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Blockage of a Slurry Pipeline
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Summary

The Ministry of Construction plans to dredge the Tsurumi River
and to transport the dredged material by a slurry pipeline. As this
pipeline is planned to cross the mouth of the river and the channel,
the possible blockage in this submarine pipeline should be inves-
tigated before construction.

In this paper, the measures taken against a possible blockage of
this pipeline are reported. At first, flow tests were carried out in a
horizontal and submarine model pipeline in order to obtain the
characteristics of dredged slurries.

Then, the blockage prevention method by the detection of critical
velocity, the removal method of alien substances by an expanded
pipe and the calculation method for the required pressure to
restart the deposits which are formed at the lower part of the
vertical section in the pipeline at shutdown are considered.

After these studies, the 4.5 km pipeline near the mouth of the river
has operated since December 1979.

Nomenclature

A, projected area of particle (m?)
a ratio of plug diameter to pipe diameter (—)
Cp drag coefficient (—)
Cy volumetric concentration of slurry (—)
Cys volumetric concentration of deposit (—)
P inner diameter of pipe (m)
D, inner diameter of expanded pipe (m)
d, mean particle diameter (m)
dy, equivalent sphere diameter of particle (m)
g  acceleration of gravity (m/s?)
H height of vertical pipe (m)
hy height of deposit (m)
K constant in equation (9) (—)
I length of pipe (m)
n  exponent in equation (9) (—)
AP pressure loss of slurry (Pa)
AP, pressure loss of slurry at V. (Pa)
AP, pressure loss of carrier fluid (Pa)
AP, additional pressure to restart deposit (Pa)
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Reynolds number defined by equation (13) (—)
s Reynolds number defined by equation (2) (—)

L]

0 0

V  mean velocity (m/s)
V. critical velocity (m/s)
V., volume of particle (m?3)

v specific weight of carrier fluid (N/m3)
vs Specific weight of solid particle (N/m3)
0 angle of inclination of pipe (deg.)
A friction factor of carrier fluid (—)
A\g friction factor defined by equation (2) (—)
pg Pplastic viscosity of Bingham fluid (Pa.s)
w,  viscosity of carrier fluid (Pa.s)
u, coefficient of friction (—)
v kinematic viscosity of carrier fluid (m2/s)
os Specific gravity of solid particle (—)
7 friction force per unit area (N/m2)
7, yield stress (N/m2)
o coefficient of pressure loss (—)
¥  modified Froude number (—)

l. Introduction

In a blockage accident of a slurry pipeline, an enormous
labor and cost are required to detect its location and to
restore it. Especially in the case of buried or submarine pipe-
lines, the blockage problem is fatal to the system. Therefore,
experiments on the prevention of a blockage should be car-
ried out before the planning and design of the slurry pipeline.

The Ministry of Construction has planned to dredge the
Tsurumi River and to transport the dredged material by a
slurry pipeline whose outline is shown in Table 1 [1]. As this
pipeline is planned to cross the mouth of the river and the
channel shown in Fig.1, the possible blockage in this
submarine pipeline should be investigated before construc-
tion.

The causes of a blockage seem to be the following:

1. Decrease of velocity or increase of concentration

2. Inflow of alien substances or large particles

3. Shutdown of the pipeline at emergency.

This paper details the methods that were used to ensure that
blockage was prevented.

At first, flow tests were carried out in a horizontal and
submarine model pipeline in order to obtain the character-
istics of dredged slurries.
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Transport volume| 600,000 m?/year

14 km

609.6* X 24.5'

Type : Single stage, single suction centrifugal pump
w(BPO(BP 1|BP2|BP3|BP4|BP5|BP6

Flow mp

Booster pump rate "/4[3350)3350(3350(3350{3350|3350/3350|3350
Head m| 69| 42| 42| 69| 52| 52| 42| 42

Power kw[1700 (1000{1000|1700 [1250|1250| 1000|1000

Length :
Pipe line 9
Pipe size :

Table 1: Summary of the Tsurumi River dredged slurry pipeline

Then, the preventive method of a blockage by the detection
of the critical velocity, the removal method of alien sub-
stances by the expanded pipe and the estimating method of
the restart pressure were considered.
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Fig. 1: Profile of the Tsurumi River dredged slurry pipeline

2. Experimental Apparatus

A schematic diagram of the experimental apparatus is
shown in Fig.2. The flow tests were carried out using a
horizontal pipeline and submarine model pipeline shown in
Fig. 2 (a) and (b), respectively. The former is a stainless steel
pipe with inner diameter of 78.8 mm and the test section for
measuringpressure loss is 9 m in length after a 7 m entrance
section. The latter is a polycarbonate transparent pipe with
inner diameter of 77.0mm and the pressure loss was
measured at the section P.T.1—P.T.2 and the section
P.T.3—P.T. 4 which included bends with curvature radius of
390 mm (about 5 D).

In the removal experiment of alien substances, a 3 m acrylic
transparent pipe with inner diameter of 156 mm was
installed in a 3inch test loop and the velocities at which the
alien substances stopped in the expanded pipe were
measured.
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In the restart experiment, the deposit was formed in the verti-
cal transparent pipe with inner diameter of 77.0 mm or
156 mm as shown in Fig. 2 (c) and the pressures required for
restarting the deposit with the flow of clear water were mea-
sured.

Samples used in the experiments were three kinds of
Tsurumi River sand. The particle size distributions are shown
in Fig. 3 and the mean particle diameter and specific gravity
are shown in Table 2.

Sample No|ds mm|dmax mm g}"":“:'il?'}"‘: i J
No. 1 0.026 712 59,52 2.36
No. 2 0.132 4.0 20.9 2.43
No. 3 0.77 20.0 0.0 2.68

Table 2: Properties of sand used in the experiments

Fig. 2: Schematic diagram of experimental apparatus
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3.1 Flow properties o - |
Figs. 4 and 5 show the flow properties of samples No. 1 and - O O
2, respectively. As sample No. 1 slurries seem to be non- g O
Newtonian fluid, data are arranged as Bingham fluid using a
Tomita’'s method [2]. Reynolds number and friction factor are
defined as follows: 200~ A 1
A==
Rey = 1VD (.; 4a+3) o -
SHs 3 AN A Clear water
AP 2gD
N = @ A
! Y, V2F(a) o)
10 I 1 1 L A
where %.4 0.6 08 1.0 2.0
Fla) = 9 S+6a—11a &) Mean velocity V (m/s)
5 B3+ 2a + a?)?

The relation between \g and Reg is shown in Fig. 6.

Fig. 5: Relationship between pressure gradient of sample No. 2 slurries

AP | and mean velocity V
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On the other hand, sample No. 2 slurries could not be con- g_ 8k i
sidered as Bingham fluid. So it was assumed that the solid S - .
particles excluded sample No.1 component from sample 2 6- &
No. 2 were transported by sample No. 1 slurries. The size dis- 5 il O o 7
tribution of this special solid sample is also shown in Fig. 3. ‘© 4 7AN
The characteristics of carrier fluid and solid particles of % L |
sample No. 2 and 3 are shown in Table 3. In this point of view, 8 b=1 20‘¢_1,5 \A
the experimental data of sample No.2 and 3 slurries were ol O i
plotted in Fig. 7 which shows the relation between the coeffi-
cient of pressure loss and the modified Froude number
defined as follows;
1 | 1 I 1 1 £ 1 3.3 1
AP aPf 1 ) a6 810 200 40
. APf Modified Froude number ¢
v
! Fig. 7: Relationship between the coefficient of pressure loss ¢ and
modified Froude number y in the horizontal pipe
VZyC
= =—2= (©) 40 — ; ;
gD (es — 1)
The results agree fairly well with the experimental equation S, i
(6) which was obtained by [3]: feYe) arpls Nee 3
o 20- & Oline 1 4
A .
¢ = 120475 + g, — 1 ® 2 \ line2
o O
Fig. 8 shows the relation between the coefficient of pressure QS)
loss and the modified Froude number when sample No.3 @2 10- |
slurries are transported in the submarine model pipeline. The o I =
relations obtained are expressed by the following experimen- f} 8: ]
tal equations: o 6-
= 4
. o 5 |
for line 1: S
¢ = 138 y177 + g, — 1 m % " 1
for line 2: o i 7
¢ = B0YL® + /o, —1 ® o
It is known from Fig. 8 that the coefficient of pressure loss in
line 2 is smaller than that in line 1. The reason for that is as
follows: As line 1 has a 5 m entrance section at the upper
stream, the flow of slurries becomes constant and heteroge- 12 S S A S T B i L
neous. On the other hand, line 2 has a horizontal 90° bend at 4 6 8 10 20 40
the upper stream. Solid particles flow in the line 2 as homo- Modified Froude number ¢
geneous flow because of the centrifugal force caused by the Fig. 8: Relationship between the coefficient of pressure loss ¢ and

horizontal 90 ° bend.
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The absolute value of the exponent of ¢ in the submarine
model pipeline, the inclined angle of which is 30°, is smaller
than that in the horizontal pipeline. This shows a similar
tendency to the results obtained by Noda (4] from the
transportation tests of the settling slurries in inclined pipes.

3.2 Critical Velocity

Since the critical velocity is defined as the velocity at which
the pressure loss becomes minimum in the flow curve, the
critical velocity of each sample and each line was calculated
by the operation of @ (AP/I) 3V =0 using above experi-
mental results. Fig. 9 shows the relation between the critical
velocity and the volumetric concentration.

Sample No.  Pipeline D=78.8mm

IR = = No. 2 horizontal
2 No. 3 horizontal
é 3+ ——No.3 line 1 = |
g —--—No0.3  line2 /'/
>
=
3
s |
>
w©
0
= |
- |
O 1r

% ' 0.1 : 0.2 - 0.3

Volumetric concentration Cv

Fig. 9: Relationship between critical velocity V. and volumetric concentra-
tion C,

The critical velocity of sample No. 2 slurries has a maximum
value in the region of 10—12.5 vol % and decreases with the
increase of volumetric concentration because the viscosity
of the carrier fluid increases with the increase of the
volumetric concentration.

The critical velocity in line 2 is smaller than that in line 1 or
horizontal pipe because the flow in line 2 is more homoge-
neous than the others.

4. Preventive Method of Blockage
by Detection of Critical Velocity

As mentioned before, the critical velocity changes with the
volumetric concentration or the characteristics of solid par-
ticles. In the case of pipeline transportation of dredged mate-
rials, it is difficult to grasp the typical characteristics of
dredged materials. Accordingly, we examined the preventive
method of blockage by the detection of the critical velocity
without measuring the characteristics of dredged materials.

While the relations between the coefficient of pressure loss
and the modified Froude number were obtained as

equations (6), (7) and (8), the relation is approximated by the
following equation within the range of small y.

o=Ky" ©)

The pressure loss of slurries is written as;

3
AP A rca=a— 2y
! ! D 2g

(10)
2,/ n
x [1+C,K{ ¥ }]
gD (es—1)
Therefore, the critical velocity is given by equation (11)
through the operation of 9 ( ATP> av =0,

V- [_—_175_ 1
"L an+175 C,K
. (1)
y {go(g_s_—n }] 2n
VCo

where the Blasius equation was used to calculate the fric-
tion factor \.

A =0.3164 Re* (12)

VD

14

(13)

Re =

Assuming that the pressure loss at V. is A P/, the following
equation is obtained by eliminating C,K from equations (10)

and (11).
AL 17
AP/l 2n
(14)
28D|25
0.3164 1 ¥°

From the flow property of the settling slurries, it is known
that the value of V17 (A P/l) which is calculated by pressure
loss A P/l at arbitrary velocity V becomes larger than that of
the right hand side in Eq. (14) when the velocity V is larger
than the critical velocity V. and vice versa.

The right hand side of equation (14) is a function of g, D, vy, v
and n. 3, and » are expressed by a function of the slurry
temperature. With regard to the exponent », the value is more
or less different among investigators. Using n = —1.5, which
is obtained by our experiments in the horizontal pipeline,
equation (14) can be written as follows;

(15)

Hence, it can be judged whether the velocity is larger or
smaller than the critical velocity by measuring the velocity V,
the pressure loss A P/l and the temperature T of slurry and
comparing the left and right hand side of equation (15). In
this method, it is not necessary to measure the
concentration and the characteristics of the slurry.
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The flowchart for this method is shown in Fig. 10. In order to
confirm the reliability of this method, the experiment was
carried out using a horizontal test loop and micro-computer.
Fig. 11 shows the output results from the micro-computer. In
this figure, V is the mean velocity, T is the temperature, I is
the pressure loss and C, and C, are as follows;

p12s
C,=258 ’)‘1—110'25__ (16)
175
G=— (17)

In this experiment we let print SAFETY if C,>1.01C,,
WARNING if 099 C,<C,=1.01C, and DANGER if C,=C,.
Fig. 12 shows the relation between C,/C, and the mean
velocity V in order to check the influence of concentration.

Initial input
+ 1.D. of pipe : D

’ Measurement

+ Velocity Y
‘ » Pressure loss : |
» Temperature : T

Characteristics of water
+ Specific gravity 1=t (T)

+ Kinematic viscosity v=g(T)

Pump control
L Yes [

Fig. 10: Preventive method of blockage by detection of the critical velocity

5. Removal of Alien
Substances by the
Expanded Pipe

Since the dredger always changes location and the space is
limited, it is difficult to equip it with an advanced treatment
device, such as a mixing tank for concentration control or a
screen. Therefore, it was examined that the expanded pipe
was installed at the inlet of the slurry pipeline in order to
leave only alien substances or large particles in the
expanded pipe due to the decrease of slurry velocity there.

Fig. 13 shows the force balance when alien substances stop
in the pipe. Forces which act to alien substances are drag
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Fig. 11: Output results from the micro-computer
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Fig.12: Relationship between the ratio of C,/ C, and mean velocity V
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and lift forces caused by flow, friction force between alien
substances and pipe wall, gravity and buoyancy. These
forces are expressed as follows;

Fp=CpA, - V2
2g

(18)
- B & S Asi\.”
] o
D
F, :CL,AS—;—; V2
(19)
= C: - As—;—' vz
4 sa g
{i=(x )]
Fy =l“slvs"75_'7l COSO—FL! (20)
Fg =Vg|ys— v¢|siné (21)

where, Cp, and C; are the drag and lift coefficients based on
the interfering terminal settling velocity of alien substances,
respectively. Cg and C_ are those based on the free terminal
settling velocity. The relation between Cg, and Cg, and, C;
and C_ are expressed by CmongbleB’s equation [5].

The force balance is expressed as follows;
Fo=F+F, (22)

and using the equivalent sphere diameter of alien
substances, equation (22) can be written as equation (23).

HsCOSH +sing
Cp+usCy
(23
3 v:

.
4 y do \1)?
sau] 2] (-(5))

sa|h 1|1 D)

From the removal experiment carried out in the horizontal
expanded pipe, the values of u/ (Cg + us C) were calculated
and the results are shown in Table 4.

Alien Max sizre| Werght |Mean da| Voo m/s Fll(cc“"cd
substance fs - 9 mm  Di1?7mm|oxr38wwe| 02 7 @ Dx13 Goe
291 8/18.0/0.35/0.40/0.360.43
38.3 231259 /0.44/10.46/0.44/0.4
Gravel 262 67.1 40|/30.8|/0.5'|0.52|/0.55|0.45
525 72137.4/054!0.57|0.60!0.46
69.8| 135)/46.2|0.45|0.68!/0.47/0.57
Bolt 7.76 65.0| 113/30.3/109|110/0.61]0.49
110.0| 180/354|1.29| - 082 =
Nut 7.76 | 27.7 30119.5/0.83|0.87 |0.45|0.45
Wood 0.50| 53.6 24 |45.1(0.29/0.32/0.61 [0.41

Table 4: Values of Vg, and ug (Cg + usCy)

Conversely, if these values of alien substances are known
the expanded pipe diameter for removal of alien substances
is calculated by the following equation:

4Q/«

Dez[{igdsal Y

Y
2|2 (24
—1| - }K,Zhga] e
3 " G+ G

Fig. 14 shows the relation between the expanded pipe
diameter and alien substances diameter in the case that the
diameter of the transportation pipe is 560 mm.

v=—=< De D=560mm
Cv=0.

0.0 0.02 0.04 0.1 0.2 B X T )
dsa/D

Fig. 14: Relationship between Dg/ D and dg,/ D

6. Estimating Method of Restart Pressure

Fig. 15 shows the pressure change when the deposit formed
at the lower part of the vertical section in the pipeline is
restarted. The deposit started moving when the pressure
became maximum.

The force balance of deposit at restart is written as follows;
X prap = X pry X pry Dhy 7 (2
4 s= iy Gs (s—n) + 7 Y+ *Dhy 75 (25)

The first term of the right hand side in equation (25)
represents the force to support the deposit, the second term
is the static head of fluid, and the third term is the friction
force between the deposit and the pipe wall.

300 T T T T T T
Sample No.3 o
Vertical pipe ~
250- D=77.0mm -{1.90 E
= h1=1133 mm >
du 200} >
x -0.95 S
® .
5;) 150 < =0 >
(n s
4 X
a 100k Velocity
Pressure
504
1 1 o |
% 5 24 36 48 60 72

Time (s)
Fig. 15: An example of pressure change in the restart test

The friction force per unit area 7, is calculated from the
results of the restart experiment and the relation between 7
and the height of deposit hy is shown in Fig. 16. There are
some scatters in this figure but in our experimental range
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there is no tendency concerned with the height of the
deposit. Therefore the mean values of each case are shown
in Fig. 16.

1.0— — ——r— T3
0 6: A Pipe dia.(mm)]
g O 77 156 -
0.4- O © in the water@ A _
—_ K e Mean Dehydrated O A |
e O 0.35 :
L 0.2 -
= A
(©)
0.06- e
0.04- Mean — ao— @ @A .
0.038 4
F
0.02- o
A
| i i 1 [ i 3 P S
S 1.0 2.0 30

Height of deposit hr (m)

Fig. 16: Relationship between 5, and height of deposit it

In the case of sample No. 3, 7, of the deposits which are
formed in the water is equal to 0.038 N/cm? and 7., of the
deposit which are dehydrated is equal to 0.35 N/cm?. It is
apparent that the dehydrated deposits are more difficult to
restart than the deposits formed in the water.

From equation (25), the required pressure to restart the
deposit which is formed at the lower part of the vertical
section in the pipeline is expressed as equation (26):

C 4
APy =Hvy+H CV {Cvs('Ys_"Yf)+ D Tso} (26)
VS

where c,

Cus

__ht
=5 (27)

and

Cy = volumetric concentration of slurry
Cys = volumetric concentration of deposit.

Cys is equal to 0.5—0.58 in the case that the solid particles
settle in the water gently and 0.58—0.7 in the case that the
pipeline is vibrated or the deposit is dehydrated.
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7. Conclusion

Before building the Tsurumi River dredged slurry pipeline,
methods for the prevention of a blockage were examined.

The results obtained were as follows:

1. The prevention of a pipeline blockage is possible by the
detection of the critical velocity without measuring the
concentration and the characteristics of slurries.

2. The removal of alien substances or large particles which
may cause a blockage of a slurry pipeline is possible by
installing an expanded pipe at the inlet of the slurry pipe-
line.

3. The required pressure to restart the deposit which is
formed at the lower part of the vertical section in the pipe-
line at shutdown can be estimated by equation (26).

According to the above results, the Tsurumi River dredged
slurry pipeline has been built and the 4.5 km pipeline near the
mouth of the river is now in operation since December 1979.

References

(1] Iwai, K, Shiono, H.,, Takaoka, T., and Muramatsu, S.:
“Summary of Tsurumi River Dredged Slurry Transportation
System”. Kensetsu no Kikaika, No. 362, pp. 24—29. (April 1980)

[2) Tomita, Y.: “A Study on Non-Newtonian Flow in Pipe Lines”.
Bull. of JSME, 24, 141 pp. 288—294. (1958)

[3] Hisamitsu, N, Shoji, Y., and Kosugi, S.: “Effect of Added
Fine Particles on Flow Properties of Settling Slurries”. Proc. of
Hydrotransport 5, Paper D3, Organized by BHRA, (May 1978)

[4] Noda, K.: “On the Flow of Settling Particles in Pipes”. Fusen,
26, 4 pp. 193—201. (December 1979)

[5]Cmonpgbies, A. E. (Hokao, Z. and Nagai, M.): “Pipeline Trans-
port”. pp. 63—72. Gijutsu Shoin. (1963)

Acknowledgements

This work was commissioned by the Ministry of Construc-
tion, Japan. The authors are pleased to acknowledge the
helpful advice of the members of the Tsurumi River dredged
slurry pipeline project of the Ministry of Construction. They
are also indebted to Mr. M. Hirayama and Mr. K. Kamikubo in
their company for their assistance in the experiments.





