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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 lo er part of the 
vertical section in the pipeline at shutdown are considered. 
Af1er these studies, the 4.5 km pipeline near the mouth of the river 
has operated since December 1979. 

Nomenclature 

As projected area of particle (m2) 
a ratio of plug diameter to pipe diameter (-) 
½> drag coefficient (-) 
Cv volumetric concentration of slurry {-) 

Cvs volumetric concentration of deposit (-) 
f) inner diameter of pipe (m) 
-f)e inner diameter of expanded pipe (m) 
ds mean particle diameter (m) 
dsa 

equivalent sphere diameter of particle (m) 
g acceleration of gravity (m/s2) 

H height of vertical pipe (m) 
hr height of deposit (m) 
K constant in equation (9) (-) 

I length of pipe (m) 
n exponent in equation (9) (-) 
D.P pressure loss of slurry (Pa) 
LiPc pressure loss of slurry at C (Pa) 

LiP1 pressure loss of carrier fluid (Pa} 
D.P

5 
additional pressure to restart deposit (Pa) 
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Re Reynolds number defined by equation (13) (-) 
Ree Reynolds number defined by equation (2) (-) 
V mean velocity (m/s) 
Ve critical velocity (m/s) 

s volume of particle (ml) 
"Yr specific weight of carrier fluid (N/m3) 
"Ys specific weight of solid particle (N/m3) 
8 angle of inclination of pipe (deg.) 
>.. friction factor of carrier fluid (-) 
As friction factor defined by equation (2) (-) 
µ9 plastic viscosity of Bingham fluid (Pa.s) 
JLt viscosity of carrier fluid (Pa.s) 
1-'s coefficient of friction (-) 
II kinematic viscosity of carrier fluid (m2/s) 
es specific gravity of solid particle (-) 
ioo friction force per unit area (N/m2) 

iy yield stress (N/m2) 

0 coefficient of pressure loss (-) 
modified Froude number (-) 

I. 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 Ri,ver 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 m3/year 

Pipe line 
Length : 14 km 

Pipe size : 609.6♦ X 24.51 

Type : Single stage,single suction,centrlfugal pump 

� Ored9or BP0 BPI BP2 BP3 BP4 BPS BP6 

Booster pump F�:�. m1/h 3350 3350 3350 3350 3350 3350 3350 3350 
Head m 69 42 42 69 52 52 42 42 

Power-kw 1700 1000 1000 1700 1 250 1 250 1000 1000 

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. 

10 
BP3 BP2 

I 
C 
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� -5 --�=-�--=--::·:.���=-�':::__�--=--�-=-��-�� \Present river bed height 

w -10 River bed height after dredging 

-15 O 5 
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10 

Fig. 1: Profile of the Tsurumi River dredged slurry pipeline 

2. Experimental Apparatus 

15 

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 
measuring pressure loss is 9 m in length after a 7 m entrance 
section. The latter is a polycarbonate transparent pipe with 
inner diameter of 77.0 mm 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 3 inch 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 dmu mm Cumulative •t. 
of -37 JJm fs 

No.1 0.026 7.2 59.2 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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Fig. 3: Particle size distribution 

3. Flow Tests 

3.1 Flow properties 

� o. 2 

□ No.3 

Figs. 4 and 5 show the flow properties of samples No. 1 and 
2, respectively. As sample No. 1 slurries seem to be non­
Newtonian fluid, data are arranged as Bingham fluid using 
Tomita's method [2]. Reynolds number and friction factor are 
defined as follows: 

where 

Re
8 

= Y� �� ( •' - ; + 
3) FI a) 

aP 2gD 
'Y1 V2 F (a) 

9 5 + 6a -11 a2 

F(a) = - -------
5 {3 + 2 a + a2) 2 

The relation between Ae and Re8 is shown in Fig. 6. 
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Fig. 4: Relationship between pressure gradient of sample No. 1 slurries 
� P I and mean velocity V 
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Fig. 5: Relationship between pressure gradient of sample No. 2 slurries 
P I and mean velocity V 
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Sample No.1 
2.0 Cv % rt N/m3 µa Pa.S 'Y N/m2 

1. {i. □ Q 9.4 1.106X104 4.47X1Q-3 1.50 

0.6 
<-.: 0.4 

x:�; : ::;::�: :�:::�=: ;�: 
� 0.2 

0.02 

64 
� 

'•== '0�7" /T,)-0.8 

""� ....... -,.,,..,.__,_,...., 
4 6 103 2 4 6 1 Q4 2 4 6 105 

Reynolds number Res 

Fig. 6: Relationship between friction factor >..8 and Reynolds number Re8 

On the other hand, sample No. 2 slurries could not be con­
sidered as Bingham fluid. So it was assumed that the solid 
particles excluded sample No. 1 component from sample 
No. 2 were transported by sample No. 1 slurries. The size dis­
tribution of this special solid sample is also shown in Fig. 3. 
The characteristics of carrier fluid and solid particles of 
sample No. 2 and 3 are shown in Table 3. In this point of view, 
the experimental data of sample No. 2 and 3 slurries were 
plotted in Fig. 7 which shows the relation between the coeffi­
cient of pressure loss and the modified Froude number 
defined as fol lows; 

6.P 6.Pf 
1 

cJ>=------

Cv 6. Pf 

v2,rc;; 1/1 = V '--- D 

g D (es - 1) 

(4) 

(5) 

The results agree fairly well with the experimental equation 
(6) which was obtained by [3]: 

cl> = 120 1/1 -l.S + i/es" - 1 (6) 

Fig. 8 shows the relation between the coefficient of pressure 
loss and the modified Froude number when sample No. 3 
slurries are transported in the submarine model pipeline. The 
relations obtained are expressed by the following experimen­
tal equations: 

for line 1: 

(7) 

for line 2: 

(8) 

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
neous. On the other hand, line 2 has a horizontal 90 ° bend at 
the upper stream. Solid particles flow in the line 2 as homo­
geneous flow because of the centrifugal force caused by the 
horizontal 90 ° bend. 
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Sample Carrier fluid Solid. particl 
No. 1, N/m3 )J., Pa-s Tr N/� ds mm fs Co 

X IQ� X 10"3 

1.005 1.47 0.003 2.41 21. 5 
No.2 1.035 2.01 0.035 0.16 2.34 35.9 

1.064 2.76 0 .142 2.28 62 .1 
No. 3 0.980 1.14 0 0.77 2 .68 1. 38 

INllk 
solids 
hanclHna 

Cv 

0.031 

0.06 6 

0.098 
0.050�24 

Table 3: Characteristics of sample No. 2 and 3 slurries 
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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 a (u PI I) av= 0 using above experi­
mental results. Fig. 9 shows the relation between the critical 
velocity and the volumetric concentration. 
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� 
1 3 
u > 

Sample No. Prpeline 
------ No. 2 horizontal 
--- No. 3 horizontal 

--- No. 3 line 1 

---- No. 3 line 2 

0=78.8mm 

� -----
-----

----
--

,,.-,;;:::::::- ----------------,- -----..._ 
0.1 0.2 

Volumetric concentration Cv 

0.3 

Fig. 9: Relationship between critical velocity e and volumetric concentra­
tion Cv 

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 Une 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 

q, = K " (9) 

HydrauHc conweyjn9 

The pressure loss of slurries is written as; 

A p f 1 'YI - = - (1+Cc/>) = X.--V2 
I I v D 2g 

[ { v 2 ,rc }"] x 1 + C K V '--D 
v g D (es-1) 

(10) 

Therefore, the critical velocity is given by equation (11) 

through the operation of a ( -f-); av= o, 

V 
-[ -1.75 _1_ 

e- 2n+ 1 .75 Cv K 

(11) 

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

X. = 0.3164 Re-<>-25 

VD 
Re = ,, 

(12) 

(13) 

Assuming that the pressure loss at Ve is Pe l 1, the following 
equation is obtained by eliminating CvK from equations (10) 
and (11). 

l 75 ( 1.75) e = 1+ -
u Pe l I 2n 

(14) 

X 
2g 0125 

0.3164 ,., 110 25 

From the flow property of the settling slurries, it is known 
that the value of V 1 75 (A Pl/) which is calculated by pressure 
loss .l P/1 at arbitrary velocity V becomes larger than that of 
the right hand side in Eq. (14) when the velocity Vis larger 
than the critical velocity Ve and vice versa. 
The right hand side of equation (14) is a function of g, D, 'Yti v 
and 11. 1 and ,, are expressed by a function of the slurry 
temperature. With regard to the exponent n, 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; 

v115 
--- = 2.634 

Pl/ 

go1.2s 

'YI 11 0 25 
(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 Pl I 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 C1 and C2 are as follows; 

C1 = 25.8 
D l-25 

'Yt 
JI 0.25 

V 1 .15 
C2 = ---l 

(16) 

(17) 

In this experiment we let print SAFETY if C2> 1.01 C1 , 

WARNING if 0.99 C1 <C2 � 1.01 C1 and DANGER if C2 �C1 . 

Fig. 12 shows the relation between C2/ C1 and the mean 
velocity V in order to check the influence of concentration. 

Initial input 
• 1 .0. of pipe : D 

Measurement 
• Velocity : V 
• Pressure loss : I 
• Temperature : T 

Characteristics of water 
• Specific gravity r1 =f (T) 
• Kinematic viscosity v =g(T) 

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 

484 

Volume 1 ,  Number 3, September 1981 

* * * * * * i i" * * * * ¼ * * *  

* C H O l< E  T E S T  * 

¼ -f ¼ * ¼ ¼ t * * * * * * * * *  

D A T E : 1 '3 7 3 - 0 7 - 1 '3 
T HI E : 1 6 : 5 13 

V 3 . 7 7 M / S  
T = :3 4 . S  ° C  
I = 2 0 5 . 7 M M A IJ 

C 1 = I) . 13:3 5 7 ·3 
C 2  = 13 . 1H ·:;, 5 5  

U lt itlt ll lttt ltit U U  
# S A F E T Y  It 
# H # lt lt lttt # ltlt lt U  

'./ 3 . 4 5 FI / S  
T =  3 4 . 3 ° C  
I = 1 : n . 1 M M A Q  

C t  = 0 . 0 :3 6 7 6  
0:: 2 = 13 . 0 4 5 5 5  

i; :r ,t :t -; Ht ll H U U  
;t ::; A F E T 't at 
� !t lt:t U U U U � It 

'./ 3 . 1 1  M / ::; 
T = ·;: 4 • :::1 ,; C 
I = 1 ·:: 0 . 1 M l·1 H O  

C l  = 0 . 1) ::: 6 7 0  
C 2  = 0 . 0 4 0 :3 5  

:t '-t il :t lt :l ll � i � ll # O  
It ::; A F E T Y # 
irn :: � H tt it U ll lt 1 ll  

V 
T 
I 

2 .  :3'� M / $  
'3.3 . ·3 ° C 

1 7 4 . 2  M M A Q  

C l  = 1) . 1:1.3 €- 6 9  
C 2  = IL 0 3 6 7 5  

U ll # U H H ll lt U  
# l·J A R N  I M G  # 
# # U lt # lt # ll lt# U lt  

V 2 . 8 5 M ./ S  
T = 3 3 . 3 ° C  
I =  1 7 :3 . 0 M M A 1) 

C l  = 0 . 0 3 €. '5 7  
C 2  = 0 . 0 '3 : 1 5  

lt it ttlt itlt lt ll #lt ll itlt ll  
It D fi tl G E R  ll 
lt!t ll lt it ll lt lllt it ll ;t lllt  

'./ 
T = 
I = 

2 .  7 9  t1 , ,3 

1 7 2 .  4 r 1 : ; :-=rn 

C l = :) . 0 ;; ,; 5 7  
C 2 = 0 . (1 .;: 4 ::: 7 

; � H � i :l ;f � lt ;t !i !t 4  
ll r, A : I G E R  � 
ll i1 1t 4 � ;t ;U tt :t ltl! :i :t  

Fig. 11 :  Output results from the micro-computer 
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Fig. 13: Force balance 

Al ien su bstance 
-------- F o  

Pipe 



solids Volume 1, Number 3, September 1981 
handlnl9 

and lift forces caused by flow, friction force between alien 
substances and pipe wall, gravity and buoyancy. These 
forces are expressed as follows; 

F0 = Co. As -2L.. V2 
2 g  

= A -1'.L 2 
s 2 

(18) 

(19) 

(20) 

(21 ) 

where, Co, and Cu are the drag and Hft coefficients based on 
the interfering terminal settling velocity of alien substances, 
respectively. CB and Cl are those based on the free terminal 
settling velocity. The relation between Co and Co, and Cu 
and CL are expressed by CMOnAb1es's equation [5]. 
The force balance is expressed as follows· 

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

3 
4 

µ.s COS 0+sin 0 
Co+ µ.s cl 

v2 

(23) 

From the removal experiment carried out in the horizontal 
expanded pipe, the values of µ. 51 (C-0 + µ. 5 CJ were calculated 
and the results are shown in Table 4. 

Al ien Js 
14.w . .SIN •• ..,111 .......... v .. m /s p,/(Ca•ACJ 

substance ''"" ' .... �.n .... O,ISI- oa n·.-. r,.-u...,. 

29 .1 8 18 .0 0 . 3 5  0.40 0.36 0.43 
38.3 23 25.9 0 .4 4  0,46 0 -44  0 .4 1  

Gr avel 2 .62 47 .1 40 30.8 0.5 1 0 .52  0 .55  0.4 5 
52.5 72 3 7 . 4  0 .5 4  0.5 7  0 .60 0 .46 
69 .&  1 3 5 46.2 0.4 5 0.68 0.47  0.5 7  

Bo l t  7.76 65.0 1 1 3 30.3 l 09 1 . 1 0 0.61 0 . 49 
1 1 0.0 1 80 J S. 4 1 . 29 - 0.8 2  -

Nu t 7 .76 27. 7 30 1 9 . S  0. 83 0.87 0 .4 5 0 .4 5 

Wood 0.50 5 3. 6  24 4 5. I 0. 29 0.3 2 0 . 6 1 0 . 4 1  

Table 4 :  Values o f  V
50 

and µ
5 

(Cg + µ5CL.) 

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

[ 

4Qhr 
2 J/2 

{ � g d I 'Ys -1 I l'-s 1•/2 
+ 

� (24
) 

3 sa 1'1 ½:) + J'-s ½. 

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. 
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Fig. 1 4: Relationship between D81 D and dsa l D 
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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; 

� � � - D2 p = - D2 h r (-v -"V ) + - D2 H "V + �oh T (25) 4 s 4 T '-'VS . 1s 11 4 1f T so 

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 
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250 
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1 50 0 > en 

en 

1 00 
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0 24 36 48 60 72 
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Flg. 1 5: An example of pressure change in  the restart test 

The friction force per unit area Tso is calculated from the 
results of the restart experiment and the relation between Tso 
and the height of deposit hr 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. 
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Fig. 16: Relationship between rso and height of deposit h r 

In the case of sample No. 3, Tso of the deposits which are 
formed in the water is equal to 0.038 N / cm2 and Tso of the 
deposit which are dehydrated is equal to 0.35 N / cm2

• 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): 

where 

and 

Cv = volumetric concentration of slurry 
Cvs = volumetric concentration of deposit. 

(26) 

(27) 

Cvs 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 
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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. 
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