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12. Fluidity Characteristics of Muddy Slurry with Compressed
Air in Horizontal Pipe

Yoshikuni Oravama
Takeyuki Fuamoro
Motokazu AYUCGAI
Makoto Suzukl
Hiroya FUuguMOTO

Synopsis

In recent activities in port and harbor construction works, many efforts have
been made to facilitate pipeline transport of high-density dredged soft mud using
compressed air. The compressed air seduces the pressure head loss in a pipeline
and makes it possible to transport the muddy slurry while maintaining its density
at a high level.

Separation of the compressed air from muddy slurry in a reclamation area is
extremely easy and the water content of the muddy slurry is very low so the
necessary volume of reclamation area can be reduced to a minimum. The amount of
spill water from the reclamation area is small, so environment problems do not
emerge. This system has a possibility of greatly reducing the overall cost currently
associated with conventional reclamation.

However, the compressed air mixed slurry transport systems are now designed
based on experiences in the past. It is strongly required to establish the method for
designing the muddy slurry transportation system.

Therefore, we carried out laboratory tests to clarify the fluidity characteristics
of muddy slurry with compressed air and we succeeded in simulating the flow and in
estimating the pressure loss through a pipeline. In the simulation, we use a flow
model in which the flow is composed of perfectly separated air and mud.

To demonstrate the simulation and estimation method, we carried out field
tests on systems in Mie and Kumamoto reclamation area. The measured pressures
are always vibrating. We obtained the portions of air-mud mixed slug through the
pipelines from the pressure vibrations.

Applying the developed method to the field tests, we found that the actual
measured pressures corresponded with the estimated pressures derived from the
method.

Key Words: Non-Newtonian Fluid, Slurry with Compressed Ailr, Slurry
Transport with Compressed Air, High Density Slurry Transport,
Dredging and Reclamation
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Pluidity Characteristics of Muddy Slurry with Compressed Air in Hoerizontal Pipe

1. Introduction

For slurry transport using mixed air, various methods have been utilized mainly
for civil engineering works on land and at sea, including air 1ift method for large water
depthtx®, transport of foam soils by pumping in shield work®, transport of muck by
wind force®, and dredging works using various pneumatic pumps®.

Also, studies on the flow of three-phases of gaseous, solid and liquid where the
solid-liquid slurry itself behaves as Non-Newtonian fluid are being carried out in the
areas of chemical industry and food industry®.®,

With these research achievements and records as background, high-density
muddy slurry with extremely low fluidity has frequently been handled during port
construction works in recent years. The transport of this kind of muddy slurry by
ordinary dredging pump was conventionally considered to be very difficult. To
overcome this difficulty, trial runs using mixed air have been made in many
cases. This transport method is advantageous in that the apparent pressure gradient
in pipe is reduced by mixing in compressed air and the transport is possible while the
density of the muddy slurry is held at a high level; this method is greatly different from
the conventional method in which the fluidity characteristics of high-density muddy
slurry were lowered by adding water.

Separation of air from the muddy slurry in the reclamation area is extremely
easy, so that the volume of dredged sediment in a reclamation area can be reduced to a
minimum. In consequence, the amount of excess water to be treated at the reclamation
area can be reduced. In short, this method has a possibility of greatly reducing the
oversll cost normally associated with conventional reclamation.

However, the compressed air mixed slurry transport systems being tried at
various places are now often designed based on experiences in the past. It is now
strongly reguired to establish an adequate method for designing muddy slurry
transportation system even for the purpose of evaluating its economy.

Therefore, we clarified the changes between the fluidity characteristics of muddy
slurry alone in the horizontal pipe and the fluidity characteristics of muddy slurry with
compressed air mixed based on the results of laboratory experiments on muddy slurry
transportation in order to obtain the basic data for making a comparative review on the
fluidity of muddy slurry mixed with air in conformity with the site conditions for works.

Moreover, the resulis clarified by the laboratory experiments® were verified using
field data from construction works, and we predicted the situation of fluidity in pipe at
the appropriate field scale and reviewed the method which will be able to realize the
evaluation and design of a proper transport system in consideration of both efficiency
and economy.

2. Laboratory Fluidity Experiment Equipment and Air
Pressured Plant in the Field

2.1 Laboratory Fluidity Experiment Equipment and Experiment
Methods
The solid-liquid slurry adjusted to a constant density in the slurry tank is sent to
a solid-liquid slurry measuring portion and air mixing portion through a slurry pump.
Thereafter, the slurry passes the gaseous, solid, liquid, three-phase flow measuring
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portion comprising a horizontal pipe and reaches the outlet of the pipe. The slurry
containing air is released to the atmosphere, that is, the inlet to tank, and slurry is
recovered fo the tank again after the separation of gaseous phase, Outline of the whole
of the fluidity experiment equipment comprising loop arrangement is shown in Fig. 1.

The pressure loss measuring portion is a transparent acrylic pipe 4 m long and 82
mm in inside diameter. Two of the above are used at the front and rear of the air
blowing portion. That is, even in the state where air is mixed, the fluidity state of
solid-liquid slurry containing no air under the same transport conditions can be
observed and measured at the same time. Density of solid-liquid slurry during
experiment is obtained from materials sampled in the tank.

Also, the mean void ratio within the horizental pipe mixed with air was
determined by measuring the liquid surface level in the tank. Moreover, as a trial, we
determined the absolute velocity of air slug and liquid slug during air mixing by
photographing the motion of plastic balls in the pipe with a video camera. In fact, the
behavior of small acrylie balls 9.5 mm in diameter and 1.15 in specific gravity in the
pipe was captured with the video camera and was analyzed.

5501990 4080 . 4190
’ ‘ ] o )
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Fig.1 Schematic diagram of flowing test loop

2.2 Outline of the Air Pressured Transport Equipment in the Field
and the Measuring Method
2.2.1 Field Measurement in Mie
Figure 2 shows the outline of the air pressured fransport system used in
Mie. This was used for dredging works performed in Inabe Town, Inabe County, Mie
Prefecture for transporting waste slag to a dumping place 1300 m away after cutting
stone material.
Whole of the air pressured transport equipment including the dredging machine
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Fluidity Characteristics of Muddy Slurry with Compressed Air in Horizontal Pipe

was set on a pontoon; mud collected by a marsh travelling vehicle is placed into a
hopper by backhoe. A screw pump is connected to the bottom of the hopper; and muddy
slurry pulled out by the screw pump is slightly pressured by a centrifugal pump and
sent to the air blowing hele. This point is noted as P, in the figure.

The transport pipe is gradually raised in increments of approximate up to the 600
m point. However, the length of sediment slurry phase in the pipe is much smaller
than that of the gaseous phase, so that pressure loss due to this elevation can be almost
ignored.

Distance from air blowing hole to pipe outlet is 1,300 m and pressure sensors are
installed at the intervals of 300 m from P,~P; as shown in Fig. 2. Table 1 shows the
principal specifications for the air pressured transport equipment.

SCIER PURD

hopper

FIELES

beskhoe

ntlet
I 4 1

—=—{ T [ FlIr ] Pa: 6O0M £.:900m Fui1200m
P»:300m
P 0m
1300m
Fragsure pulp T 3
barge Py~Ps: FPRSSUME MEASUTING point
Fig. 2 Schematic diagram of field plant pipeline in MIE
Table 1 Specification of fleld plant
Mie: air pressure plant { 100n/h } Kumamolo: air peassure plant € 300m°/4 )
Dazterial nud_{ 30% over railo of noistore contant ) awl { BOY over raito of meisture content )
2)pressurn capacity 100(n’/h} ¥ 1300{m) ¢ nominat } 130{m*/h) X 1000} x2 { nominai )}
I)transportable maxizum B0{ra} 120{na}
dianeter
4)horsepover of dynamo / electrie power supply; AC220(Y} S0{llz) 3¢ 200{k¥a) main dyname: [938{FS)x1, 300(PS)=2
electric pover supply auxiliary dynamo: ZAG{PS}x 1. 16.8(PS) x|
soapressor: 203{PS) X Ax Iset
Sldiameter of pige 3504 3004
&}backhos Lala'} 2.0(n'}x2
T facilitios ayaud pusp -dianeter of serev | 300 (aa} a}mud pusp sdiameter of screw 370{ca)
nater 45{k%) 8P -gotar 90 (kv} &P
-zontrol system ¥YUF -goatro} systen VYV
tdinlet racility { -motor 22{kw) 4F Bnixer “type trin paddle
-eontrol system ¥YVF -dianeter of paddle | ¢ 700(an}
‘potor 18. 5{%¥) 4F
c)eoapressor -netor S5{km) &P ¢)compressor gotor 132(kw) 6P
aotor | rstarting nethod slar-delta sotor | rcontrol systes TVYE
dYhopper ‘mesh 300 () X 400 (am) dvibration ~pesh 30{nr} x 80 (an)
~dimenston 2580 {na) % 2500 {pn) sereen | -motor, 15{kv) 4P
elerasher “otor 1. 5{ka) 42 e}sorter -nesh 300(ra} % 400 (sa}
B)conpressor 10{Hs* /min} X8 21. 280"/ nin) X T(kaffen’} x4 st

The measuring work was performed on 1st Dec. 1990. The items of Table 2 were
recorded continuously with pen-recorder. As the recording speed of the data of Mie
was slower than the data of Kumamoto, it was at times difficult to catch the change of
data clearly like that of Kumamoto.

Table 3 shows the list of work achievements such as the mean air discharge for
each measuring case, and mean slurry discharge, ete. And the air discharge is calculated
from the rated capacity of compressor; this is the same for the case of Kumamoto.
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Table 2 Measuring item and measuring method

Yia

Kunancto

AeAsuting itens

neasuring nethod

measuring itess

measuring sethod

prassurel screw~puap )P, ., pressure gage pressuref serow-pump ) P., | pressure gage
pressurel  Om } Py pressure gpage pressure(  dm ) P, ! pressure gage
pressure{ 300n ) Ps pressure gage pressuref{ 150n ) P, pressuce gage
prassure( §00m ) Pa pressure gage pressurel 330n ) Py pressure gage
pressure{ 900m ) P pressure gage density of slerry 7 -tadistion density meiler
pressare{1280n ) Py pressure gage [low rate of adding water electromazgnetic flovneter

flow rate of slurry

electronagnetic [lowneter

flow rate of slurcy

aleetronagnetic flovaeter

pover of inlet motar

anpere neter

revalutlion of screw

tachonetar

pover of screw aplor

anpere meigr

revolution of pressure pump

tachoneter

appere of punp nmotor

anpere neter

anpere ol screw agtor

anpere meler

revolution of inlet

nolse dstector

ampere of pressure pufp motor

aAppers fpeter

revolution of serew

pulse deteetor

pressurel air pigeline ) P..

pressure gage

density of slurry

analysis after sampling

Table 3 List of average measuring field data

2.2.2 Field Measurement in Kumamoto

HIE KUMAMOTO
Hean particle size { 50% ) doy20.008 { rm ) mean particle size { 50% ) aa=0.035 ( on )
aean sfurry ture specific gravity 7. =18 mean slurry ture specific gravity 7. =2, 584
conmon | mean sturcy density o 2t { g/t ) aean slurry density £n =LE00 { kg/n' )
value rated fiow of one compresser 10 { Ha/nin } rated flow of one conpressor 2.2 ( Ha® fuin )
diameter of diseharge pipeline 3504 (=339.8{ rm }! dianater of discharge pipeline 1004 {=304.7( an )}
length of discharge pipeline 1300 {(n) tength of discharge pipeline 157.8 (a )
pressure measuring point 0. 300. 6§00, 900. 1208 { n ) || pressure neasuring point 0,150,330 (o}
the nuaber of compresser {§ {=60 { Ne'/ain )} tihe nurber of compressor i3 [=63.4 ( N='/min }|
case | |mean slurry flow rate 19.68 (a'/h } mean slugry fiow rate U5 { a0}
nean slurry velocity 0.152 { nfs ) mean slurry velocity 0.947 { n/s)
mean slurry depsity 1463 { kgfa' ) nean_slurry density 1598 { xg/n’ )
the nuuber of compresser |5 {=50 ( ¥a'/min )} the nunber of compressor | 2 [#42.4 { ¥a'/nin })
case 2 {nean slurcy [low rate 51,53 (na'/h ) rean slurry flow rate 270.0 { a’/n )
nean slurry velocity 0,176 { n/s ) pean siurry velogity 0.842 { n/s )
pean slurey deasity 1446 { ke/n’ ) nean slurry density 1818 { xg/’ )
the nunber of conpregsor {4 {=40 { No'/ain )}
case 3 |mearn slurry [low rate 33.9¢ {a'/h}
mean sluery veioeity 0.104 { n/fs)
aean sturcy density 1440 { ke/m' )
the nunber of compressor |8 {=80 ( ¥n®/nin }|
case 4 | mean slurry flow rate 30.07 { R*/h )
mean slurcy velaeily 0.092 { v/ )
gean slurry densily 1420 { kg/n' }

In Kumamoto, sediment is dredged from a mooring basin and seaway and is

shipped by sealed barges and then discharged to a reclamation area from the barge by
an air pressured transport planta®. This plant is the pipeline transport system of high
density mud with air mixture called 4th Construction Bureau Type, the same as that of
Mie. In this paper, the various continuous data gathered by the construction work
were compared with the result of the iaboratory experiment and the data of Mie.

Figure 3 shows the situation of overall piping and pressure sensors

installed. Length from air blowing portien to the pipe cutlet is 358 m, and pressure
sensors are installed on the pipe at 4 positions of B,,, P, P; and P;.

Supply of sediment to the air pressured transpert equipment is performed by

using a backhoe from the barge berthed to the pontoon exclusively for the air pressured
transport equipment. The same as the case of Mie, sediment supplied to the hopper is
pushed out by the screw from the bottom of hopper to pipeline.
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Fig. 3 Schematic diagram of field plant pipeline in KUMAMOTO

The muddy slurry pressured by a centrifugal pump meets air blown to the
pipeline at point Py P,, in the Figure means the pressure of slurry at the inlet of

pressuring pump.

Figure 4 shows in detail the portion downstream of the air blowing portion on the
pontoon for the plant. A y-radiation densitometer and an electromagnetic flowmeter
are set between a pressuring sand pump and the air blowing portion. Therefore, the
values measured at this portion express the density and discharge of slurry alone

containing no air,
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Fig. 4 Schematic diagram of field plant pipeline in KUMAMOTO
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Pipe diameter downstream of the air blowing portion is 304 mm, and this pipe is
connected to an air supply pipe 100 mm in diameter. In the figure, P, is an air
pressure sensor for blowing air immediately before meeting slurry. Table 1 shows the
main specifications of the plant and Table 2 shows the measuring items and

methods. The measuring work was performed under the working conditions as shown
in Table 3 on 4th Sept. 1891,

2.3 Sediment Used in Laboratory and Field Experiment

Figure 5§ shows the particle size aceumulation curve for muddy slurry used in
Mie, and its 50% mean particle size is 0.008 mm and true specific gravity of particles is
2.65. Also as understandable from the grain size distribution in Fig. 6, the 50% mean
grain size of Kumamoto is 0.035 mm, which is larger than that of Mie, and the true
specific gravity of particles is 2.684.

-
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@
e - °:
o 0 W
(=1
m Mfg - k F
70 == v + 0z
= ‘
10 —— - i n —
T -t =
a — S| e o e e
10 0 10 il A
particle size distribution ( wa }
clay | siit i fine sand | coarse sand| gravel
2.0 0.005 C.C7% 0.425 2z
Fig. 5 Particle size accamulation curve in MIE
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Fig. 6 Particle size accumulation curve in KUMAMOTO
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3. Fluidity Characteristic of Solid-Liquid Slurry

3.1 Characteristics of Pressure Gradient of Muddy Slurry in Pipe

Figure 7 shows the pressure gradient when fresh water and mud (specific gravity is
1202 kgf/m?) flowed through an acrylic pipe used in the measuring section in laboratory
experiment; it is indicated by the pressure loss per unit length relative to velocity.

By comparing the flow of fresh water and muddy slurry, it can be said that in the
case of fresh water, the whole range of this experiment is a turbulent flow zone but in the
case of muddy slurry, the laminar flow portion continues up fo a considerable
velocity. Because of this, it is characteristic in that the increasing tendency in pressure
loss relative to the muddy slurry at the laminar flow portion is very flat compared to the
fresh water. Also in Fig. 7, an apparent transition from the laminar flow to the
turbulent flow zone can be recognized.

Therefore, in order to find the fluidity characteristies when air is mixed during such
slurry flowing, it is necessary to arrange the flow pattern shown in Fig. 8 and to
estimate the fluidity characteristics of muddy slurry alone.

Here, the pressure loss during muddy slurry flowing will be reviewed by the method
explained below including the transition region from laminar flow to turbulent flow.

di3i8.882 {(a) ,..AYDATA,KKZ and N5 gawsa=]282{kef/a3}

e N
£ :
SRR .
P~ o
= ]
~x p
L e p:
7
ba = _ : 0
8.0 9.3 1.8 1.5 2.8 3 38 3.5 A3 O shearingvelocitySV(l/S)
u. (m/s)
Fig.7 Velocity u, and pressure loss D, /L for Fig. 8 Classification of fluid flow
clear water and non-Newtonian slurry characteristic

3.2 Rheology Parameters for Power Law Model

Power law fluid is characteristic in that the shear stress is not linearly
proportional to the velocity gradient. That is, the flow curve is expressed by exponents
as shown below, it is called the {luid of exponent or power-law fluid. Also, if the
exponent n is smaller than 1, then the fluid is called the psuedo-plastic fluid. (Refer to
Fig. 8). The shearing stress at discretional point in pipe can be expressed by

n

d

1=K- (_ ﬁ) (1)
dr

where, T is shear stress, u is velocity and r is a distance from the center of pipe to the

outside. From the velocity gradient of Eq. 1, it can be integrated under the condition
that the fluid does not slip on pipe wall, and the velocity distribution in pipe can be
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expressed by
1 I n+d
uzn'r°).(1_°)n. 7|7y ® (2)
n+ 1] \K l s

where, 7, shows the shear stress at pipe wali r,.
Now, if the mean velocity in pipe is u,, then a relational expression using the
mean velocity can be obtained by integrating the Eq. 1 again. That is,

n
Sus

D

w=K- (Qﬁ"f_f)n (3)

4n

(8u,/D) in Eq. 3 is called the shear rate or shear velocity.
If the shear stress 7, on wall surface and shear velocity determined from the flow

data in pipe are plotted on logarithmic coordinates, and the results are almost a
straight line in laminar flow portion, then

n'

Su,

D

T=K.

(]

4

where, u,: Velocity of slurry
D : Pipe diameter
In the above equation, K* and n’ are determined. Figure 9 shows the results of
finding shear stress from experimental data which are plotted together with shear
velocity on a log-log graph. In this figure, the lateral coordinates S, means the shear
velocity (8u,/D).
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Fig.9  Shearing velocity S, and shearing stres 1 for MIE’s slurry (p; = 1202 kg/m?®)

That is, from Eqs. 3 and 4, the rheology parameters for the power law model of
pseudo-plastic fluid can be determined as follows:

n=n

K=K

4n )" (5)
3n+ 1
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By plotting n (rheology index) obtained above and K (consistency coefficient)
relative to the slurry density, it can be known as shown in Figs. 10 and 11 that the
rheology parameters have a strong correlation with the slurry density. From these
tendencies, the value for the mud in the field of Mie is estimated in this paper. Namely
the values for the density of mud in the field of Mie is 1440 kg/m3; thus the following
can be obtained:

n=0. 072

K=218. 0{(Pa.sn)

Table 4 summarizes the parameters derived from the laboratory experiment and
the result of the estimation.

107 = 0P Y . — - .
: : © ;rheoloey parameier (laboratery test mut ) © : consistency coefllcient {laboratory test cud} "':f.:' B e
"} : rheology paraseter (ficld test oud) B : consistency ceefTlicient {fleid test oud) E !
S 107 frduirier e
e
N .
n g p——
N
-1 ‘.
L B
T SEEHERS
U
1000 Hm 1200 1300 1500 1500 1600
pi(kg/m")
Fig. 10 Slurry density p;and rheology Fig. 11 Slurry density p,and consistency
index number n coefficient K
Table 4 Physical properties of mud slurry
Mie Kumamoto
Ot n K £ JI Ty
{kg/m*) (Pa-s") lf (kg/m*) {Pa-s) (Pa)
1106 0.56 0. 1646 1202 0.00853 2.612
laboratory 1141 0,43 0.3753 1273 0.014 6.00
experiment 1202 0. 31 1. 680 1388 0,03054 23.38
1258 0. 24 4,485
1309 0.15 13.21
field 1440 0.072 1 218.0 1600 9.12% 260.0
experiment

3.3 Rheology Parameters for Bingham Fluid

Figure 12 shows the results of experiments on the mud taken at Kumamoto and
transported; the experiments were conducted by using laboratory fluidity experiment
equipment. As a result of trial and error, it was clarified that the fluidity model should
be rather handled as a Bingham fluid model instead of considering a power law model
in view of the method of change in laminar flow portion and the situation of transition
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Fig. 12 Shearing velocity pyand shearing stress 1 for KUMAMOTO’s slurry

to turbulent flow, being different from the case of the mud in Mie.

In this case, the fluidity parameters are determined as follows:

In the Bingham fluid model, if the shear stress is T at the point with a distance »
from the center of pipe and the yield stress is 1,, than the shear stress for velocity
gradient can be expressed as follows:

’E-Ty=f,LB-(——) 2T, (8)
dr
ail . 0 <Yy (M

As understandable from Eqgs. 6 and 7, the velocity becomes constant near the
center of pipe where 1 < 1, since there is no shearing stress, and the velocity
distribution will have a form of plug at the center of pipe.

Now, if the radius from the center of pipe for plug pertion is r, and the radius of
pipe is ry, then
Y (8)
T{J

a=

o |.,‘:"‘£

This “a” i{s called the specific plug radius. By using the specific plug radius a and
Eqgs. 6,7 and 8, the velecity u at a given point in the pipe can be expressed by

Bl II-2a+2a-(L _(1}21 (9)

u=2-pﬂ 1 r r I

4] 23
Now, if the mean velocity in pipe is u,, then the following relation can be obtained

between shear rate S, and shear stress 1., at pipe wall:

8-u3
U=
D (10)
T 4 a4
=2 |1-Ze+
Up 3 3
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Since at = 0 can be deemed in the region where S, is large, the following relation
is obtained:

4
L= HB'SﬁETy (1D)

That is, if shear stress 1, at wall surface obtained from experiment data is plotted
relative to shear rate S, and this becomes a relation close to the Eq. 11, then the
muddy slurry being considered can be handled as a Bingham fluid model. The fluid
model explained above was determined by considering the points stated here.

By applying Eq. 11 to the laminar flow portion of these data, the yield stress 1,
and the Bingham viscosity coefficient pz can be determined. There were four kinds of
muddy slurry density in the laboratory fluidity experiment for Kumamoto mud. As
shown in Figs. 13 and 14 1,, g changed for each density. From this tendency, the
following values were obtained for the density of 1600 kg/m? of the mud in the field of
Kumamoto:

1, = 260.0 (Pa)

pg=0.125 (Pa - s)

Table 4 summarizes the relation between the density and %, P in the laboratory
fluidity experiment and the values of 7, and pp estimated for the mud in field. Of
course, each correlational equation agrees with the mud used in Mie and Kumamoto,
but it has no generality.

When determining the transport conditions while adjusting the density of mud in
the field, the rheology parameters for a given value of slurry density can be determined
by cbtaining such a correlation by a certain methed.
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8.4 Method of Estimating Pressure Gradient in Pipe
The pressure loss per unit length of solid-liquid slurry during flow through pipe
can be determined as follows:

2
4. f' pr' H.s
2:D
where, f is Fanning’s friction loss coefficient and p;is the density of shurry.

The flow gradient in the case of fresh water is flown in the acrylic pipe which is
used in the measuring point of this experiment is ealeulated by Eq. 12. The pipe

D,/L= (12)
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friction loss coefficient f,, is usually calculated by Blasius’s equation etc. In this case,
the experimental equation which agrees with the actual fresh water flowing data is
decided as follows.

Fuw=0.048 - Ry %
(13)

Ry =P Dy
ey

If p, is the coefficient of viscosity of fresh water:

This has a slightly different tendency from Blasius’s equation and is extremely
close to the equation by Knudsen and Katzun,

The ways to determine the pipe friction loss coefficient for solid-liquid slurry are
shown separately for power law fluid and Bingham fluid.

When Metzner-Reed’s Reynolds number 02 is given by
n (3-n}

Doy "
Rap=L = .g.| " (14)
K 6n+2

then, the friction loss coefficient for the laminar flow portion can be obtained for the
following value:

fe b (15)
Remr

That is, if a deformed Reynolds number adopting a rheology parameter as shown
in Eq. 14 is selected, then the friction loss coefficient can be obtained in the form of Eq.
15 the same as ordinary Newtonian fluid with respect to the laminar flow portion.

Finding f from Eq. 15 and computing the pressure loss is applicable for the
laminar flow portion because the relation of Eq. 3 was established for laminar
flow. Expressed reversely, with respect to the portion deviated and shifted from the
laminar flow to the turbulent flow, there will be no guarantee whether the rheology
parameters determined in the laminar flow range are effective or not. However, here,
the rheology parameters were used for uniform handling even at the transition point to
turbulent flow and in the transition zone,

With respect to the transition from the laminar flow to turbulent flow, we
graphiceally determined the transition point from experimental data and the critical
Reynolds number reported by Masuyama et al., 4% indicated below.

=2240-(2n+1)-(3n+2)
(3n+1)2

Remre (18)

Then, we compared the critical Reynolds number R,ure and the transition point
obtained from the graph of the experimental data. The result of comparison with the
transition Reynolds number obtained from the experimental data and the eritical
Reynolds number of the Eq. 18 is shown in Fig. 15. It can be said that both agree
fairly well. These results were also compared to the critical Reynolds number
determined from the friction loss coefficient at transition start point by Ryan and
Johnsont4 indicated in Eq. 17; it is shown that Eq. 17 shows the reverse tendency of
Eq. 16 particularly in the portion where the rheology index n is small.
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Rem'fc=—16;404
(n) an
n+2
@(n)=w.(1_ el
n n+2

Here, the transition point from the laminar flow will be computed by using Eq. 186.

With respect to the turbulent portion deviated from the laminar flow, the friction
loss coefficient is calculated by the following equation by considering the exponents in
the empirical formula (13) related to the friction loss coefficient during water supplying
obtained from experimental data:

R -0.2

f=fe (ﬂ] (18)
ReMRC

where, f. is the value of Eq. 15 substituting the critical Reynolds number determined

from Eq. 16, That is, the friction loss coefficient at the turbulent portion takesf, value

at the critical Reynolds number and thereafter changes with the same exponent of the

friction loss coefficient during water supplying.

The pipe friction loss coefficient f determined above was compared to the value
derived from experimental data faken at the portion where the laminar flow portion
and laminar flow transit to turbulent flow, and one example of this is shown in Fig.
16. Almost satisfactory results were obtained even in the transition zone to the
turbulent flow. However, within the range where the Reynolds number increases
further, f will naturally approach the line for fresh water; if the range with a much
larger Reynolds number is considered, it will be necessary to newly review the function
proposed by Kemblowski et al., a5,

In Fig. 17, the pressure loss per unit length for solid-liquid slurry caleulated from
the Eq. 12 by using the pipe friction loss coefficient derived as stated above is compared
to the experimental data. This figure shows all data of all experiment cases at once.

On the other hand, there are various equations for the indication of the Reynolds
number for Bingham fluid model; Tomita’s method will be adopted here.

Now, if the following conditions oceur,

cu, D

R,=% 7 (19)
Hp

= 1-2q4+2 (20)
3 3

then Tomita’s Reynolds number can be given by
Rept=Rep & - (1-a) (21}

By using this Reynolds number, the pipe friction loss coefficient ffor the laminar
flow portion can be determined by the following deuations:

fu=d6. (22)
Ryt
f=for-(1-a) (28)
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For the turbulent flow zone, the following is obtained by using Karman-prandtl’s
equation:

I —g.loglRu-VFul-04 (24)
‘ [
Y F o /

Conversion to the final pipe friction loss f is performed with Eq. 23.

Also in this paper, the transition from laminar flow to turbulent flow for Bingham
fluid is not specially discussed, and the friction loss was calculated by using the larger
value of the two friction loss coefficients deseribed above. In consequence, this kind of
method seems to agree fairly well with the situation of data transition obtained this
time.

Figure 18 compares the pressure loss per unit length calculated from Eq. 12 to
the laboratory slurry transport data by using the pipe friction loss coefficient obtained
as explained above. The results agree fairly well for both the laminar flow portion and
turbulent flow portion. From this, the validity of handling the Kumamoto mud by
Bingham fluid model can be understood. In general, it also seems appropriate to use
the Bingham fluid model for the Kumamoeto mudas,
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4. Fluidity Characteristics of Slurry with Compressed Air in
Horizontal Pipe (Laboratory Experiment)

4.1 Mean Void Ratio in Horizontal Pipe

Generally, a flow containing air and moving through a pipe dose not always have
the same velocity for different phases, therefore, the proportion of gaseous phase at a
certain part of the horizontal pipe, that is, void ratio o, normally has a different value
from air discharge ratio X,. Here, X, is defined by

XU - Qa
Qo + Qs
Q , is the amount of air; and the amount of air divided by the cross sectional area
of pipe A, is called the apparent air velocity and given by
Qa
u{l [ qu—
A

In the same manner, @, is the discharge of liguid or solid-liquid slurry and its
apparent velocity is expressed by

=28 @27)
A

(25)

(26)

Therefore, if X, is expressed by respective apparent velocity,

Xy = to (28)
Ug T Us

Normally, the actual measurement of void ratio is an extremely difficult task, and
thus few achievements on the estimate of void ratio obtained in the past are utilized in
most cases. However, the void ratio is an important parameter for analyzing a flow
containing air, and the error in estimating the void ratio will greatly affect the results.

Therefore, in this research, the average void ratio was measured by the method
stated in the paragraph for experiment method, and the conventional void ratio
estimating equation was corrected by using the average void ratio.

Inoue et al.,!” made a dimensional analysis of the relative velocity ratio to each
phase of gas and liquid and finally obtained the equation containing influences by
density ratio and discharge ratio of each phase.

In the equation, the air discharge ratio X, is introduced and then summarizing by
void ratio o, the following formula is obtained:

o= (29}

0.48 0.25
1-X 1-X
I+Bk‘ pi N Y + .
X X

v b

Here, the influence of discharge ratio and density ratio upon the void ratio was
made the same as in original equation and then B, suited to this experiment was selected
by comparing the Eq. 29 to the data related to the measured void ratio and air discharge
ratio at that time. Whereas B, of the original equation is 0.025. Comparison of Eq. 29
and measured data is shown in Fig., 19 and Fig. 20. From both the figures it can be
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Fig. 20 Air flux ratio X, and void rate o for air and shurry in laminar flow

known that considerably different values occur between the turbulent flow mainly
comprising air and liquid and the muddy slurry in the laminar flow portion. In the
turbulent flow, 0.026 close to the original equation of Inoue et al., oceurs but the laminar
flow has 0.045, thereby suggesting that the velocity distribution is considerably different.

Whereas the void ratio js obtained by the laboratory experiment where the air
discharge ratio is rather small, in the air pressuring plant a = X, was considered in
most portions where the air discharge ratio is considerably high.

4.2 Velocity at Each Portion Containing Air

A flow containing air in a horizontal pipe can be schematically indicated as shown
in Fig. 21. Now, an axis moving on air slug is £ axis and the continuity of strrounding
liquid will be considered from this £ axis (8, then

A{V,-V,)=A(1-0)-(V,-V,) (30)
by arranging the above,
Vf=Vs_°{r'Va (31)
1-o,
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Fig. 21 Schematic diagram of air flow in horizontal pipe

can be obtained. Here, o, is void ratio considered from the center of pipe in the radius
direction. And if the void ratio in the longitudinal direction of pipe is @, then the
following relation occurs:

-1

o= (32)
L

Amount of air @, supplied per unit time is
AoV, -1

Qu=-——fﬁg—E—Ji (33)

F4

Therefore, the absolute velocity V, of air slug from Eq. 32 and Eq. 33 is given by

[23
Vv, =2 (34)

o
On the other hand, the amount of liquid flowing in unit time, @,, is expressed by

AV .l A-ll-o) Vel
Qs= CARL ( ur) f *a (35)
) l

& Z
From this equation, V;and ¢, can be removed by using Egs. 31 and 32, then

Qs=A'Vs—A'01‘Va (36)

By substituting Eq. 84 in the above equation, the absolute velocity V, of liquid
slug portion is as shown below independently from void ratio.

Vs=ttg + Us 37

Velocity at each portion thus obtained was compared to the measured values
obtained by photographing, with video camera, the colored plastic balls flowed with
fresh water containing air and by analyzing their speed.

Figure 22 shows a plot of the absolute velocity of liquid in a liquid slug portion. It
agrees fairly well with Eq. 27, but some data is significantly low. This seems to occur
because the velocity of plastic balls held below air slug was also included during video
camera analysis. For instance, Fig. 23 shows the data only when the plastic balls are
fully located below air slug, and the values are considerably smaller than V.

This velocity is theoretically given by Eq. 31. Calculating formula in the Figure
is based on the assumption that the void ratio in pipe radius direction is equal to the
void ratio in the longitudinal direction of pipe, and computation is made when u, is
maximum and minimum. Equation 81 and experimental data agree fairly well.
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Fig. 24 Velocity u, and pressure loss D, /L for air injected clear water
Generally, the Nicklin’s equation shown below is used for the air phase velocity.
Va =1.2. (UQ + us) (38)

However, it is considered that o= X, in actual plant as mentioned before, it is
subject to take V, = V, neglecting the slip between gas and slurry.

4.3 Pressure Loss in the Horizontal Pipe during Air Mixing

Figure 24 is a an example of showing a change in pressure loss when air is mixed
while fresh water is flowing. In the case of fresh water, the pressure loss increases
without exception when air is mixed.

Now, Fig. 25 ~ Fig. 28 show the change by density in pressure loss per unit
length when air is mixed in muddy slurry.

Data shown here includes the data where air volume is zero (¢, in Fig. 24 ~ Fig.
28), and these data naturally agree with the pressure loss equation for Non-Newtonian
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fluid obtained in Chapter 3. The slurry velocity at that time as standard state, the
pressure loss is measured by gradually increasing air volume. Therefore, by
considering mainly the pump, the resistance of the whole system fluctuates depending
on the amount of mixed air. Particularly there is a vertical pipe portion almost 3 m
long in this experiment equipment, and the air 1ift effect of this portion will increase
when the slurry veloeity is smallas,

In the pressure loss data in Fig. 24 ~ Fig. 28, the slurry veloeity fluctuates
relative to the volume of blown air for the reason stated above.

Thus, the shurry velocity varies for a reason peculiar to the experiment
equipment; therefore when reviewing the change in pressure loss during air mixing, in
the strict sense of the word, it is necessary to make a comparison with the pressure loss
value (for example, calculated value in Chapter 3) of muddy slurry containing no air
relative to slurry velocity changed.

Under the prerequisite stated above, the effect of air mixing relative to the
pressure loss per unit length of muddy slurry was checked, and the results were found
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to be almost the same as the case of fresh water when the slurry density was
low. However, if the density was high, the pressure loss sometimes decreased by
mixing air, and this tendency was more significant as the density increased.

4.4 Horizontal Directional Separation Model and the Estimate of

Pressure Loss

In a three-phase horizontal flow of gas, solid and liquid containing muddy slurry
not easily settled and having a high air mixing ratio, it is more realistic to consider a
model of which solid-liquid phase and gaseous phase are separated horizontal
directionally.

That is, in Fig. 21, air slug should be considered well developed. At that time, how
the velocity will be at each portion is calculated from the resulis of 4.2 and shown in Fig.
29. It can be known that value of V; decreases as air volume increases, and air phase
velocity V, is not so great compared to liquid slug velocity V,. Realistically thinking, flow
loss of air phase is much smaller than liquid slug portion; the mean velacity of the whole
can be considered as the liquid velocity V, in liquid slug, and even the solid-liquid and
gas are moving at V,, no great loss occurs in the estimate of pressure loss.

That is, the pressure loss of the whole can be considered as a single loss divided by
void ratio o of the portion being considered when the solid-liquid phase and gaseous
phase are respectively flowing at the velocity V,. This can be expressed by

Dy/L=d, (1-0)+d, ,-a (39)

Here, d, , is the pressure loss per unit length when the solid-liquid phase is flowing
at V, and should be calculated by the method described in Chapter 3.

Also, d, , is the pressure loss per unit length when the air phase alone is flowing at
velocity V,. As the friction loss coefficient, it is calculated from the pipe friction loss
coefficient during fresh water transport of Eq. 18. Also, as shown in Eq. 37, V, is defined
as the sum of apparent velocity u, when the gaseous phase is assumed to flow alone and
the velocity u, when the solid-liquid phase is assumed to flow alone.

As stated in Par. 4.1, the void ratio is from the correlation between air discharge
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ratio X, and measured void ratioc but the coefficient of the equation by Inoue et al., is
slightly revised and used. Coefficient B, is 0.045 for laminar flow and 0.026 for turbulent
flow.

When the fluidity characteristics of solid-liquid slurry are apparent in the above
method, the pressure gradient with mixed air gradusally can be calculated. Figs. 30~34
compares the change in pressure loss when air mixing ratio increases between the
calculated values and measured values,

As stated above, individual solid-liquid slurry velocity, that is, u,, of experimental
data is not constant, the calculated values are determined in alignment with respective
u,. Also, the indication in the figure is not the pressure loss per unit length but a ratio to
pressure loss per unit length of muddy slurry containing ne air having u, at that time.

It can be said that the Eq. 39 shows that the calculated results are very close to the
actual change from fresh water to high-density portion. Particularly, the changing
tendency when the pressure loss ratio decreases below 1 at the high density portion is
reflected relatively well, and the method used this time using the horizontal directional
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separation model seems to explain fairly well the fluidity characteristics at horizontal
pipe of muddy slurry mixed with air.

That is, if air is mixed in fresh water or low-density slurry in the horizontal pipe,
the mixing of air will result in the increase in pressure gradient, but it was found that
flowing sometimes occurs at the resistance smaller than its own pressure gradient as the
density becomes higher.

This mechanism is explained in Fig. 35 and Fig. 36. These indicate how the
various quantities such as veloeity and friction loss coefficient change in response to
mixed air volume compared to the case where no air is contained. When the fresh water
and the solid-liquid slurry (the density is 1309 kg/m®) is flowing in pipe at the velocity of
1.55 m/s. Symbols used therein are listed below.

dy mirld, ., : Ratio of air mixed slurry divided by void ratio relative to the pressure

loss of slurry containing no air.

o/t : Ratio of £, of air mixed slurry with the velocity increased relative to

slurry of f; containing no air.

d, Jd, . :Ratio of pressure loss of air mixed slurry with the velocity increased

relative to pressure loss of slurry containing no air.

1-void : Proportion of dividing of pressure loss due to air mixture.
(e, + u,)lu, : Increase in slurry velocity of the portion containing air due to air
mixing.

Basically, when air is mixed, the velocity increases at each portion of gaseous phase
and =olid-liquid phase (refer to (&, + #,)/u,). On the other hand, Reynolds number
increases so that the friction loss coefficient reduction as indicated by f3/f;. Proportion of
this decrease is small for fresh water because it is mostly in the turbulent zone. In
consequence, pressure loss due to liquid slug as a result of the increased velocity
bacomes very large (d,./d,.), and this means that the pressure loss is not
sufficient for canceling by the decrease {can be considered as (1 — void ratio}) in the
proportion of contact to the wall of liquid slug due to air mixing. In consequence, as seen
in (dpm;,/d,,““),'the pressure loss of air mixed slurry becomes considerably high compared
to the case where no air contained (d,, ..

On the other hand, in the case of high density slurry, the decrease in friction loss
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coefficient in this range is large since the laminar flow portion is much, and the
pressure loss due to liquid slug as a result of the increased velocity will not be so large
(refer to Fig. 88, (d,,/d, ,)). Therefore, even though the decrease in the proportion of
contact to wall surface of liquid slug due to air mixing is the same as the case of fresh
water, it is possible that the pressure loss of air mixed slurry becomes smaller than the
case where no air is contained.

This decreasing tendency, as understandable from the change in fi/f; of Fig. 36,
continues to the point where the ranpe of solid-liquid velocity with mixed air is
deviated from the laminar flow. That is, the point where the Reynolds number reaches
the critical Reynolds number is the point where pressure loss ratio is the
lowest. Thereafter, the pressure loss begins to increase again.

Above contents are very useful when reviewing actual transport condition of air
mixed muddy slurry. For instance, in the case of transporting a certain amount of
solid-liquid slurry, it becomes possible to review the optimum conditions on air blowing
amount and the density adjustment of solid-liquid slurry. That is, we should be able to
obtain the optimum operating point by adjusting the air velume in such a manner that,
after mixing air in slurry in a certain state, the air volume is adjusted until the velocity
inereased by air mixing comes to the critical point. Figure 37 shows the results of
calculations for finding the optimum air blowing point of flowing slurry at the velocity
of 0.4 m/s {no air contained) in horizontal pipe relative to the slurry density.

For instance, if the density is adjusted for making the specific gravity of 1.3 for
slurry, then the air mixing ratio at the optimum operating condition will be about 85%;
at that time, the pressure loss per unit length will become about 60% of that when
slurry flows alone.

5. Flow of Muddy Slurry with Mixed Air in Actual Plant

5.1 Pressure Change during the Flow of Muddy Slurry with Mixed Air

Figure 38 shows an example of continuocus recording of the slurry discharge and
pressure at each point in pipe during the actual operation in Mie. Values for pipe
pressure were obtained at 5 points P,~P; at the same time as shown in Fig. 2, and the
data with the highest pressure corresponds to P, and the lowest pressure to Ps.
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As a general tendency, wave fluctuation in pipe inner pressure becomes significant as
slurry moves downstream, and the way of formation of so-called slug flow can be
understood; that is, the solid-liquid slurry portion and air phase are gradually separated in
pipeline (flow) direction.

Particularly, time of lowering of pressure at atmospheric pressure is long at P;and
this means that there is no slurry occupying the whole surface of pipe from the pressure
sensor Py to pipe outlet.

With the example of Kumamote data shown in Fig. 39 the pressure measuring points
are not many but the same change appears as phenomenon.

This pressure changes and the width of change is shown in the histograms of Figs. 40
and 41 in an easily understandable manner. According to Mie data, each pressure is
fluctuating in the width of about 0.5 kgf/em2. Also, P1~P5 are the sensors respectively
placed at the intervals of 300 m, so that the pressure loss per unit length at each point can
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Fig. 41 Histogram of pressure data in KUMAMOTQO

be compared with each other by checking the pressure loss between two adjacent
points. From this, it can be known that the pressure loss at P;~P; portion is greater than

that after P,.

The same tendency can be seen even for Kumamoto data. In this case, the distances
among the pressure sensors Py, P; and P; are all different, so that the histogram is pre-
pared even for the pressure loss per unit length. It is apparent that the pressure loss per
unit length is considerably different between P,~P, and P,~P,. Also, there are two peaksin
differential pressure between P; and P; probably because two states of presence and ab-

sence of the muddy slurry between the pressure sensor P; and pipe cutlet are repeated.
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5.2 Situation of the Separation of Slurry Phase and Air Phase

Being different from Fig. 21, the flow of air mixed slurry at a certain peint near the
pipe discharge outlet becomes a flow where the air phase and slurry phase are very
apparently separated in horizontal direction. Each single phase is often called air slug
and solid-liquid slug respectively.

When a pressure sensor is attached at this point, the pressure change during the
flowing of air mixed muddy slurry obtained by the sensor is made to a model form shown
in Fig. 42 (upper). The No. of pressure changing point shown here corresponds to the
number shown in the flow in the actual pipe (lower in the same Fig. 42).

At the (2) and (7) in the Fig. 42 (lower), if muddy slurry (solid-liquid slug) is always
present between the sensor and pipe outlet, then theoretically the value of sensor will
not drop to the atmospheric pressure, That is, the distance from the pipe outlet to point
Ps at Mie and to point P; at Kumamoto is shorter than the length of one air phase in each
case.

By considering the above, in the continuous records shown in Par. 4.1, the length
and velocity of each solid-liquid slurry phase and air phase can be calculated by
analyzing the records (Ps at Mie and P; at Kumamoto) of the sensor the closest to the
pipe outlet.

Now, let the slurry phase be completely separated from the air phase, and let the
length of one shurry phase be I, If time ¢, is one cycle time, that is, from the time when
one slurry phase portion reaches the sensar to the next arrival time, then the amount of
slurry @, supplied in a period of time of t; can be given by

Qir =tr - Qs (40)
This is also

Qir=A lnud (41)
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Fig. 42 Slurry flowing model for pipeline end
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Therefore,
bnud = ts - If (42)

where, u, is an apparent velocity of slurry and is defined by Eq. 27.

On the other hand, if the distance from the sensor to pipe outlet is [, then this
slurry will advance the distance of {3y + [0 within a duration of £, so that the slurry
velocity v,..¢ ean be calculated by

bt !
v g= it (43)

tsd

In the wave form actually ebtained, uniform patterns as shown in Fig. 42 are not
always obtained. Figures 43 and 44 show the degree of dispersion of the measured
values and caleculated values related to the Eq. 42 and 43 in the form of histogram in
order to show the side where an average value is located. Also, Table 5 summarizes
the mean values of the length and velocity of slurry.

With respect to Mie, the length of one slurry phase is 3~7 m in average for 4 cases,
and the velocity is 8 to 13 m/s. As indicated in Par. 4.2, the velocity of slurry phase can
be calculated by Eq. 37. This was also calculated from the conditions of construction
work and the results are also shown in Table 5. The value for 4 cases in Mie was
7.5~115 m/s, and the width of no-coincidence is large when individual cases were
checked. That is, as seen in the analog record of Fig. 88 ete. there was a very difficult
aspect in the case of Mie when measuring ¢,;, compared to ¢,

On the other hand, at Kumamoto, the length is 6~7 m and the velocity is 7.4~6.5 m/s
for the selid-liquid slurry in two cases with different air discharge. These provide, as
apparent from Table 5, a relatively good correlation with Eq. 87. In order to verify these
results in Kumamoto, the discharge situation photographed by a video camera was
analyzed and both the results were compared to each other. Conditions of construetion at
that time corresponded to the case 1, and the results of the video analysis (Fig. 45)
indicated the mean length of 5.6 m and velocity of 11.4 m/s for solid-liquid slug. The
velocity is higher compared to Table 5 because the video data correspond to the state of
the release of aftmospheric pressure, the pressure inside the pipe is lower than that at
sensor installation place, so that it is related to a high apparent velocity of air.

Table 5 Mean of slug length, etc.

Mie Kumamoto
histogram histogram video
] mus Vmue Vo ! mua Y mud Vo I mua Vmud
{m) (n/s) i (n/s} (m) (m/s) | (a/s) {m) (m/s)

case 1| 4.3 12. 1 8.1

case 1| 6.3 T. 4 8.6 5.6 i1.4
case 2| 1.0 13.0 7.4

case 3] 5.5 9.5 5.9

case 2 7.0 6.5 7.8 E— e
case 4| 2.8 7.5 11.3

— 389 —



Yoshikuni Oxayasma - Takeyuki Fusimoro - Motokazu Avucar - Makoto Suzuri - Hiroya Fukumoro

~rt oaie_h? case [icserB4] +++

40.8- 88.8-¢ 48.8- 46. 8- 2.98-
i

35.9 78.8-7 35.9- 35.8- 1.75-

38.8- 60.0-E= 38.8- 30.0- 1.58-
[
[

... I b
23, 0-igg 59.9- 25.8~ 25.1- 1.25-
28.8 48, 28.8- 2.0~ 1.08-

15.49 38. 15.8-

ia.4 28. 18,9~

5.08- 18. 5.88-

9.86- TR D.88- 0.09 8.50
tsd{sec) tf(sec) Jaud(a) vaud{u/s} us(z/s)
Y:8B6/60847 ¥:386/8047 Y:B13/8847 Y:011/6047 ¥:932/6047
av:15.184 Toav:i2h.d45 av:2.B8i7 avi7.9368 av:iB.1817

Fig. 43 Histogram for simple slug in MIE

~++ knaamoto_h3s rcase {icse:fl] ---

2. 18,8 28.0- 28, 8- 40.9- 2.88-
1. 8.75- 17.5- 17.5- 35.8- 1.75-
|
i. 7.58- 15.8- 15,8~ 38.9- 1.50~
L
1. . 25- 12.5-] 12.5-F 25.0- 1.25-
1. 5.88- 16,0~ 1.88-
8. 3,75- 7.58- 8.75-
8. 2.58- 5.08- 0.58-
. 1.25- 2.58- 2.59-| 5.80- B.25-
|
I
8.88- 8.83- 8. 8- 8.80- 8.08
ts(sec) tsd(sec) tf{sec) laud{a) vaud{a/s) us(n/s)
¥:935/0738 ¥:113/8753 Y:078/8753 ¥:831/8753 Y:228/9753 ¥:223/0753
av:1.878 av: 4,824 aviB6.738 av:i5.387 av:7.415 av:8.948

Fig. 44 Histogram for simple slug in KUMAMOTO

The same as the length of solid-liquid slurry, if the length at the discharge of air
slug is I, the length of air slug can be computed by

buir = Uad - ¥f {44)

where, u,, is an apparent air velocity at the discharge outlet.

By the method stated above, the sum L of the length of air slug and the length of
solid-liquid slug at the pipe outlet can be determined. There is an example of
summarizing the non-dimensional quantity L/D using said L and pipe diameter by using
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Fig. 45 Histogram of analysis video data

u,/1,. Whereas, this u, can be considered the same as u,, in Eq. 44.

Figure 46 simultaneously shows L/D calculated from laboratory experimental
data, Mie data and Kumamoto data, and it can be said that they can be summarized
almost in one line. That is, if slurry discharge and air discharge are given, it is
possible to fairly clearly estimate the approximate length of the solid-liquid slug and
air slug at the discharge outlet.

In Fig. 46, the mean line (dotted line) of laboratory experimental data performed
in the reference No. 20 is also shown, and the data have a tendency to agree fairly well
with our data.

5.3 Void Ratio in the Grown Air Mixed Flow

As seen in the continuous records of Figs. 38 and 39, the solid-liquid slurry phase
and air phase are flowing in the form of almost complete horizontal directional
separation near the pipe outlet, In this case, the void ratio in pipe is theoretically
equal to the discharge ratio of air relative to the gas and solid-liquid as a whole. That
is, if the air discharge ratio is X, and void ratio is o at that position (pressure}, then the
following formula is valid:

uﬂ
(45)

u, + LLS

osX, =

However, as stated in Par. 5.1, the horizontal directional separation between air
phase and solid-liquid slug phase is not sufficient immediately after air blowing portion,
and the pressure loss is also considerably high compared to the portion near the pipe
outlet.

The pressure loss per unit length of muddy slurry containing air can be expressed
by Eq. 89 as explained in Chapter 4 and by deforming this, the following formula is
obtained:
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Now, the pressure loss is different between the area near the air blowing portion
and other portions. If the cause of the above is due to the great dependency upon the
size of void ratio, then the void ratio near the air blowing portion can be computed from
Eq. 46 by using pressure loss data in the field.

Figures 47 and 48 are the graphs of the void ratio caleulated by Eq. 46 and plotted
from the actual pressure loss values per unit length relative to the air discharge ratio
near the sensor. Figure 47 shows the values between P; and P, at the place the closest
to air blowing portion in Mie, and Fig. 48 shows the values for other portions where the
horizontal directional separation is considered to have been grown greatly.

As understandable from Fig. 47, the void ratio o between the sensors P; and P; is
considerably low compared to the air discharge ratio. That is, the velocity difference
(slip) between the solid-liguid slug and air slug is large. Void ratio near this portion is
higher than that of laboratory experimental data and is rather close to the formula
shown below which is based on Nicklin’s equation.

o= 0.833-X, (47)

However, both the Eq. 47 and the curve adopted in the laboratory experiments
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have large values for X,, and the change in the void ratio cannot be accurately
expressed when their values approach to 1.

Therefore, if even a place having a high value of X, is taken into account, then it is
more realistic to adopt the Eq. 47 in the region where X, is low than the curve used in
the laboratory experiments (the curves for laminar flow and turbulent flow in the
Figure) and then to adopt a curve which will suddenly approach o = 1.0 from Eq. 47 as
X, approaches 1. The curve shown in Fig. 47 considering this kind of change is
obtained by slightly deforming Eq. 47.

a=(0.833 + 0.167 - %,7%) . %, (48)

On the other hand, in the region where the flow is considered to be much
stabilized, it can known that the void ratio is almost equal to the air discharge ratio X,
as shown in Fig. 48. Thus, when calculating the pressure loss of air mixed muddy
slurry in an actual air pressuring plant in the field, it is better, for high accuracy, to
caleulate the void ratio near the air blowing portion by Eq. 48 and thereafter to
calculate with Eq. 45.

However, in reality, there are hardly definitive data which are able o determine
the place where the horizontal directional separation will be completed for the whole
length of pipe; because of this, it will be more realistic to caleulate the pressure loss by
using the void ratio calculated by the twe methods and then to consider that the
intermediate value of them as the pressure loss per unit length.

5.4 Simulation of Pressure Fluctuation in Pipe

As stated before, the pressure loss of whole air mixed muddy slurry is calculated
by dividing individual loss of solid-liquid phase and gaseous phase considering each
phase flows at velocity V, proportionally with veid ratio o of the point.

The following pressure loss for an actual plant is caleulated with the void ratio
mentioned in 5.3 at the periphery of air inlet and the other respectively.
5.4.1 Pressure Gradient in the Continuous Mixed Model

If the pressure at the upstream side with the distance equal to the length of solid-
Hquid slug from the pipe end is P, then Py will fluctuate between the atmospheric
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pressure and the pressure corresponding to the sturry flow loss per unit slug. Now, the
absolute velocity at the solid-liquid slurry portion is considered as V, and Eq. 37 is
written again below.

Vi =t + us (49)

This means that the maximum pressure loss is P, when one solid-liquid slug with
the length of I,,,, flows alone at the velocity V.. That is,

2
=4f.pf'Vs 'imud

Py (50}
2.D
Here, the friction loss coefficient f ean be computed based on the method stated in
Chapter 3.

Now, as shown in Fig. 49, the distance from the air blowing portion to pipe end is
Lt, and the relation between the pressure in pipe, P, ;, at certain peints taken toward
the upstream every Al from the pipe end and the pressure in pipe, P,, at the points one
section apart can be obtained by

Pn=Pn—I+{dp—s'(1_a)+dp—a'a'}'Al (51)
where, if [,..; 1s adequately small, then the average veid ratio between P, and P, ; can
be substituted by the averapge void ratio in preceding section. However, in the
computation of Pj, calculation is to be made by using the point Py, that is, the void ratio
obtained for pressure P,.

air inlet

W

il . ;
PUﬁlp' K i
al | Al | Al

"""""" Pn Pv’r\‘-l““"" PE P[ Pg

Fig. 49 Schematic diagram of pipline partition for simulation
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Figures 50 and 51 show the calculations of void ratio made over the whole length
for the single solid-liquid slurry length A/ from the field data obtained by using
Eqgs. 45 and 48. Here, Al is 50 m for Mie and 20 m for Kumamoto. For /..., the mean
value of histogram of Table 5 is used.

By plotting field data on this diagram, it can be knewn that they are between the
calenlated values for void ratio in both cases of Mie and Kumamoto. As explained
previously, in principle, it is valid to use the void ratio of Eq. 48 near the air blowing
portion and then to shift smoothly to the results using the void ratio of Eq. 45. In
reality, however, the transition points for both of them have not been fully clarified and
thus it is better to use the value as estimate which is pinched by both the curves.

5.4.2 Pressure Gradient in the Complete Horizontal Directional Separation
Model

Pipe pressure change curve obtained in Par. 5.4.1 is for an arbitrary portion of the
whole length of pipe and is a simulation with the mixing of a certain proportion of air
phase and solid-liquid slurry phase as prerequisite, Therefore, if the pressure at one
point is checked, only the mean value always having no fluctuation can be obtained.

However, in the horizontal directional separation flow developed in actual
horizontal pipe, the pressure gradient is significant only in the selid-liquid slurry
phase, and there will be almost no pressure gradient in horizontal direction in air
phase. By performing a simulation based on the above presumption, the pressure
fluctuation obtained at a certain point in pipe by the simulation will be more realistic.

In this simulating calculations, one cycle is from time zero when the tip of some
solid-liquid slurry reaches the pipe outlet to the time when subsequent solid-liquid
slurry phase again reaches the pipe end, and pressure distribution is calculated over
the whole pipe length every certain period of time.

For instance, some examples of the situation of several flows in one cycle and the
state of pressure distribution at that time are as shown in Fig. 52. After the state (3),
the pressure distribution state of (1) occurs again. Therefore, if a pressure sensoar is
placed on a line indicated by A-A, them, in the time series data on the line, a pressure
change similar to a trapezoid will be recorded.

In the calculations of pressure distribution over the whole length of pipe at each
time, the absolute velocity of solid-liquid slug is determined from an apparent velocity
of slurry and air at the pipe end, that is, in the state opened to the atmosphere; and
then pressure loss over the slurry length [, from pipe end is computed. That is, P,
can be computed in (1) of Fig. 52. Then, the apparent velocity of air at pressure P is
determined, and then void ratio at this point is computed from said velocity and the
apparent velocity of slurry. From this, air slug length lair can be determined. Thus,
1, P, can be determined from the following equation:

Pg=Py (62)

In this way, the distance from pipe end and pressure in pipe at a certain time can
be determined. At the time ((3) of Fig. 51) when single solid-liquid slug originally
considered has disappeared at pipe end, the pipe end is in the state opened to the

atmosphere, so that computation is to be made by using the following formula:

PI-_-PoxPat (53)
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where, P,, is atmospheric pressure.

Figure 53 is a calculation example for Mie data, in which the solid-liquid slug
length /4 is used as the mean value of the histogram shown in Table 5, and one cycle
is shown every 50 millisec.

In the same manner, Fig. 54 shows the results for Kumamoto data. It can be
known that Mie data show the length of air phase extremely larger than the length of
slurry phase compared to Kumamoto.

At the plant in the field, pressure sensors are attached at certain positions in the
direction of length. For instance, in the case of Mie, five pressure sensors P,~P; are
attached and three sensors in Kumamoto,

Pressure fluctuation obtained at these positions is indicated on time axis, angd the
simulation results and Mie data (Case 4) are compared in Fig. 55. However, in the
case of Mie, three points P, Py and P; are taken and compared to avoid complication.
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Results of this simulation show many portions agreeing with each other fairly
well. That is, it can be presumed that the situation of flow of air mixed muddy slurry
in pipe at these sensors is close to a flow having a complete horizontal directional
separation.

However, by examining the pressure fluctuation at the air blowing portion such as
P,, it can be known that the width of fluctuation in actual data is small and horizontal
directional separation at this portion is still incomplete. This kind of situation is also
the same in Kumamoto (refer to Fig. 56 and case 1).

The contents stated above indicate that, if pressure sensors are attached to
adequate positions at a pipe end in the operation control of an actual transport plant
compressed by air, then the length, pitch and others of single slurry can be obtained
from that data and these values have validity. Also, by the simulation method using
these data, the situation of flowing through the whole pipe can be mostly presumed
from these sensors at the pipe end. This will greatly contribute to the automatic
operation of the construction works.

5.5 Theoretical Transport efficiency in Actual Plant

Conventionally, in the air compressed method for this kind of herizontal pipe, the
review of its transport efficiency was hardly tried. Probably because the theoretical
estimation of energy required for the transport without air is not easy since this
method is possible only by using air.

This time, we have successfully obtained the theoretical energy required for
transporting slurry without air though this kind of transport is impossible in actual
pipeline transport. Therefore, we calculated the theoretical efficiency in the form of
the ratio to air supply energy for the above.

Now, if the specific weight of slurry is v, and the theoretical power required for
transporting the slurry at discharge @, for a certain distance is P, then the said
power can be given by

Py = M (54)

75
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where, head H, can be expressed as follows by using the required discharge pressure
P, of slurry pump:

(55)

"
H,="2. (P, x10)
b/

In this case, the required discharge pressure is converted into the height of water
column, and it is further converted into the height of mud water. Here, 7, is the
specific weight of fresh water and P, is expressed in kgffem?,

On the other hand, if air is assumed to be supplied at P; to the slurry line, then
energy required for pressuring up to P, by a compressor can be calculated by the
following formula based on isothermal compression in compressing process:

Pl
G, Py-v,-In|—
P

Psin = o (56}
75
Here, G, is the amount of air supply (kg/s) and P,, v, are absolute pressure (kgf/
m2) and specific volume (m¥%kg) under the state of atmospheric pressure.
Now, the compression energy of air and the energy required for transportation
without slurry air are determined, then the theoretical efficiency n of the slurry
transport plant with compressed air is given by

PS!'E
n=( q)
Ps:'n

Table 6 shows the theoretical efficiency determined from Eg. 57 under the
transport eonditions in Mie and Kumamoto. Values of n) for apparent discharge ratio ,/
u, for shury and air plotted in Fig. 57. However, u, is the value for standard state.

As far as the above indicates, the field data obtained this time the influence of i,/
t, is not indicated with respect to 7, and the average efficiency is considered to be
about 30~40%. From the meaning of the efficiency as absolute value, the trial this
time merely gives a theoretical efficiency but this value will be sufficiently useful for
comparing various plants with each other.

(67

Table 6 Theoretical efficiency

Mie Kumamo t o

case casel casel casel cased casel casel
Qan{n”/min) 60 50 40 80 §3. 6 12.4
us(n/s) 0.152 0.176 6. 104 0.092 0.942 0. 842
us/ua 0.013 0.019 G.014 0.008 0.082 0.087
Prea(kgl/cm®) 31.179 37.821 37. 911 37.3817 9,123 8.878
Psin(kw) 163. 740 [35.480 78. 160 16%. 930 178.290 121.200
Fsrea{kw) 50. 220 58.860 35. 050 30. 570 61.750 53. 380
efficiency » (%) | 30.87 43. 45 44. 84 18. 88 34.63 44. 04
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6. Conclusions

After we performed the lsboratory flow experiment of muddy slurry with

compressed air in horizontal pipe and measuring work in actval plant. Various points
are clarified about fluidity of selid-liquid slurry and the fluidity of muddy slurry with
compressed air,

(1

(2

(3)

(4)

(5}

They are summarized hereinafter.

With respect to the flow of solid-liquid slurry itself through pipe, a power law model
using Metzner-Reed’s Reynolds number was used for Mie data, and a Bingham fluid
model for Kumamoto data. These rheology constants were estimated from the
laboratory transport data for the same slurry with pipe diameter of 40~80 mm but
can be sufficiently applied also to the pipeline in the field with the pipe diameter
greater than 300 mm.

The mean void ratio of laboratory test in pipe can be measured directly by the
change of the hopper level. The decrease rate of void ratio against the air discharge
ratio X, is greater in laminar portion than in furbulent portion. This is caused by
the difference of velocity distribution between laminar flow and turbulent
flow. The coefficients of B, in Eq. 29 of Inoue et al., derived from the measured void
ratio are 0.045 for laminar flow and 0.026 for turbulent flow.

The pressure loss of air mixed flow is greater in fresh water and muddy slurry of
low density than in non-air flow without exception. However, when the density
becomes higher, it appears to be lowering its pressure loss as compared with non-
air flow at some velocity range. Fluidity characteristics of air mixed flow can be
explained fairly clearly by horizontal directional separation model shown in this
paper.

According to the method mentioned in {8), the lowest pressure loss point appears
when the mean velocity of air mixed slurry comes off laminar flow. Thus, we can
obtain the optimum slurry arranging method against the constant air discharge or
the optimum air mixture ratio against the constant density slurry.

Air mixing ratio in the slurry transport method with compressed air in the field is
extremely high compared to ordinary air liguid flow. Thus, in estimating the void
ratio in this range, we formulated a new equation based on the conventional
caleulating formula for void ratio. This is a curve suited to the calculated void ratio
when the pressure loss of air mixed slurry is assumed to follow the method
described in Par. 4.3. And this can be used when estimating void ratio near the
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air blowing portion especially in the air compressed transport plant.

(6) Pressure inside the pipe suddenly decreases in a certain section immediately after
air mixing. Thereafter, the lowering tendency slowed down. By considering the
change in void ratio in pipe, the air phase and solid-liquid sharry phase are not
fully separated in horizontal direction for a certain period of time after mixing air
and, because of this, the void ratio decreased below the air lquid mixing ratio
(slip of air phase and solid-liquid slurry phase is large) but the horizontal
directional separation gradually progresses and the void ratio became equal to the
air liquid mixing ratio. This seems to be the main cause of the great pressure loss
immediately after mixing air.

(7) Pressure loss when air is mixed can be calculated by using the horizontal
directional separation model. After the point where the air slug and solid-liquid
slug are considered to be separated horizontal directionally, the air mixing ratio
can be replaced by using void ratio in the caleulation. But the data agree much
better when the void ratio stated in (5) is used near the air mixing
portion. Prediction for the location where the horizontal directional separation
will be completed is difficult. Thus, it is more realistic to estimate the pressure
loss from an intermediate value calculated from the two methods.

(8) By the method explained in this report, it is possible to calculate the pressure
gradient for the whole length of a pipe containing only the solid-liguid slurry
without containing air. Energy required for the above flow is given by the
compressed air by our assumption, and then we calculated the theoretical
efficiency. As aresult, the efficiency was 30~40% for both Mie and Kumamoto.

(8) Length of air slug, solid-liquid slug and its generating pitch can be assumed by
the methods explained in this report if 1,/ u, at atmospheric state is known. And
it is possible to predict an air mixed flow expected to be realized in a designed
plant fairly well.

7. Postscript

In this report, we analyzed the laboratory flow experimental data and the working
data of air mixed slurry transport plant in the field. Even though there are still some
insufficient points, for realizing the design with more appropriate slurry transport
conditions for various flows, it seems to be necessary to further collect field data with
diversified scales of slurry transport and soil conditions and fo apply and review the
methods obtained this time to these conditions.

In collecting the field data this time, the Toyo Construction Co., Ltd. gave us its
cooperation in various phases, with whom we conducted joint research for many years
on the high-efficiency dredging and transporting system utilizing air. Particularly, the
Mie data were collected by the said Company and analyzed by the Port and Harbor
Research Institute.

In addition, in the field measurement work in the Kumamoto Port, the staff of the
Kumamoto Port Construction Office and Shimonoseki Machinery Office, 4th
Construction Bureau gave us their cooperation.

We would like to express our deepest gratitude to those concerned with the above
activities.

(Reveived on August 31, 1992}
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List of Symbols

: cross sectional area of pipe

: specific plug radius

: pipe diameter

: pressure loss per unit length

pressure loss per unit length of slurry containing air

: pressure loss per unit length when gaseous phase is flowing at abselute velocity

VI

: pressure loss per unit length when only air is assumed to be flowed
: pressure loss per unit length of air mixed slurry divided by void ratio
: pressure loss per unit length when only solid-liquid phase is flowing at absolute

velocity V,

: pressure loss per unit length when only transport slurry is assumed to be

flowed

: Fanning’s pipe friction loss coefficient

: Tomita’s friction loss coefficient for Bingham fluid
: friction loss coefficient at eritical Reynolds number
: Panning’s friction loss coefficient

: discharge head of pump (high of mud water)

: consisyency coefficient

R PR T S

: length of air slug

: length of one air slug

: length of one solid-liquid slug

: length of liquid slug

L+,

: rheology index

: pressure inside pipe, position of pressure gauge

: supplied power

: required power

: amount of air supplied per unit time

: amount of liquid or solid-liguid slurry flowing per unit time
: radius from the center of pipe

: radius of pipe

: Tomita’s Reynolds number

: Reynclds number

1 Metzner-Reed’s Reynolds number

critical Reynelds number

: shear rate
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: velocity in pipe

: apparent air velocity

: apparent veloeity of liquid or solid-liquid slurry

: absolute velocity of air slug

: absolute velocity of liquid below air slug

: absolute velocity of liquid slug portion

: air discharge ratio

: void ratio

: void ratio considered from the center of pipe in the radius direction
: specific weight of slurry

: specific weight of clear water

: theoretical efficiency of the slurry transport plant with compressed air
: viscosity coefficient of Bingham flnid

: viscosity coefficient of clear water

: density of air

: density of liquid or slurry

: density of clear water

: shear stress

: shear stress at pipe wall (ry)

: yield stress of Bingham fluid
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