 0.43 1.27 .50 0.60
glass 0.43 1.90 .50 | 0.60 .
glass 0.44 3.02 .50 | 0.10 Toda et al (1969)
sand 0.71 2.54 .59 0.35 Newitt et al (1961)
glass 0.98 3.02 .50 0.10 Toda et al (1969)
sand 1.00 15.00 .60 0.10 Durand {1953)
iron 1.86 6.10 .59 0.4¥ Kopko et al (1975)
. \ -

glass 2.07 3.02 .50 0.10

—_— Toda et al (1969)
glass 2.78 3.02 .50 0.10
iron 3,33 6.10 .56 | 0.41 Kopko et al (1975)




11 i

collision becomes significant. This latter effect is reduced at higher
velocities when a well-defined core of solid particles tend to be
formed.

These factors, which are usually overlooked, are mainly respon-
sible far the shortcomings in pressure drop predictions based on Equation
(2.3). Reliable results in limited ranges of particle size, sieve rating,
cohcentration, Yelocity and ;ube diameter.can only now be_gbtained by
carrying out the necéssary experiments. This lack of knowledge is more
evident in the area of vertical pulsating flow of slurries ;here no

experimental data exists and which forms part of this thesis,



T~

CHAPTER 3

THEORETICAL CONSIDERATIONS

-
Since a complete theoretical analysis of the vertical flow for

solid-liquid mixtures under steady conditions can be found in Govier

and Aziz (1972), only pulsating flows will be treated in tb(é chapter?\

T~
For a suspension of solid partieles in a Newtoniaq/liquid
J——
flowing upward in a vertical pipeéline under pulsatingﬂconditions, AN

i
there are two main considerations on which a simplified theoretical

approach can be based. These considerations are:

v

(1) The effect whigh oscillations exert on Newtonian liquids

flowing in pipes,

(2) The motion of individual solid particles in oscillating

Newtonian liquids. >

When combined, the overall behaviour of this ideal model has
to be modified in order to represent real pulsatile flow of Newtonian

“settling" suspensions. Thus, the main factors which must be

\'accounted for are collision between particles, shape irregularities,

the effects of the tube'wall and the concentration.

12



3.1 Oscillating Flow of Newtonian Liquids Through a Pipe

(a) Analysis of Theoretical Model:

A standard approach teo the oscillating flow of Newtonian liquids
and one described by Schlichting (1968) is given as follows:

Let us consider a very long circular pipe. We shall denote the
longitudinal distance in the direction of the flow by x,land the radial
distance from the pipe axis by r. Under the assumption that the test
sectién was sufficiently far from the last bend, thg flow may be
taken as fully developed aﬁd independent of x. When the axial velocity
component, u, ceases to depend.on x, the other velocity componeﬁt muét
vanish together with the convective terms parallel to the tube axis.

Thus the Navier-Stokes equation assumes the form

- -
e ——

. 2
3p d_u i 2u
7 x "( 2 T F ST ) o’ (3-1)

au _
dt

D |

which is exact as it implies no addiﬁional_simplifications.
The boundary condition is u = 0 for r = R at the wall. It
shall be assumed that the pressure gradient caused by the motion of

~a piston is harmonic and is given by

N

o, " K cos ut , (3-2)

where K denotes a constant. It 1s convenient to use complex notation
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to express the L.H.S. of equation (3-2), thatj is

and attribute physical significance only to the real part.h

Assuming that the velocity function has the form u(r,s) =
f(r) eiwt, and referriﬁg to eqn. (3-1), we obtain tpe following differ-
ential equatién for the function f(r):

'+ - gy -

<=

the solution of which is .
JO(IJ —iw )
iwt - Y
. K 1 - (3-3)
u (r,t) = -i= g, J (R fﬁiuj , :
. ut o "

Here JO denotes the Bessel function of the first kind and of zero order.

Remembering that -1 = 12, expressing r/R as y and defining o
. \

as a dimensionless frequency dependent parameter given by the quantity

Rj/w , the solution may be writtén as:

\) B
, J {ay 13/2)
K" elwt 0 (3-4)
u {r,t) = +is 1 - 3 (a 13/2)
(b) Interpretation Of Solutioﬁ ]
. Womersley (1955) made use of.tables provided by McLachlan

{
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(1941) for the Bessel Functions 'in eqn. (3~4) in the form:

3/2 165 (x}

)

Jg (x 1 Ho(x) e

He also assumed that the velocity at any point in the tube is
a function of time and varies in a pefiodic manner similar to the
pressure gradient. However, the velocity will not be in phase with

the applied pressure gradient and can be expressed as:

u (r,e) = U_(r) [eos wt + ¢(r)] ' (3-5)
where, U_(r) = f%:— (1 _+ h02 =~ 2 h_ cos w)ljz,
and, $(r) = tan T [h, sin y / (1 - h, cos )7,
such that, 1
hy = M (ay) /M (o) .
b= 6 (@) -0 () p

Edwards and Wilkinson (1971) stated that, by separating eqn.
(3~4) into -its real and imaginary parts, the velocity amplitude,
Uo(r), can be found as a function of y and the frequency dependent

parameter a. If this is done it will be found that at low frequencies

the amplitude of the velocity is nearly parabolic with a maximum at
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the tube axis. At the higher frequencies, however, the maximum
occurs between the axis and the wall and this peak moves towards

the wall as the frequencies increase. Fig. (3-1) shows this effect.

o

Peak increases -
and moves to
wall asw
increases

w
increasing

Uy (rl—VELOCITY AMPLITUDE

1.0 0 1.0
r/R—RADIAL POSITION

Fig. (3-1). Effect of frequéncy upon velocity amplitude (after
Edwards et. af. (1971)).

(c¢) Effect on Shear Rate

There seems to be, at presént, no rigorous theoretical approach
for the compariscn of the shearing rate of steady and unsteady flows
in pipes. Carstens and Roller (1959) hypothesized that the velocity

distribution is similar for both steady and‘unsteady flow at moderate

- -
\ accelerations. They then formulated the following expression for
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the baundary drag coefficient ratio, -
£ o D dug
u/f = 1+ 0.449 /f u 2 "Ti—t— (3-6)
s s m
here ' £ = 81 /u 2:
v ’ o ? “m

T = wall shear stress

Also, from their results they concluded that for turbulent flows

in pipés eqn. (3-6) approaches fu/f L= 1) : ' . )
By
Using.a similar assumption, Edwards et. al.'(197l) deduced,
that with Newtonian fluids in pulsating flows, there is no increase
in the mean delivery raéé, 6, and extra power is required to maintain
~ the pulsations. As a further consideration, a more likely qualitative
analysis was proposed in the latter paper to account for the shearing
phenomenon in unsteady flow.
It states that, with highly‘viscous materials, the energy
fdissipation, resulting in shear heating, can be appreciable since it
depends upon the square of the shear rate, u(ég/ar)z,f When pulsating:
v o flow is superimposed on steady flow the mean shear rate is greatly
increased in a region glose to Ehé wall. With viscous, poorly
conducting mat;:;als this could give rise to a high temperature

layer near the wall due to the shear heating. If the viscosity is

sensitive to temperatﬁre, as 1t is for many viscous materials, the

J
e
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effect would be to set up a low viscosity layer near the wall which
would act as a lubricant for the main core of the flow in much the
same way as appears likely for thixotropic fluids. Again the input
of énergy to maintain pulsating condifions could result in a reduction

~

of total pumping éower.

. . L ]
3.2 Motion of Small Spheres in Oscillating Liquids

Herringe (;976) revised several papers on the motion of
_small'sﬁheres'in osciflating liquids. Thus He realized that the basic
analytical approaches of Houghton (1962, 1966, 1968), Molinier et. al.
(i97l), Chonowski-and Angelino (1972), haird et. al. (1967), Ho (1964)
and Field (1968) sfem from the equation for the unsteady motion of a
sphere initially deriveg by Basset (1888) for a stQtion;ry fiuid and
later by Tchen 61559) for a moving fluid. In develéping the theoretical
model it ﬁﬁs realised that the force opposing motion is composed of
three separate terms: the steady state drag expression, the ;éded
mass term to account for the fact that the fluid must aléo beraccelefated

-

. around the particle, and the history term which is necessary because the
particle is entering a region in which the fluid flow pattern has been
affected by previous particle movement. This relation may be written

as:

3
1]

1 ‘ T2+?‘3+T4+T57%-T6 . {3-7)

where Tl is the mass-acceleration product of the particle,

-



T3 is the force resulting from the pressure gradient in the accelerating

"
)‘ 19
4 3 du
= B
Tl Tr(é pp dt

T2 is the Stokes linear drag force,

T2 = —3nud(up—uf)

- /
fluid, . 3 ,

Ta'is the added mass term, deécribing the exchange of.energy with the

fluid,

TTd3 . duf° du . . -
Ty = X% {3 " &

Ts 1s the net buoyancy force on the particle,.

E]

T, = Iﬁfi (pe-p )
5 6 £ Pp’E

L

and T6 is the history term, taking into account the dgviation of the ™

flow pattern'from steady state conditions,
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t . duk du
. — —_— E 1
T, = 32 a2 (mpf)llz‘tr (t-ty" 12 For - ger 4t
A o - o

The coefficieﬁt ¥ preceding the term T4 is usually referred to

as the added mass coefficient and is usdally given a value of 0.5.

b .

The comb%ete eqn. (3-7) applies for low Reynolds number (Re < 0.1)
particles through oscillating fluids, simple averaging ;élls‘us that -the

mean fall ve}ocity,‘ﬁ, will~be identical to the equivalent étqady state

velocity. The poﬁp%gle motion of a'particle can be représented by én

émplitude.ratio and a phase lag of the particle motion with regard to

.3

the fluid motion and it was shown by Hjelmfelt and Mogkfos (1966) 'that
these two variables are unique functions of the density ratio (particle-

to-fluid) and a Stokes number defined as:

Y

~ St = tv/'udlz) 1/2, _' ’

. ' ‘\‘ . ]

-~

For highgr Reynolds numbers, eqn. (3-7) will no longer aPPI%Z‘

" since it has been observed that in these situations particles fall at

velocities lower than their équivalent steédy state values, Houghton

(1963) suggested that the Stokes'linear.d;ag_term should be replaced by

the équivalent steady state expréssion_fof highef Reynolds number, i.e.

\

»

2. &y
1,5 Gioup () %)

T _ -’
' 2

4 ‘

so that” the equation of motion would then be: .
. . . . o <
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2 ’ ‘ :
: md
- p — - - o -
1 (Cd% £ (up uf) (1.1p ufD+ T3 + '1‘4”-’-4- T5 + T6 (3-9)

=
1]

N
.

Houghton further suggested that the hiétory term could be
neglected and he solved eqn. (3-9) with T6 equal to zero and with the
. . . N

value of Cd equal to a copstant value based on the stead% state terminal
\ I3} -

velocity of the particles: Tunstall and Eébghton (1968) tested Houghton's
analysis experim;ntally and found that smaller particles fell faster than
ﬁredicfed while larger particles fell slower., A more f;ﬁlistic appréach
would be to base the value éf the'drag coefficient on-the instantaneous
relative velocity rather than on the constant steady state value ¥4
suggested by Houghton. Ho (i964) found that by this method predictions
of mean velocity ﬁere much more religble than those reported by Holighton,
although the }arger sphefeé (d > 1.5 m@) still fell significantly more
slowly than ﬁredicted.

Herringe concluded that (for other tﬁan purely viscous
conditionil none of the analytical_treatments S0 far adequately
describestkhe motion of particles falling through oscillating liquids.
Stqu‘ailable data indicates that the discrepax;cy between theory .
and experiment;stems from the arbitrary replécément of the Stokes linear
drag expression in the equation of motion by the eduivalent steady
state expression for’yigher Reynolds numbers: He suggests that a more

correct drag expression may be obtained if the occurrence of vortex

shedding is more clo;ely‘anélysed.

4
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3.3 Puisating Slurry Flows in Pipelines

Shizgal et. al. (1965) observed that a particle-free layer

+

developed after oscillation for about 5 minutes in oscillating poly-

styrene sphere~water suspensions containing 5-~20% by volume of sollds

".\

If ;teady flow was established with a 20% suspension, then a flow

situation developed in which a central core of solids moved as a : — 49

E 4

, [ . -
plug on a lubricating layer of particle—fjee liquid. This 1s illustrated

“in Fig. (3-2):

%%//// o

Y

PARTICLE- FREE LAY

Fig. (3-2). Pulsating flow of slurries of high volumetric concentration
" (after Edwards and Wilkinson) '

The velocity of the plug was given by Shizgal et. al. as
\ .

1(ut + ¢) (3_10)'

u = u +U e
s 0
with the energy consumption per unit length egaluated as the sum of the

steady flow and oscillatory compeonents averaged over ome cycle as:-,

) ~

4 . Aig'
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-—  _ 2nRuy , 2 2 . _
L = (u S+ 1/207) (3-11)

[
I

where & thickness of the lhbricating layer.

It has been pointed out by Edwards and Wilkinson that the

second term in the energy equation, although producing no net flow,

—~

can increase the particle—free layer thickness and since the energy ™

L

is possible to cause a net reduction in the energy for a given flow rate.

requirement is inversely proportional to this particle-free layer it
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CHAPTER 4

DESCRIPTION OF APPARATUS

L\_—;//////_ﬁ\\—ﬂx—“ e gene;;;karrangement and flow diagram of the experimental

apparatys is shown in Figure (4-1).

. \\ﬁ——ﬁil M Flow Circuit: The flow -<ircuit consisted ﬁainly of a vertical
loop of 5 cm-diameter standard steel pipe approximatel& 21.3 m. long.
In order to achieve upward vertical .flow, the pipeline was first
.directed downwards for a length of 4.0 m., then there was a large
U-bend with a £adius of curvature of 58 cm. made of 3.8 cm.-diameter
standard steel pipe and finally a 7.6 m. vertical section of 5.1 cm.-
. diameter standard pipe. The test section was attached to the top end
of the latger section. After leaving the test section, the fluld was
returned to a 132 litre-reservoir tank foé recirculation.
, .
4.2 . thging Unit: Circulatien of the sand-water mixtures was
'achieved by a Moyno érogreSsing cavity pump type CDQ, frame 3LS8,
coupled to a 14.9 KW, 1160 R.P.M. Brook electric motor via a 31.7 em OD.
Lovejoy 3225 variable speed pulley drive with a speed ratio of 3:1.
Three 7 cm.—widevflab belt pulley sheaves ;ere used on the pump with
outéide diameters of 35, 50 and 60 cm. respectively to accommodate
ribbed V-Belts. In order to maintgin proper belt tensions and vary

24
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pump speeds, an adjustable motor base ‘was used. With this configuration
the maximum pump speed attained was 900 R.P.M. The corresponding
maximum flow rate, flow velocity and Reynolds number in the plpeline

were 440 litres per minute, 3.1 m/sec. and 1.4 x 105 respectively.

4.3 Tes£ section: The test section had an overall height of 2.22 m.
and consisted mainly of a 1.8 m. long 5 cm. I.D,, Q.V.F. glass tube. The
glass tube was flanged directly to the steel pipe at one eng and to a
flexible,.expansion joint at the other so that.it was protected against
misalignment and excessive vibration. Two 0.635 cm.-diameter pressure
taps ularked the extremities of the test section. The measured average

diameter of the test section was 5.1 cm.

~

4.4 Pulser Mechanism: Pulsed flow was created by meigs of a
variable stroke reciprocating piston dev;ce as shown in scheﬁatic\
diagrams Figures (4-2) and (4-3). ~7

Basically, the pulser consisted of a linkage mechanism whereby
the rotation of a 25.4 cm.~diameter gteel craniwheel, mounted on a
1.9 cm,-diameter crankshaft, created a reciprocating motion on a
piston at.the end of an aluminum connecting rod. The piston was made
of three layers of 1.9 cm.—-thick plyhébd machined to 14 cm.—diaﬁeter.
A 1.1 cm.~diameter brass fitting inserted into a hole on one side of
the piston face formed the priming ﬁzrc. The piston was firmly clamped
at one erid of a chamber made of 15.2 cm. ID cellapsible bellows type
tubing.. The tubing was composed of double pf; neoprene impregnated

cotton, spiral wound and supported by rust resistant helical steel
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wire. The other end of the chamber was again held by a hose clamp
tightened around a 15.2 cm x 5.1 cm. concentric reducer with a 8.9 cm
long extension made of 14 cm. OD steel pipe. A liberal amount of

- silicon rubber cement was applied to the surfaces to.which the

-

collapsible tubing was to be attached before the clamps were tightened.
This provided additional adhesive streng;h and formed ; waterproof

seal around the tubing. The o;erall effect, creaLed by rotation of

the crankshaft, waé an accordian-type motion of the éoliapsible tubing
which was filled with the sand-water suspension. The maximum stroke
length was 22 cm. such that the corresponding flow pulse was.l.7 litres
per stroke. The main stream of flow was pulsed through the side arm of
as cm;'Y—lateral installed before the test section; A length of llg—m.
of 5 cm standard steel pipe connected the.;educer to the Y-lateral.

\ The crank mechanism was driven by a 3.7 KW, 1800 RPM Lincoln
electric motor coupled to a Boston worm gear reductor model 332-4A, 30:1,
1.85KW, The rotational speed of the cfankshaft was varied by employing
a pulley drive. The crankshaft pulley sheave was 1.3 cm. wide, 30.5 cm.
diameter while the reductor output shaft was fitted with shekves of
diameﬁers 8.6 cm., 15.2 cm.

The corresponding. pulsation frequencies developed were 0.22,
and 0.44 cycles per second respectively.

4,5 Instrumentation and Miscellaneous Devices: The flowrate was

measured using a Brooks-Mag Electromagnetic flowmeter model 7100/7200

with a maximum measurement capacity of 784 litres per minute. The

-
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fiowmeter consisted essentially of a flowhead which provided an electro-
magnetic field for the generation of an a.c. output signal by the
ligquid conductor proportional to the flow rate. This signal Wdi
amplified and converted into a d.c. signal by a Brooks model 7306 signal
converter. The d.c. signal was represented as a percent of the maximim
flow on the converter indicator.

Pump speed was measured with a Strobotac type 1531 stroboscope.
. Pump generated 'noise' was réduged by a pulsation dampener which
consisted of an upright cylindrical steel tank 1.5 m. high and 46 cm.
in diameter. This tank was partiglly filled with water and with '
pressurized;air above the water.  Pressure fluctuations in the system
were resisted due to the compres;ible naﬁure of the air. The use of-
this device was limited to steady flow experiments.

The‘pressure drop acroess the test section was measured with a
Pace model P7D transduc%f and model CD-25 indicator. The instantane0gs

{

pressure drop and f%éh)rate signals were registered on a Rikadenki model
!

/

B-281L two-pen recprder.
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CHAPTER 5

EXPERIMENTAL PROCEDURE

5.1 Preparation .

|

a) The Flow System: The reservoir was filled with cold mains

water until the level had reached the overflow mark. The_valves in

the floy circuit were then fully opened to ensure a low start-up
pressure in the system. Thé pump was started with the exit flow
.directed into the overflow tank. When the water level in the reservoir
droppgd to one éuarter.full, the pump was switched pff and the water-
level allowed to.rise once more. This process of flushing the system
was repeated until the water in the test section became clear and

free of solid particles. With the flow redirected for water circulatién,
and the pump left running, the flow was allowed to stabilize and air
bubbles removed. It became necessary to record the reservoir water
temperature for eacﬁ run, since the mains water temperature.varied from
'5 to 8°C, and circulation through the pump caused the water temperature

in the flow circuit to Increase,

'»b) The Measurement Systems: The flowmeter and transducer

indicators were switched on prior to experimental runs to allow them

to warm up.r The bleed ports of the transducer were opened so that

-

31
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water flowed through the pressure tap lines until no more air was
trapped in the lines. Then the terminals from the flowmeter and

transducer indicators were connected to the two-pen recorder. Care

was taken that the indicators were set to zerc at no flow conditions.

c) Sand Addition and Sampling: Dried, graded sand was first:

weighed, and then gradually added to the water in the reservoir while

the pump was kept running to avoid precipitation and to encourage a
homogeneous concentration in the system., It was noticed that when sand
was added too quickly‘into thelsystem; there was a high concentration

' build;p on the suction of the pump, resulting in unsteady flow‘chgracfer—
istics. In order to mea;ﬁre the delivered concentration, the dischérge
wa; directed to a sampling bucket. Thus, by measuring the weight and
volume of the delivered mixture, easy calculation of the'fléwing

concentration was possible,

) | o
d) Miscellaneous: For steady flow, the pulsatisﬁhﬂampener was

utilized to reduce fluctuations in the pump output. Compressed air
was‘supplied to the dampener and the water level was adjusted using the
air regﬁlator valve.

For unsteady or pulsating flow, the pulsation damﬁener was
isolated from the flow circuit. The p;iming.port was opened and the

air was bled off from the collapsible tubing chamber -of the pulser.

~

—
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5.2 Testing Procedure

With the pump speed adjusted to éive the desired flow rate,
a weighed amount of sand was added to give a required concentration in
the flow system. The flow was allowed’to—become stabilized at which
time measurements were taken of reservoir temperature, flow rate and
o pressu;e-drop across test section. A sample of deliv;red flow'was -
taken for thé steady flow at this point.
" The sample was returned to ﬁhe flow system and enough time
was allowed for thorough mixing. Pulsed flow initiated and the
fluctuations of flow rate and‘pressure drop were recorded. Delivered
concentration was égain measured and the entire process was repeated

#
for a higher sand concentraticn.

5.3 Test Conditions

There are two main objectives of the present research:

. (1) To investigate the effect of velocity and concentration on the

- pressure drop along'a vertical pipeline with solid-liquid flow.

(2) To study the effect of superposgd pulsation frequency on the

Ay .
energy requirements of solid transport in a hydraulic lift line.

In order to achieve the first objective, steady flow experi-
ments were conducted with slurries made of lime and three different

sand compositions as given in Table (5-1). The flow :;Ig:;z;\%as

varied between 0.76 to 3.35 m./sec. while the maximum volumetric
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Percent Retained :
Sieve Sieve Sand A Sand B Sand C
Designation Opening (mm)
No. 4 4.76 0 0 \0
No. 8 2.38 9.0 0 0
No. 10 [ 2.00 *° 23.0 0 0
No. 16 \\\\ 1.19 - 60.0 38.0 0
No. 20 0.841 - 52.0 2.3
-
No. 30 0.595 7.0 8.6 71.2
No. 40 0.420 ~- - 22.4
No. 50 0.297 1.0 1.4 2.4
. S :
Weighted Average Diameter, ,
d (mm) ' 1.84 1.20 0.66
- Specific Gravity, S 2.62 2,65 2.58

Table (5—1) Physical Properties of Sand Used in the Experiments

{




. - \
volumetric concentration was 10.0 percent.

concentration was 23.0~percent.
At high velocities and'concentrations, however, the abrasive

sand particles did considerable damage to the pump's rotor and stator.

It was therefore decided that for pulsation experiments only low veloc-

ities and concenqiii}ons with Sand B shodld Bé B§Ed' Thus, the flow

v

velocity was varied between U.76 and 1.22 m./£ec. while the maximunm

Pulsation frequencies used

were 0.22 and 0.44 cycles per second.’

- x v



CHAPTER 6

f
- RESULTS AND DISCUSSION

6.1 Introduction

The experimental data and calculated results‘of steady and
pulsating flows performed dnder the conditions d;:cribed in Chapter
5 are presented in Appendix F, Tables (F-1) to (F-10).

. Thé important parameters used in‘fﬁ;fg}aphical display of

these results are the average mixture velocity'Vﬁ, the pressure

gradient and the deliuered-volumetric concentration, C . The

AP
Py AZ,
following evaluatlon is an attempt to define these pafameters and

to compare them with some of the other commonly used parameters.

6.1(a) Average Mixture Velocity Vg_

When refering to two phases flowing through conduits, the
term velocity assumes various'connotatidns. For dense solid particles
beiné transported upwards by a liquid, it is usually c;nsidered that
the tendenéy for thése particles to settle résults in the velocity
of liquid being greater than that of the solids. The differenée in -
these. two velocities, normally referred to as. the liquid-<slip velocity,
is a function of particle terminal settling velocity.

In other cases, velocities of solid gnd liquid-phases are

sometimes treated separately as though each phase is flowing

P 36 . .
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independently. In such a theoretical treatment of two phase flow,
these velocities are referred to as the superficial velocities. Thus,
the superficial 'velocity, Vg of the liquid phase, in a sand-water

mixture for example, is defined as

4Q

[

SL (6.1)

D
Finally, if the two phases are considered to be flowing as one,
the average mixture velocity ?ﬁ is simply derived as Fhe average
volume rate of mixture flow per unit cross-sectional area of pipe.
Consequently, the average mixture velocity is relatively ceasy to
determine and to visualize, therefore it is suitable for comparis?n

of results.

AP

6.1(b) Pressure Gradient p AZ ) .
w— .

The pressure drop encountered in vertical solid—%iquid flow is
mainly attributed to fluid-wall friétion plus the potential e;ergyl
required in lifting the mixture to some‘height above,the datum. Siﬁce
stabiliéy of flow was Wchieved prior to the recordin;\of experiﬁental
‘data, kinetic energy éffects due to acceleration of solids are con-
sidered negligible. Also, for convenilence all pressure gradient data

are expressed in units of metres of water per metre of test section

height.
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6.1(c) Delivered Volumetric Concentration G

Because of the disparity in solid and liquid velocities

described inisection 6.1(a), it is gene%ally conside?ed that the
o

values of the delivered volumetric concentration Cs’ and the transport
volumetric concentration CT are not the same. Actual measurements of
transport concentration are scarce; and from limited experimental
observations made bj Cloete et al (1967) and Toda et al (1969), the
difference between CT and Cs appears to be minimal. The delivered
concentration CS can be measured directly by sampling the flow which
emerges from the test section and mdy be expfessed elither as a
per%entage or a fraction of the totaS\mixture volume..

'6.2 Presentation of Results
(a) Steady Ffﬁw

Curves depicting the variation of pressure gtadient with slurry

P

mixtur? velocity at various flow concentrations are presented in
Fi;ures (6-1) to (6-7).

| In general, all the steaé;\i%OW curves for sand-water mixtures
have a similar shape. At high velocft135=£hﬂﬁsfrves tend to become
‘parallel to one anothet and also the line for water while at low
velocities they dgpaft-from the water line. And as expected, the
higher the concent;ation of the soiids in the mixture the higher the
value of pressure gradient becomés at any giGen mixture velocity. This
behaviour is typical for vertical slurry transport And the shépe of

,the curves are similar to those obtained by Wewitt et al (1961) with

L]
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sand-slurries in a 2.54 cm.-diameter pipe. More accurate results

have been obtained by other researchers such as Toda et al (1269)

with slurries of uniform diameter glass particles. In such experiments,
it is apparent that particle collisions are fewer since ail‘the particles
tend to have the same slip velocigy. In cases‘where the ﬁarticles are
spherical as well as uniform [Kopko et al (1975)],there is good agree-
ment between éxperimental and theore;ical Tesults.

If we compare the curves for A, B and C sand-slurries at
concentrations below 5.0%, it can be seen that the slurries consiséing
of smaller size particles yield slightiy higher pressure drops at low
mixture velocities. However, with lime slurries consisting of very
fine particles, the pressure drop is,cqnsidgrably higher than for the
sand glurries tested a3t ghe same concentfzfion and velocity.

Since the séecific gfavity of lime\£2.35) is léss than that of
sand (2.60), then an explanation of the increased pressure gradient
must involve the effect which fine particles have on the pressure drop
due to friction. On the other hand, very fine parti;I;; have been
known to reduce therpressurergradient as will be discussed later on in
this chapter. Newitt suggests that, since the diameter. of fine ;articles

_are of the same order ;5 the thickness of the laminar sub-layer at the .
pipe wall, they may influence the rate of shear; thus increasing the
pressure drop.

Because of this solid-wall friction, higher pressure drops

than expected may be obtained when pumping a sardd-water mixture which

consists basically of medium-sized sand but includes moderate amounts



of fine sand particles. A puildup of such particles in the re-
circulating/glurry may be the result oé sand degradation caused by
high pumping rates. This is exhibited in-'a deviation of'data points
along the best-fitted curves. Another reason for the deviation of
daﬁa peints 1is thgﬁaifficulty involved in duplicating concentrations

-

over a range of mixture velocities.

.

6.2(b) Pulsatile Flow

Results of thebbulsatile flow experiments are given in Table
(F:iO) and Appendix A-2. They represent the flow conditions of super-
posed low frequency pulsation on the verticﬁl Fransport of low
concentration Sand-B suspensions in water.
‘ As expected, the effect_of pulsation. on the overall pressure
drop i1s insignificant wpen compared to the éffect of the hydraﬁlic head
in upward vertical flow. This indicates that there is no advantage to-
be gained under these conditions.. However, some benefit may be derived
from the use of pulsatile flow in cases where the pres;ure drop due to
friction and solid hold-up is substantial. According to Section 6.2(35‘
above, this would suggest that pulsatile flow may be advantagéous with
~ dense slurries of  fine particles (d < 0.25 mm).

/7

6.3 Data Correlation

The comparison of steady flow experimental data with the
theoretical pressure gradient given by Equation (2-3) 1is shown in
Figufés (6-8) to (6-10). 1t can be seen from these graphs that the

.
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*

predicted excess pressure gradient gives an average error of +0.044, —

~

+0.020, and +0.017 for Sand-A, B and C respectively measured in metres
of water per metre of {Est section height. These errors indicate the

values by which the theoretical pressure gradient given by Equation (2-3)

exceeds the experimental pressure gradient.
Similar results-have been reported by Oedjoe et al (1966) with

slurries of coarse gravel and coal particles in a 10.5 cm.-diameter

-

vertical pipeline. KXopko et al (1975) also obtained average percentage
errors of +6.3 and +1.5‘for iron pellets of 1.86 and 3.33 mm.-diameter

4 .
respectively. The-iron pellets were hydraulically transported im a

¥
6.1 cm.—diameter vertical pipeline.

If we consider that the total pressure drop consisting of the

j?hydraulit head and frictional head loss is always greafer than 1.0 metre

. —
of water per metre of test section height, then the average error is

less than 4.0 percenf for all the medium-sized sand suspensions in the
present study. Therefore, this method of p;edicting‘pre&sure gradient
~ using the theoretical excess pressure gradienf‘ﬁfggentéa by Equation

-(2.3) may be consideped more suitaBleesince it inherently provides a

I

3&5rger-margin'of safety. .

For slurries\af particles of diameter, larger than 0.25 mm, |

_ Durand (1953) suggested that, .

\.

"
[
d

ap (6.2)

fm ' fw
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The excess pressure gradient graphs indicate that, contrary to

A .

Equation (5-2), the frictional lbsse§-due td‘slurries are consistently
slightly less than that of water flowiné’hnder the same conditions.
In the case of slurries consisting of fine particles, the lower

. . ) . . N -\_. m .
frictional losses can be attributed to turbulence suppression [Brodkey

(1967)]. However, there is no fhedretical basis to account for this

- L

phenomencon in medium-sized sand suspensions{iparb from the size
distribution in W ich the range extends to include fine particles.

Correlation cugves which uti%fgeﬁfﬁe dimesisionless parameters
¢ and ¢ are shown in Figures.(G—ll) to (6-13). These parameters were
v used by Newitt et 4l (1961) to obtain the empirical equation (2-1) for
fine pertieles (d < 0.25 mm) , Althodgh a motre accurate empirical
relationship was obtained dsing this method, slurries with Sand A, B and
c yielded unique solutions with slopes of 2. 79, 6.59 and 4 32 respectively.<k.

) Figu;l§q~5 -11), (6- 12) and (6~13) show that a universal correlatlon
\_,- . 1
’() between ¢ and ¢ is not féﬁsible for medium—sized sand slurries since they

cannot be applied for slurries other than those from ‘1ch they were .
o

-

- ‘ obtained

' Experiments were carried out using: lime slurries in order to

., -verify Equation (2-1) for slurries of particles-of diameter less than

;oo ’.‘6.25 mm. . The data presented 4n Figure (6—14) ndicate that the
o . LN

empirical equation obqained.By Newitt epfii/EQQGl) is apparently not

alid foa\}ime slurries (d'= O.QOiQ mﬁ.a Whereas the slope obtained by

~

editt was approximately 1.00, the lirme whidh best fitted the data
C ‘ o o y
¢ S for(%ine slurries gave a slope of approximaﬁel .58, - *
$§ . . . ‘ . _
’ ) . o ‘ | \ '5 i ' ' .
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T J
A .
Figure (6-14) shows that for thé same mixture velocity, the

pressure gradient predicted by NFwitt's correlation in Equation (2-1) 9' ”

will be greater than the present data for lime slurries. 'This indicates

—

that the size of the lime slurry particles aﬁbears to be outside the

range of particle sizes for which Equation (2-1) is valid. The lower '

J

phenomenon

pressure gradient may be the result of a drag reductio

more commonly associated with the viscoelastic effects exhibited bf
water solutions of long-chain polymers. -
> ™



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Based on the évailable experimental cbilected data and the
anéiysis of these results presented in Ehis Ehg;ig, the following
conclusions can be made,

(a) The pressuiﬁ gradient 'iﬂ_;f a- slurry being transported
vertically upwards in a pipeline is dependent upon the particle -
average weighted diameter 'd' as well as the distribution rdnge of
the solids. That is, f;r similar flow‘conditions, the pressure gradient
decreases as d Increases. |

(b) The.?ressure gradient of medipm;siéed sand slurries can -
be relatively accurately predicted by determining the. frictianal
ﬁressure drop due to water flowing under'similar copditions and adding

the excess hﬁdroétatic pressure drop dQe ﬁg,the presence of'soiids.

(e) The empirical equation obtained by Newitt et al (1961)
Jgigeﬁ by Equation (2-1) for slurries of particles of diameter less
than 0.25 mm. does not appear to be valid when the particle diameter
X of the slurry is)of the order of or less than 2.0 micrqns; "

(d) There appears to be no benefit to be derived by super-

posing pulsations on the steady flow of ;owrconceﬁtration slurries

of medium-sized particles in a vertical pipeline since the frictiopal

55
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pressure drop is small when compared to the ovérall pressure drop.

7.2 - )

Recommendations 4

Recommendations for further studies are listed as follows.
{a) Experiments should be conducted to obtain the limit of
_applicability of Newitt's equation for slurries of particles of ‘various

sizes and shapes. : . -

+

~

. p, : .
(b) Pulsatile flow experiments should be carried out with
dense slurries of fine particles so as to determine whether energy

sa}ings are possible at low frequengies (0™ 0.25 cycles per second)
and high concentrations in vertical pipelinés. ’

(¢) It is important that studies be carried buﬁ concerning the
role of particle size distribution and particle shape in the turbulent
flow regime for steady and unsteady vertical flow of slurries. it is {
hoped tﬁat such studies would reveai the effect.that particles of
various sizes exert on the overall flow turbulence and .to the flow

region adjacent to the walls of the pipeline.



APPENDIX A

SAMPLE CALCULATION

-

-—

A1 Steady Flow Measurements

- The readings for steady flow taken on June 16, 1980, with the
Sénd—ﬁ élugry were chosen arbitrarily to illustrate a typical calcul-
ation (Tabie A-1). The calculated results which are presented in
tabular fogp along with the experimental data in Appendix F were

determined in a similar manner to the following sample calculation.

The-Avefage Mixture Velocity, Vh

?m was calculated according to the following equation:

-

- . flow rate

vm o pipe cross—sectional area
o .
? 3
: ~ . 178 (US GPM) _ 1 /fmin\_ 0.00378f m
Flow rate (m/s) = Q. (%) x 100 X 5 (;EE-X US Gal.
where 178 US GPM = 1007 Max™ Flow Rate (see Appendix B for
Calibration Curves)
, 178 . 1 ‘
Thus, V_ = Q (%) (g0 * 5o .* 0-003781 ‘
| 7/4 (0.051)%
= Q (%) x 0.055 ' (A-1)

T 57
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.
Since the percentage flow rate as indicated by the flowmeter was 17.5%,
from equation (A-1)

8

Then7_ = 17.5 x 0.055 = 0.96 (m/s)

The Pressure Gradient, 1:

In order to analyse the accuracy of the pressure difference
measurements across the fest section as;determined using the mercury
manometer, we refer to the system as shown in Figure (A-1).

'Equﬁting the ﬁreés re at points (1) and'(ﬁ) in the mercury
' L\/ -
columns, the following general equation is obtained:
P(A) - P(B) = AHm (pHg _-pwa) g + AZ Pa 8- _ (ATZ). ,
\ - (B)
- f
. LIQUID TEMP=T,s°C »
TRANSPORT .
L CONCENTRATION—CT B
5 " % SLURRY- AMBIENT
| TEMPERATURE=T, ;° c
~
7 t )
(4
Y (A)

MANOMETER —

FIG. (A-1}) PRESSURE DIFFERENCE MEASUREMENT :

e . v, M Pt w7 3



TABLE A-1: Sample Work Sheet

59

(litres)

Data Point Sand Used Avg. Diam. Performed B; Déte

40 Sand~B 1.20 m B. Joel 16/6/80
Inélgateisflowrate, Q = 17;5 (%)
Manometer Reading, AH_ = 0.3£-+1 (in Hg)
Ambient Tempergture, Tamb; . = 20.0 (OC)
KeServoi; Temperature, Tres. = 23.2 (OC)
Weight of Sample, W = . 26 (lbs) 15 (oz)
Vqlume of Sample, v\/\ 11.90 \
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For a slurry of transport volumetric concentration, C flowing

T!
with some finite velocity, V#, the L.H.S5. of equation (A-2) can be

approximated as follows:

r

Py ~Pmy = Mg +tAZp g | (A-3)

which can be rearranged to'giye . 7 . -

< o o :
AHm (pH lo. . -] X2 )=;L,\9me _ Por = 1) ~Pwa - 11:
wr wr wr wr -
If is Ame Por o1
AZp g * P
wr
%
then 1 = “m (o /o -1) + (o_/ 1)
en — pHg pwr pwa pwr
AZ
- = 4H_ (in Hg) x 0.0254 (13.6-1) + (pwa/pw- )
A 2.227
= AHm (in Hg) x 0.1437 + Spya/pwr - 1) - (A-4)
Since the manometer reading was 0.341 in Hg, at T b = 20.0°C
- am
and T = 23.2 % and, )
res —

V]
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- S
% o ' 3 3
Density of water at 23.2°C =P = 0.99752 x 107 (kg/m™)
Density of water at 20.0°C =9 _ = 0.99823 x 10° (kg/m>)
- wa ) ~
From equation (A-4), — \EI’NV .
- M
_ 0.99823 4@ "
i. = _0.341 x (0.1437) + (;.99752 ].)
= 0.049 + 0.0007 .~
= 0.050 (m of water /m) . ~—
. .
f ¢ g
The Delivered Concentration, C.:
== T
\ The delivered volumetric concentration, Cs’ was calculated ~
r ; 4 ) ,,J’\J .
ﬁt- accord;gﬁ the following equation: ‘ »
Cs "l /{2 . e (A-5)
pwr Pwr N :
-\ . | ~ .
! - -~
Weight of delivered sample -
where Por Volume of delivered sam ' b
2N
T &
W (1bs) x 0.4539 (A-6)

such that Par f v (litres) x 10~3

SR

A

——

Taken from "Chemical Engineers' Handbook" 4th Edition by Johm H.
Perry. Table 3-46. : . :

s
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Since the weight and the volume of the delivered sample were
26.87§'pqunds and 11.90 litres respectively, equation (A-6) gives
. o 26.875 x 0.4539
mr © . 11.90 x 107>
b
. R
= 1.0251 x 10% (kg/m>)
_ {10251 -1}/ (2.65-1) = o0.017
Then,  Cg (0.99752 ) .
- @
The Reynolds Number, Re: -
Re was calculated according to the following equation:
| e = Pur _ﬁ b ' . -
wL . ' Y .

=.pwr (kg/mB) x V; km/s) x 0.051 (p)

-3
.fwr (centipoise) x 10~ a

Since the viscosity of water M, at 23.2°C was 0.9315 centipoise and

VW was 0.96 m/s, equation (A-7) glves

. Re

(0.99752 x 10°) x 0.96 x 0.051
0.9315 x 10‘3. '

Fl
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™~ = i . \ i .
s The Water Pressure Gradient, i;l
.x | )
' ‘ iw represents the pressure gradient of water flowing through
‘the test section under similar conditions of average ﬁeloaity and
-
temperature as that for the slurry and was calculated from the following
N equation: R
_ AP, 5 2
. iw 5 fw = f x % % Vm . , (2-8)
. , Pur® 2g
\
where f is thg_friction Factor determinea f§;9/Figure D-1, Appendix D. .
A
Equation (A-8) gives,
[ A _— ™
A _ 7 2
) i = fx 1 x a
' W 0.051 © 2 x 9.81
’ )
.= fxV 2
—_—n
1.00062 .
L . Sin;g_at Re = 52,430, £ = 0,028 and i; =. 0.96 m/s.
T~ -t Y ‘
™ o _
' L. .. v
: - i =. 0.028 x (0.96)%
. | A v 1.00062 .
= 0.026 (m of water/m)
(7] “0 .
] o
. - -
®. . :

t
!
1
'
'

[T R
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A-2 Calculaticn of J.p/Js
For steady flow; the dissipation ener/gv. per mass flow rate
per unit length of pipe, JS is calculated from the fo}lowing equation:
x DR, V| T 2=
" 71 & T m / 4 vm Por &
AZ
(4-9)
S
Amerg
AP -
such that, FT_ = AZAP + 2
Pnr® pmr%\x mr
) L2
T . A-10
U Pur Pua b ( ‘
= dx{— |+ [
Pmr P
. . B - - .
For pulsed™low, the dissipation enmergy over a cycle per unit
length of pipe, J.p', can be exprgséed as follows:
f
2n/w .
" R Tp2 4 (V) # a1
Jp 27 " AZ J 4 D APT Vm dt . (A-11)
o] _ r
i 2n/w .
‘ =g R e, Lo 2 vV ae/ I p? ¢
such that, _Jp . qp /m Y J 17_2_ APT(t) -Vm dt/z, D Vmpmr g1
o | .
21/ w ) r '
w1 ¥y
2% Amerg 0- APT(t) dt o (A-12) ‘«p o
. .. . s‘ - —"\ ) ' “

P e e
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If n is the number of time intervals in one cycle and summing the

PT's over that cycle, equation (A-11) can be computed as follows:

=
Jj=n
I, T ni'r ’ Klf Lo I 92V i
P j=1 'Ti % m
where AP = 1 AP, . -~ AP ’
T3 2 Tj Ti-1 §
[ .
and AP
_:L_AZT = |i= pwr + pwa
“nr® ' Por Pur
Thus equation {A-12) yields: ‘
) .
1 1 J=n
J = J "o = — x -——mm ¢ -
P p ‘o nit Amerg =1 APTj At
since niAt = 1 -
)
then J - WAL j; (i Xxp _+p ) . (A-13)
P w Por j=1 T v wa'j ' :

w = 0.44 cycles per second.

'The pulsed flow readings (Figure A—ZB taken on May 29, 1980,
with Sand-B sﬁ&rry were obtaingd to demonstrate the operation of the

pulser mechanism. The following 1s.a typical caloulation.
4 .
. e ! .
A

. s . i . . , _ "

-
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Jp was calculated according to equation (A-13).

i, was obtained from equation (A-4) as follows:

T
Par
L
1 C s
Thus J
P

Now Js was ca;culatéd using equation (A-10) in the following manner.

1

2]
EAH . x 0.1437 + nx [ —2 _1
mj . .p

(18.65 x 0.1437) + 23 » (222802

0.99880

2.662 (m of water/m)

A

Wx 0.45%0 _ 31.40625 x 0.4539
v x 107 13.25 x 107>
— |
p
or _{1.0759
loge =1} /(5= 1) “(0.9983
= 0.047
S
|l .

23 x 1.0759 x 10~ -~

=
.= 1.035 (m of agrer/m)

Since Q was 21.6%

‘then

v
m

»

= Qx0.055 = 1.188.(u/s)

Since IAH .
m]j

1Y

= 18.65,

- 1)
= 1.0759 x 10° (kg/m>)

- 1] / 1.65

o

5 2[2.662 x 0.9988 x 10

*
N

3

+ 0.99802 x 10

-

3

§

67

x 23]

s et e -



giving ¢ =  (211.1) / ﬁ; = 178
3 .
and Re 1.188 x (0.9988 x_%O ) % 0.051 _ 55,888
1.0828 x 10
from Figure D-1, f = 0.0279
1 v 2
i = fx=x m
W D _—
. 2g
- 0.0279 x L -x (1.188)% 0.039 (m of water/m)
. 0.051 * 27x 9.81 . ater/m
b ‘
from Figufe 6.12, at y = 178.0, ¢ = 18.5
= C 1 x¢ + 1 @
S w .W

o
]
Q

il

0.047 x 0.039 x 18.5 + 0.035

1

=.0.995
1.035 _ . ¢
0.995 ”‘\i;éa
S S 0.44 (c cl.es per second)
ndt 23 x 0.0987 A |

68

0.073 (m of water/m) | /—/\/
0.9988 0.99802
s '073(é.o759) + (}.0759 )
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w = 0.22 cycles per second.

The pulsed flow.readings taken on May 28, 1980 with Sand-B
slurry wefe chosen arbitrarily to illustrate a typical calculation for
the data presented in Figure (%—3).

Jp was calculated accord%ng to eqﬁation (A-13). Since Eﬂﬁng'=

8.451, E& was obtained from equation (A-4) as follows:

Y

— — P
EAH,, % 0.1437 + n x 2 1] e

pwr

e
]

. 0.99843
1.208 (m of water/m) o (///,

W x 0.5339 . 16.8125 x ?.4539 = 1.0175 x 103 kg/m3

vx 10~ 7.5 x 1077

. - _
. or 1.0175
e G T /°wr"1/(s‘1)=099843 7/165

(8.451 x 0.1437) + 15 x(0.99802 _ 1)

It

]

and pmr

/ "= 0.011

»

_ 1 [1.208 x 0.99843 x 10° * 0.99802 x 10° x 15]
' Th“S’7Jp = .15 x 1.0175 x 10° '
) |
- 1.060 (m of water/m)
» . . -

JS was calculated using equation (A-10) in the following manner.

: e
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Since Q@ = -25.3%,

then V_ = Qx0.05 = 1.39 (n/s)
. - e
giving ¢ = (211.1) /Fm = 152 )
. \
and Re = 1.39 x (0.99843 ¥ 10°) x 0.051 = 68,724
: 3

1.0299 x 10 -

[}
o
o
N
~J
o

from Figure D-1, £

. . ' 4 .
_ 1 (1.39)" _ :
iw 0.0272 x 0051 * 7 %9 81 0.052\(“(111 of water/m)

" from Figure 6.12, at ¢ = 152, ¢ = 6.6

Hen€e~ 1 = ¢ 21 x¢+1
s w W

SV

]

f
0.011 x 0.052 x 6.6 + 0.052

0.056 (m of water/m)
' < [0-99843\ _ [0.99802
then J = 0'05‘5’-(1.0175)+ 1.0175 )

-2, 1.036 (m of water/m)

1.060 | _ Q
T.Fj-e— = 1.023

and .']'p/JS = |
. o
at w = L. l.% = 0.22’cycles per second
nAt 15 x O-.Q o - : 2

¥
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APPENDIX B

CALIBRATION CURVES ° .

I. Calibration of Flowmeter

.

_ Prior to data collection, measurement experiments'were
conducted in order to determine the 1oqz indicator flow que on. the
Brooks-Mag Electromagnetic flowmeter, With the flow system and
floumeter prepared as deséribed in sections 5.1 (a) and (b), steady-
flow was obtained at é fixed pump speed. The pumplépeed was checked
with a str&bosc0pe, and set qsiﬂg the adjustable motor base to'change

~

the effective motor sheave diamq;er. After stabilized flow was

achieved and the flowmeter warmed up; the.exit flow waé diécharged
for a measured time into the 300 litre overflow tank, .The initial
and final deptb’Hi and Hf of ﬁﬂe water'collected in the tank, along

with the flowmeter indicator réading were then recorded. These

readings are tabﬁlated inf%able (B-1) while the calibration results

; 3
- are displayed in Figures (B-1) and (B-2). The results showed excellent

agreement when compared with the characteristic curves given by the

72
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L ]
TABLE fB—l) )
3 L‘"“F Flowmeter
- Indicated
: Run Run Run Run Reading
Pump Speed * o
o | r 11 111 v %
B, (i) | 61/8 |12 1/2 {10 13/16 16 1/2
325 [H, (in) 0 6 1/8 | 4 9/16 |10 13/16 21
time (s) | 49.20 |49.90 | s0.10 | s50.10
He (in) -| 11 1/16|14 5/16|14 5/16 |17 1/16 |
500 | H, (in) 5 3/16] 8 5/161 8 5/16 |11 3/16 32
time (s) |. 30.00.|30.50 | 30.25 | 30.50 | _
.. B . I
H (in) % 7/8 |13 s5/16|11 1/16 |16 15/16
700 Hi (in) 2 3/16| 7 7/8 | 4 11/16|11°1/16 46
time (s) | 20.80 [21.50 | 23.20 | 21.30 A
He (4n) | 4 13/16/9 1/4 |13 11/16] 12 1/2
910 | H, (inm) o, {413/16] 9 1/4 | 7 15/16] 62
;1m§.?s) 13.50 - [ 12.35 | 12.30 | 12.75
™

S/ 0
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II, Calibration of Pfessure Transducer

TO TRANSDUCER INDICATOR

. g-
- _Patm
PRESSURE
TRANSDUCER
N E Py DATUM
—-—IAh : — — - - -
. : - Soil=0.86 -
- " . i DEAD WEIGHT
MANQMETER SHg=136 [ TESTER .
" a8 . -
.y e _
' o B o
oL AP=RyPatm =Wug% YoulAh
. FG. (B-3) CALIBRATION OF PRESSURE *ANSDUCER

The calibration of the pressure transducer which had az+3s o
psiD diaphragm was done using a dead-weight tester,a schematic of

: uhich is shown in Figure (B-3).

By varying ;he pressuré inside:;hs.téster,-a éorrespdpding
. 3 T - b o ) " :
- ,variation of the manometer fluid column and a direct pressure reﬁding

o

from the pressure transducer were obtained. The true pressures cal-

'sglated from Equation (B-2) were plotted against the transduce:!
. ¥ . .
+ - 4

resding ?q_obtsin the calibrstion curve'rigure (B-4) of the.tranés_
> ':~ducer with the particular diaphragm. < 4 ‘ S

) . . o v ) v o . ' ‘
\\\H,// o o o ' - e, '
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APPENDIX C y

THE VQXOCITY PROFILE OF THE TEST SECTION

7 : -

- -~

An extremely important condltlon, under which the experimental
¥ dafa at the test section can be considered \Eceptable was that flow
within the test section must be fully developed and symmetrical., In \Z

order to confirm this, the flow velocity profile just prior to the test

)

section was determined by using ‘the pitot-static tube transverse method.
The measured results are listed in Table (C-1) and the velocity
profile is shown in Figure (C-1). The profile is accurately described

by the following equation:

N 7 Y | (c-1)

The averege percentage error obtained using equation (C-1) is + 2.0%.

b ‘ /S‘

78
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TABLE C-1: Cross-Sectional Velocity Distribution of the Test Section

y/R ﬁiﬁ:ﬁZZﬁZit h u=11Wh | wu
(cm. CCl4) (ft/sec)
0.22 15:9 / 4,43 1 0.88
0.31 16.0 4.45 0.88 -
0.37 16.7 ' 4.56 0.90
0.50 < 16.9 4.57 0.91
0.62 | 19.1 4.86 0.97
0.78 19.5 © 4,91 - 0.98
1.00 20.5 @5.03 ,/'11.00?
1.19 19.5 4.91 { 0.98 .
1.31 18.3 ' 4.75 0.94 “
1.44 Lél 16.0 ~ 4.45 0.88
1.56 14.7 4,26 0.85 =
1.75 12.1 3.87 0.77
1.97 8.5 .24 0.64
1
w .
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. Pressure drop, kndwn as Darcy's formula and expressed in metres of

e

APPENDIX D

v

© VARTATION OF FRICTION FACTOR WITH REYNOLDS-HUMBER

'y ,,4’;

The diésipation of energy by fluid friction results in a fall

v

of specific pressure head in the direction of flow, and if the pipe is

of uniform cross-section and roughness, and the flow is '

the specific pressure head falls uniformly. The general eguation for

-

fluid is: .
. o
= _A.E = f 15_% u ! (D-l)
hL pg D 2¢g

The coefficient f is usually known as ‘the fricgAon factor and
ig a function of Reynol&é number and of the relate roughness, By

plotting the frigtion factor at various Re v0lds numbers using the

Moody diagram, it was possible to determine the relative roughness of

the test section and the flow region g

experiments. The flow

velocity was determined using the pitot-stdtic tube located at the

a . .
point of maximum flow in the velocity profile. From the pitot tube
measurements, thé maximum flow velocity, U, and consequently the

average flow velocity, u were obtained using the following relation-

ships: " ' {

i

81 .
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U= J(s- 1) 2gn (D-2)
where S = specific gravity of manometer liquid

h = height of liquid column in manometer

u 2

U (n+1) (a + 2) (D-3)
where u _fy !

)] R

1

and no= 3 (Appendix C)

o
The pressﬁre drop across the test section was accurately
determined using a mercury manometer fitted with a ve?nier reading to
0.001 in-Hg. The cglculation of thé‘Reynolds number took into account
the changes in viscosity and density with the change in watér temperature,
The results obtained are presentgd in Table {D-1) and Figure (D-1). The

relative roughness and the actual roughness of the test section were

found to be approximately 0.003 and 0.15 mm respectively. )

"

. @



TABLE (b-1)

h *
Reservoir AP (cm ccl4) u Re hL
Tszp- (in Hg.) “ ﬁg%)* (m/s) x 107 (Fr.H,0) £
1.0 | 0.149 7.6 0.79 3.20 0.047 | 0.0337
12.3 0.332 20.5 1.51‘ 5.47 0.106 0.0279
13.0 0.594 34.9 1.71 7.24 0.190 | 0.0293
11.0 0.991 64.8 2.32 9.34" 0.317 | 0.0263
14.2 1.102 '1.269* 2.39 10.45 0.353 | 0.0278
16.0 1.355 1.644f 2.74 12.58 0.434 | 0.0259
17.7 1.697 2.153" 3.14 15.03 0.543 | 0.0248
p
*3 = .853 U.
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APPENDIX E

4
ERROR ANALYSIS

Listed in Table (E-1) are the estimates of relative uncertainty

of the primary measurements made in the present work. They include

factors such as instrument error, human error, calibration error and

random error.

By using the "most probable" method, the relative errer of

each of the important variables used in this study are determined as

follows:
For a given variable M, which is a function of x, vy,

relative error in M may be expressed by the equation:

1/2
! 1 2
dM _ —_— M .M 2 -

or E = [(E )2 + (E )? + ...] 1/2
X ¥y
where Ex’ Ey ... are the relative uncertainties in Ky ¥y vea

(1) Error in‘vm

]

Sincevm 4 - Constant x-Q2

nDz D

85
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(E-1)



TABLE (E-1). Uncertainty Estimates in the

86

Measured Primary Quantities

Description Symbol Uncerfainty
( + %

Pipe inside diameter D 2.0

Gravel weighted average diameter | d 1.0

Length of test section AZ 1.0

+
Flowrate measurements - Q 4.0
Manometer measurements 4H 1.0
m
Temperature T 2.0
Weight of mixture sample W 1.0
. \

Volume of mixture sample . v 1.0

Viscdsicy H 2.0

Specific gravity of sand 5 0.5




Hence,

(3)

R CRCs

= [Ep?+2 @il - [w?

Error

Since

Re

Error

1/2

in Re

in p

W
Since p = — x constant
m v

]

(]

. 2 2. - )
LED® + EpT -

L 1/2-
[(W2+ 1% =

I+
[ mad
n
&8

[ + )2+ @2 + (252]_

1/2

42 (2)2]

2 12 2 2
[(E:p) + (B ) + Ep®+ (€)7]

from Table (E-1), the relative error in Vﬁ is
. _

1/2

/2,

5.5 %

e

5.0 %

87
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(4) Error im i . "

L3 Ve AHm A
Since i = Y3 HG -1 ’
wr
. &Hm
* = constant X-E
T, 12
2 24
E, = _[(EAHm) + (E,,)°]

1/2
[? + @2 =+1.52

n

(5) Error in C ‘ ' -
s -

p _ ' ‘
Since C_ =[<mr/pm)' 1 / (S.- 1), the relative error in

1

Cgcannot be calculated strictly from the method used so far,

p

] .
Firstly, the actual uncertainties of the ter:ms('-—IE " ]) and (g - 1) .
wr .

must be estimated. It will be noticed that the }‘elaf:i\?e error in C ’

depends almost entirely on its absolute ‘value. Thus, at Cg = 0.05,

*

pm/pw =1.08 ®0,0L, ;nd s=2.6 +0.0L. o
‘ . ' . 21272
Clving, g = {[Ecpm/pw - iR y)
.~ 172 |
= [12.9% + (0.6)%)  Z:i12.5%
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oo
At C = 0.10 - ® =
T s G .
: - s
At C_ = 0.20 E ="+ 3.0 % ‘
S C
- : ]
t o
(6) Error in Jp/Js 1
£ i
Since Jp was calculated from Eq. (A-13), the relative errer in -
. -
Jp may be considered due to the error in iT and pmr only. ) _
g L, 5. 172
Giving, E = [EN“+(E )] ‘
J 1 R
P mr
- 2 2 2~ ) .
= [(1.5° + ()] = % 2.0% - : '
) ) s
JS was calculated from Eq. (A-10). In this case, however, -
' ’ Coad
the yalue of 1 was calculated using Figure (6.13). Therefore the , = . .

relative error in JS may be considered due to the error in C and Por* DY
- s i :

-

' = [ )? 2y 12

Giving, E_ = [(E.)° + (E .
. JS ‘CS : 'pmr

1/2

[(10.0)2 + (?)2] =+ 10.0 2

]

‘ , 1/5 '
and Error in Jp/Ja = [(EJ y2 4 (E; )2] =+ 10.0 % .
. . P s .

A
A

These estimates of accuracy. of the primary functions are listed
EY .

.

in Table (E-2) and appear to be within acceptable limits.

'y

~

[ P S UP U



TABLE (E-~2). Estimate of Accuracy 6f'the Primary Functions

90

ﬁescription Symbol Uncertainty
%
Average mixture velocity Vg 5.0
Reynolds number Re 5.5
Mixture density p 1.0
4 m
Pressure gradient i 1.5
t
Delivered volumetric cencentration Cg
at 5.0 % 12.5
at 20.0 % 3.0
N
Energy ratio .Jp-[JS 10.0

em

'
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APPENDIX F

TABLES OF EXPERIMENTAL DATA

AND CALCULATED RESULTS

91
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TABLE (F-1). Experimental Data For Steady Flow of Sand-A Slurries
gi ;E,: ¢ Afm Q Tamb res W v
Number |  (in.Hg) (%) (°c) °c) (lb-0z) | (litres)
. 2
101 0.501 15.0 19.5 21,0 15-13 6.45
102 0.699 38.0 20.0 8.0 24-3 * 10.35
103 1.377 40.0 23.0 10.0 21-5 8.48
104 1.289 28.0 20.0 10.0 23-12 9.85
105 0.835 38.0 21.0 6.0 23-2 5.86
106 0,545 27.0 20.0. 710 20-4 *8.94
107 0.500 19.0. 22.0 7.5 20-10 8.88
108 1.837 32.0 21.0 7.0 25-0 9.44
*109 2.167 32.0 20.0 7.0 24-8 8.77
110 2.507 40.0 18.5 7.5 30-1 10.39
111 2.884 46.0 [ 19.0 8.0 30-12 10.15
112 0.988 38.0 22.0 .7.0 19-7 8.00
113 0.734 35.0 - 21.0 . 7.0 21-2 8.94
114, 0.729 30.0 21.0 9.5 21-8 9.40
115 0.516 21.0 21.5 6.0 20-1 8.68
116 1.037 44.0 - 22.0 7.5 23-13 10.51
117 1.290 48.0 20.5 7.5 20-15 8.81
118 1.583 44,0 * 19.5 7.0 " 21-11 8.88
119. 2.050 “a0.0 21.0 10.0 26-5 10.00
120 2.348 38.0 20.5 10.5 26-3 9.53
121 2.696 40.0 21.0 13.5 25-4 8.95
122 3.184 50.0 20.5 12.0 29-4 ' 9.57
123 0.764 22.0 21.0 17.0 19-12 8.30
124 2.608 48.0 .5 20.5 27-4 9.84
125 2.381 36.0 0.5 12.0 28-2 10.58
126 2.221 32.0 22.5 |  12.0 25-8 9.37
127 2.090 23.0 2070, 10.0 23-10 8.70
128 0.695 22.0 22.0 9.0 22-1 9.45
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TABLE (F-2). Experimental Data for Steady Flow of Sand-B Slurries
=
1133;:.2[: 4Hm " Q Tamb res W v
Number | (in.Hg) (%) °c) °c) (lb—ozx\“ (litres)
Ir\ "
201 0.263 17.7 20.3 19.2 25-8 11.48
202 0.396 26.4 21.0 21.0 30-1 13.49
203 0.294 17.5 20.7 21.0 27-8 12.22
204 " 0.400 24.6 20.6 22.2 L 32-1 | 14.08
205 0.500 33.9 . 20,7 24.0 26-8 11.69
206 0.341 1}.5 20.0 23.2 26-14 1i.9o
207 0.429 20.6 20.0 24.4 27-14 12.11
208 0.447 16.9 21.0 22.0 23-8 10.32
209 0.565 22.8 20.4 24.3 26-1 10.51
210 0.517 25.3 21.0 17.0 17-11% 7.90
211 0.563 25.8 21.0 16.8 41-6Y% 18.22
212 0.602 25.7 21.0 19.2 28-9 12.34'
213 0.610 22.6 21.0 15.5 29-7 12.45
o
l\ >
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TABLE (F-3). Experimental Data for Steady Flow of Sand-C Slurries
gi;ﬁ: Alim Q Tamb . res - W v -
Number {in.Hg) (%) (OC) (OC) (lb-o0z) {litres)
301 0.577 24.6 -21.0 17.5 28-13 12.45
302 0.712 29.5 21.5 19.3 33-5 14.43
303 0.756 37.0 20.8 21.3. 39-5 17.00
304 0.773 | 42.1 21.1 26.8 33-5 14.16
305 0.341 17.3 22.0 22,0 | 27-13 12.34
306 0.461 16.8 22.0 23.0 33-15 14.69
307 0.587 19.1 22,2 24.2 36-14 15.95
" 308 0.760 24.1 22.0 26.0 36-0 15.72
309 0.760 28.7 22,6 28.1 32-9 13.59
310 0.405 17.1 22.0 21.7 31-14 14.08
311 0.622 21,7 22.8 23.0 38-2 16.30
312 0.762 24.9 22.5 24,0, 37-14 16.01
313 0.961 30.4 22,5 26.0 32-4 13.65
314 0.289 18.2 21.3 19.5 32-6 14.16
315 0.358 21.8 22.4 21.0 35-5 15.72
516 0.458 - 25.8 22.5 22,0 32-0 14.08
317 0.509 31.6 22.0 24.0 32-7 14.43
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TABLE (F-4). Experimental Data for Steady Flow of Lime Slurries

e

p-pRpst

gzta o . @ &_'/Eimb L;es Cm
Number (in.Hg) (%) (e (c)
L

401 1.897 31.8 24,0 24.0 0.072
402 1.543 16.2 23.0 26.5 " 0.072
403 ~1.778 27.5 23.5 25.0 0.072
404 ~ . 2.168 41.2 24,0 26.0 0.072,
405 2.556 0.072
406 2,766 0.072
407 2.610 0.098
408 2.882 0.098
409 2.094 0.098
410 1.794 0.098
411 1.701 © 0.098
412 2.173 0.098
413 2.036 0.077
414 1.825 0.074
415 . 1.736 0.076

h___,;;ii;/// 0.076
417 7323 0.077
418 2,093 0.049
419 1.781 0.050
420 1.624 0.048
421 1.465 0.051
422 1.390 0.048
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TABLE (F-5). Flow Conditions of Sand-A Slurt_‘ies
Data Cc v i Re i
Point - s m v
Number {m/s) mHZO/m mH20/m
)|
101 0.07 0.82 0.072 42,545 0.019
102 0.04 - 2.09 0.098 76,828 0.118
103 0.09 2.20 0.195 85, 580 0.130 °
104 0.08 1.54 0.183 ~60, 060 0.065
105 0.04 2.9§\ 0.118 72,372 0.119
106 0.02 1.48 0.076 52,842 0.061
107 0.03 1504 0.070 37,692 0.030
108 0.12 1.76 0.262 62,839 0.085
109 0.16 1.76 0.309 62,839 0.085
110 0.19 2.20 0.359 79,733 0.130
111 0.23 2.53 0.412 93,095 0.171
112 0.06 2.09 0.140 74,622 0.118
113 0.04 1.92 0.103 68,552 0.100
114 0.02 1.65 0.103 .63,418 0.075
115 0.03 1.15 0.072 39,822 0.038
116 10.02 2.42 0.147 87,706 0.157
117 0.05 2.64 0.183 95,679 0.184
118 007 2.42 0.225 86,404 0.157
119 0.12 2.75 0.296 101,249 0.200
120 0.15 2,09 0.335 82,660 0.117
121 0.17 2.20 0.388 94,540 0.129
122 0.24 2.75 0.456 113,443 0.199
123 0.05 1.21 0.109 56,991 0.041
124 0.16 2.64 0.375 122,478 0.182
125 0.13 1.98 0.341 81,679 0.105
126 0.15 1.76 0.318 72,604 0. 084
127 0.14 1.26 0.298 49,140 0.045
128 0.04 1.21 0.099 45,840 0.042




TABLE (F-6). Flow Conditions of Sand-B Slurries
N v

Data c v i Re | i
Point S~ m ' w
Number (m/s) mHZO/m - mH20/m
201 0.01 - 0.97 0.038 48,171 0.026
202 | o.01 145 | o0.057 75,231 . 0.057
203 0.01 0.96 0.042 49,808 0.026
204 0.02 1.35 0.057 72,063 0.049
205 0.02 1.86 . 0.073 103,451 0.092
206 0.02 0.96 0.050 052,430 | | - 0.026
207 Y 0.03 1.13 0.063 63,418 0.035
208 0.02 0.93 0.064 49,415 0.024
209 0.08 1.25 0.082 70,000 0.043
210 0.01 139 0.073 65,403 0.053
. ! g%
211 0.02 1.42 0.080 66,465 0.055
212 0.03 1.41 £ 0.086 70,023 0.054
213 0.04 1.24 0.087 56,122 0.043
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TABLE (F-7). Flow Conditions of Sapd—c Slurries
Data C A v i Re i
" Point s o v

Kumber (m/s) mH20/m mH20/m
301 0.03 1.35 0.082 64,323 0.050
302 0.03 1.62 0.102 80,648 0.071
303 0.b3 2.03 _0.109 106,070 0.109
304 0.04 2.31 0.112 130,827 0.139
305 0.01 0.95 0.049 50,478 0.025
306 0.03 0.92 0.067 .49,588 0.024
307 0.03 1.05 0.085 58,663 0.029
308 0.93 1.32 0.110 76,820 0.047
309 "0.06 1.58 0.111 96,209 0.066
310 0.02 0.94 0.058 '45,590 0.025
311 0.04 1.19 0.090 64,639 0.039
312 0.05 1.37 0.110 76,198 0.051°
313 9.05 1.67 0.139 97,178 0.074
314 0.02 - 1.00 0.041 50,027 0.028
315 0.01 1.20 0.051 62,260 0.040
316 0.02 1.42 0.066 75,452 0.054
317 0.01 1.74 0.074 96,777 0.081
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.TABLE (F-8). Flow Conditions of Lime Slurries

Data c v i Re 4
Point s m - w
Number {m/s) (mHZOZm) (mHZO/m)
401 0.032 1.75 0.272 97,333 0.081
402 0.032 0.89 0.222 50,065 0.022

403 0.032 1.51 0.255 85,911 0.061
404 0.032 2.27 0.311. 132,108 0.134
405 0.032 2.79 0.366 165,852 0.201
406 0.032 3.26 0.398 204,068 0.270
407 0.042 2.78 0.377 179,938 0.198
408 0.042 3.19 0.417 219,613 0.257
409 0.042 2.24" 0.303 148,025 0.130
410 0.042 1.65 0.261 113,479 0.071
411 0.042 1.37 0.246 92,411 0.050
412 0.042 2.30 0.312 134,438 0.137

© 413 0.034 2.30 0.292 133,854 0.137
414 0.033 1.89 0.263 112,351 0.094
415 0.034 1.61" 0.250 96,760 0.069
416 0.034 1.32 0.237 . 80, 204 0.047
417 0.034 2.84 0.335 177,115 0.207
418 0.021 2.84 0.302 180,168 © 0.207
419 o%022 2.21 0.257 - | 140,324 0.127
420 0.021 1.89 0.235 122,332 .0.093
421 0.022 1.58 0.212 102,267 0.066
422 0.021 0.95 0.202 61,489 0.025
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TABLE (F-9). Experimental Data for Pulsating Flow of Sand-B Slurries
at 0.22 Cycles per Second
gi;it EHmj Q Tamb Tres W v
Number (m.Hg.) (OC) (OC) (lb-oz) (litres)
501 7.72 25. 21.0 '18.0 '19-10% 8.7
502 8.451 25, 21.0 19.0 16-13 ° 7.5
503 8.150 25. 21.0 19,0 16-13 7.5
504 11.004 25. '21.0 18.0 31-11.5 13.84
505 8.781 25, 21.0. 18.5 26-15.5 11.79
506 12.157 23. 21.0 20:5 31-5 12.91
. W1
507 12.194 22, 21.0 4 | 21.5 28-4 12.00°
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TABLE (F-10). Pulsed Flow Condition of Sapd- -B Slurries at 0.22
Cycles per Second
> L}

Data C v 1 Re J /I
Point S m T : B 5
_Number (m/s) (mHZO/m)

so1 0.016 1.39 1.100 67,044 1.01
502 0.011 1.39 1.208 68,724 1.02
1503 0.011 1.39 1.165 68,724 . 1.02

504 0.025 1.41 1,572 68,009 .04

505 0.024 1.41 1.254 68,850 1.02

506 0.062 1.29 1.745 66,130 1,04

507 0.043 1.24 1.754 " 65,128 1.05
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