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Abstract

T he  d iam e te r  of a slurry pipeline is an important factor 
in a des ign  and an operation of a pipeline and p u m p  
s y s te m  c o n n ec te d  with a dredger.  However,  th e  e ffec t  
of pipe d iam e te r  on th e  slurry flow behaviour (frictional 
head  losses ,  specific e n erg y  c onsum ption ,  deposition 
limit velocity) is not well unders tood .  Moreover,  th e re  is 
a lack of experimental  da ta  tha t  could be  u se d  to s tudy  
t h e  pipe size e ffec t  on slurry f low behavior and th u s  on 
efficiency of slurry t ransport  operation. Recently, t e s t s  
w e r e  carried ou t  in th e  dredging t e s t  loop of Hyundai 
Inst itute of Construction T echnology with an aim to 
collect information on th e  e ffec t  of pipe size on pipeline 
characteristics (l-V curves and specific energy  curves) for 
aq u eo u s  slurries of the  Jumoonjin  sand  (a m edium  to 
co a rse  sa n d  with d50 = 0 .54 mm). T he  m e a s u r e m e n t s  
w e r e  carried ou t  in straight horizontal pipelines of th ree  
different d iam e te rs  -  155 m m , 204  m m ,  305  m m .
T he  article d e sc r ib es  and analyses  results  of t h e s e  
te s t s .  It is reprinted from  th e  W O D CO N2004 
Proceedings in Hamburg, Germ any, with permission.

Introduction

T he  d iam e te r  of a slurry pipeline is an important factor 
in a des ign  and an operation of a pipeline and p u m p  
s y s te m  c o n n ec te d  with a dredger.  However,  th e  e ffec t  
of pipe d iam e te r  on th e  slurry flow behaviour (frictional 
head  losses ,  specific e n erg y  c onsum ption ,  deposition 
limit velocity) is not well unders tood .  Moreover,  th e re  is 
a lack of experimental  da ta  tha t  could be  u se d  to s tudy  
t h e  pipe size e ffec t  on a slurry f low behaviour and thus  
on th e  efficiency of a slurry t ransport  operation.

H y u n d a i  D r e d g i n g  T e s t  L o o p

T he  Hyundai Dredging T es t  Loop w a s  c o m p le ted  in 
2001 with an objective to  investigate both th e  e ffec t  of 
a pipe size and th e  e ffec t  of pipe b e n d s  on slurry flow

NOMENCLATURE

C u uniformity coefficient of sand [-]

Cv curvature  coefficient of sand [-]

C v d delivered volumetric  concentra tion [%]

c vi spatial volumetric  concentra tion [%]

^ 5 0 m ass-m ed ian  particle d iam ete r [m]
D pipe d iam ete r [m]

'w hydraulic gradient of w a te r [-]

'm hydraulic gradient of mixture [-]
k pipe-wall ro u g h n e ss [m]

NFr Froude n u m b er  of pipe flow [-]
Re Reynolds n u m b er  of pipe flow [-]

sm relative densi ty  of mixture [-]

Sw relative densi ty  of w a te r [-]

Vm m e a n  velocity of mixture [m/s]

7 densi ty  of w ater /m ix ture [kg/m3]
X friction coefficient [-]

Abbreviations
r .p.m.revolutions per m inute
RSE relative solid effect
SEC specific e nergy  consum ption
SEM scanning electric m ic roscope

properties in pipelines. The  t e s t  loop is a part of th e  
Civil Laboratory of Hyundai Inst itute of Construction 
Technology in Yongin-city near Seoul in Korea. Basically, 
th e  dredging t e s t  loop consis ts  of th e  eng ine  c o n n ec ted  
with t h e  centrifugal slurry pum p, th e  pipe circuit with 
parallel pipe sec t io n s  and th e  m easuring  sy s te m .

Circuit
Figure 1 s h o w s  a sch e m a t ic  diagram of th e  dredging 
t e s t  loop. The  entire  circuit is 160 m e t re  long and it is 
c o m p o s e d  of a vertical U-bend, horizontal pipelines,  45° 
and 90° bends ,  a cyclone tank  and 12 main control 
valves.  T he  vertical U-bend is 13 m  long and positioned 
d o w n w a rd s  from  th e  level of th e  p u m p  station.
T he  s teel  pipe of th e  U bend  has a d iam e te r  204 m m . 
Horizontal sec t ions  of th e  circuit are e qu ipped  with
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parallel p ipes of different d iam ete rs :  155 m m ,  204 m m , 
305 m m  (circular steel pipes with nominal d iam eters  150, 
200 and 300  m m) and 200 m m  (rectangular s teel  pipe).

Each horizontal circular pipe has a 80-cm  long pe rsp ex  
sec tion  for visual observations and taking pho tos  (see  
Figure 1 ). T here  are 45° b e n d s  and 90° b e n d s  m o u n te d  
to th e  circuit at t h e  en d  of th e  horizontal pipes. Using 
th e  b e n d s  and th e  ball valves th e  f low Is d irected  to 
o n e  of th e  parallel horizontal pipes. The  entire  circuit 
contains 49  tap s  and sed im en ta t ion  pots  at every  
p re ssu re  m easuring  point.

A cyclone tank  Is u se d  to  Introduce solids In th e  circuit 
and collect t h e  solids after a te s t .  The  cyclone has  the  
d iam ete r  2 m e t re  and th e  height 3  m etre .  Inside th e  
cyclone Is a wire  m e s h  sc re e n  tha t  helps sa n d  to  se t t le  
dow n. T he  cyclone Is eq u ipped  with 5 control valves 
and a 15 c m  long p e rsp ex  tu b e  b e n ea th  th e  ball valve 
at t h e  cyclone outlet. This helps to o b se rv e  w h e th e r  
th e  Inflow of sand  to  th e  circuit Is steady.

The  centrifugal p u m p  u se d  In th e  t e s t  loop Is th e  
JO O H O  dredging slurry p u m p  with th e  4-blade Impeller 
of th e  d iam e te r  0 .45  m e t re  and th e  d iam e te rs  of p u m p  
Inlet and outlet  0.3  m e t re  and 0 .25 m etre ,  respectively. 
The  p u m p  Is driven by a HMC 25 5 k W  diesel engine  
equ ipped  with BOSCH governor and turbocharger.
The  engine  Is c o n n ec te d  with th e  centrifugal slurry 
p u m p  by V belts.  T he  s p e e d  of th e  p u m p  can be 
controlled within th e  range  of 530  to 2 ,000  r.p.m.
Figure 2 s h o w s  th e  p u m p  perfo rm an ce  curve w h e n  
clean w a te r  w a s  transported .

Measuring system
The dredging t e s t  loop Is equ ipped  with 17 m easuring  
devices.  The  m easuring  s y s te m  contains t a c h o m e te rs ,  
flow m e te rs ,  densi ty  m ete r ,  abso lu te  p re ssu re  and 
differential p re ssu re  t ran sd u ce rs  and m a n o m e te rs .

The  flow rate  of slurry through th e  circuit Is m e a su re d  
using tw o  Instrum ents  both m oun ted  to the  descending  
pipe of th e  vertical U-bend. O n e  Instrum ent Is th e  ABB 
m agnetic  flow m e te r  and the  o ther the  CONTROLTRON 
ultrasonic spec tra  f low m ete r .  T he  densi ty  of th e  
flowing slurry Is d e te rm in ed  using th e  BERTHOLD 
radiometric (Csl 37) densi ty  m e te r  m o u n te d  In the  
a scend ing  pipe of th e  vertical U-bend (Figure 3).

The  abso lu te  p re ssu re s  at both th e  Inlet and th e  outlet  
of th e  p u m p  and In several points along th e  circuit are 
m e a su re d  by th e  WYKEHAM-FARRANCE p re ssu re  
t ran sd u ce rs  and th e  GDS p re ssu re  controllers and 
sim ultaneously  by th e  abso lu te -p ressu re  m a n o m e te r s .  
The  p re ssu re  drops over th e  2 -m etre  long m easuring  
sec t ions  In both vertical and horizontal p ipes are 
m e a su re d  using th e  SENSOTEC 1-psl capacity 
differential p re ssu re  t ran sd u ce rs  and differential 
m a n o m e te r s .  T w o  AUTONICS ta c h o m e te r s  and
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Figure 7. Schem atic diagram o f  the n e w  dredging test loop.

proximity s e n so r s  on th e  pulley of V-belts s e n s e  the  
s p e e d  of both th e  p u m p  and th e  engine.

T he  data  acquisit ion s y s te m  is c o m p o s e d  of tw o  
WYKEHAM-FARRANCE data  loggers and a noise  
filter to s to re  s im ultaneously  electric signals f rom  all 
t r an sd u ce rs  and to convert  t h e  electric signals into 
digital data  collected in data  files of t h e  ASCII format. 
Figure 4  s h o w s  th e  booth  with t h e  remote-controlled 
data  acquisit ion sy s te m .

E x p e r i m e n t s  

Tested solids
T he  material t e s te d  w a s  th e  Jum oonjin  sand  th a t  is the  
Korea S tandard  Sand. T hree  to n n e s  of th e  Jum oonjin  
sa n d  w e r e  u se d  in this s tu d y  has  th e  specific gravity 
(Gs) 2.65. Figure 3  s h o w s  th e  particle size distribution 
and Figure 4  s h o w s  th e  Jum oonjin  sand  photography 
from  a scanning electric m ic roscope  (SEM).

Test methodology
Before e ac h  t e s t  run, all s e n so r s  w e r e  ch ec k ed  on 
calibration and if n e c e s sa ry  recalibrated so  tha t  t h e  
m e a s u r e m e n t  w a s  as  accu ra te  a s  possible. During a 
t e s t  run th e  slurry flow rate w a s  controlled by variation 
of th e  p u m p  sp e e d .  T he  slurry densi ty  w a s  controlled 
by t h e  ball valve at th e  outlet  of th e  cyclone tank.
O n c e  t h e  required concentra t ion  of solids in t h e  circuit 
w a s  reached  th e  valve w a s  closed.

T he  f low of solids through th e  circuit w a s  s teady.  There  
w a s  no significant variation in densi ty  along th e  circuit.
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Figure 2. Pum p perform ance cun/e o f the JO O H O  dredging slurry pump.
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Figure 3. Particle size distribution.
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a) S a n d s  before  t e s t s  (b) S a n d s  after t e s t s
Figure 4. Photos o f Jum oonjin sand taken b y  scanning e lectric m icroscope.

O n e  t e s t  run conta ined  m e a s u r e m e n t s  of slurry flow 
pa ram e te rs  at different c h o se n  m e a n  slurry velocities 
f rom  low m ea n  velocity to  high. During th e  m e a s u r e ­
m e n t  at o n e  velocity t h e  material circulated approxi­
m ate ly  30  t im e s  th rough  th e  circuit. W h e n  th e  entire 
run (one concentra tion,  various velocities) w a s  finished, 
m o re  sand  could be  ad d ed  to  g e t  higher slurry densi ty  
and continue with th e  next t e s t  run. During the  m e a su re ­
m e n ts  pho tos  of th e  f low pa tte rns  w e r e  taken  by a 
digital video c am era  in th e  p e rsp ex  tu b e  m o u n te d  in 
t h e  horizontal pipe section. At th e  e n d  of th e  t e s t  runs 
t h e  sand  w a s  collected in th e  cyclone tank  again so  
tha t  t h e  circuit rem ained  sand  free.

Summary of test runs
In th e  2 0 4 -m m  pipe th e  m e a n  velocity of slurry w a s

maintained b e tw ee n  1.68 m/s to 5.47 m/s, only velocities 
higher than  th e  deposition limit velocity occurred  in the  
pipe. The  t e s t  runs w e r e  carried out for t h e  volumetric  
concentrations of sand  within the  range 3 .3%  to 25 .8%. 
The pum p sp e e d  varied from 530 to 1,433 r.p.m., the 
r.p.m. increm en t  per s t e p  (installing a n e w  value of the  
m ean  velocity of slurry in th e  circuit) w a s  about 100 r.p.m.

For t h e  15 5 -m m  pipe th e  t e s t  runs w e r e  carried out 
for th e  sand  volumetric  concentra t ions of 7 .3%  and 
2 1 .8 %  and for th e  m e a n  velocity b e tw e e n  2.91 m /s to 
8 .82 m/s.  Four volumetric  concen tra t ions  of sa n d  from 
3 .3 %  to 19 .8%  w e r e  t e s te d  within t h e  range  of the  
m e a n  flow velocities from  1.2 m /s  to 3 .6 m /s  in th e  
305  m m  pipe. T he  Table I su m m a r i s e d  all t e s t  runs 
d isc u sse d  in this article.

Table I. Summary of test runs.

Size of pipe Fluid y  (t/m3) c v d < % > P u m p  s p e e d  [r.pi.m.]

155 m m W ate r 0 .998 0 536 637 733 833 933 1035 1136 _ _ _

Mixtures 1.12 7.3 531 637 733 836 925 1028 1127 1229 - -
1.36 21.8 530 636 730 832 928 1023 1130 1230 - -

204  m m W ate r 0 .998 0 533 635 727 828 926 1036 1138 1228 1331 1431
Mixtures 1.06 3.2 529 623 728 829 931 1036 1132 - - -

1.12 7.2 531 637 733 836 925 1028 1127 1229 - -
1.36 21.8 530 636 730 832 926 1023 1130 1230 - -
1.41 24.9 534 630 734 826 926 1029 1133 1229 1326 -
1.43 25.8 - - 725 828 929 1035 1126 1228 1325 -

3 0 5  m m W ate r 0 .998 0 529 629 734 830 924 1034 1136 1228 1330 1429
Mixtures 1.06 3.3 - - 726 829 927 1027 1128 1230 1329 1430

1.12 7.2 - - 726 829 928 1031 1133 1228 1326 1433
1.20 12.4 - - - - 928 1030 1126 1228 1329 1425
1.33 19.8 - - - - - 1029 1129 1233 1335 1425

6



Pipe Size Effect on Hydraulic Transport of Jum oonjin Sand -  Experim ents in a Dredging Test Loop

T e s t  R e s u l t s  a n d  D i s c u s s i o n

Pressure drop as a result o f friction in the horizontal 
pipes
T he  p re ssu re  drop m e a s u r e m e n t s  w e r e  carried out 
for f low of w a te r  only. The  reason  w a s  to d e te rm in e  
th e  wall ro u g h n e ss  of all th re e  pipes. The  w a te r  t e s t  
results  and their com parison  with theoretical curves are 
in Figure 5. T he  w a te r  t e s t  revealed tha t  both th e  
15 5 -m m  pipe and 2 0 4 -m m  pipe are sm o o th .  T hus  the  
friction coefficient is de te rm in ed  using th e  Blasius 
equation  \ f = 0 .316/Re0-25, in which  Re is th e  Reynolds 
n u m b er  of th e  w a te r  f low in th e  pipe. T he  3 0 5 -m m  
pipe is considerably rougher. T he  friction coefficient is 
d e te rm in ed  using th e  universal friction-coefficient 
equation  (Churchill, 1977) for th e  pipe-wall ro u g h n e ss  
k = 250 micron.

T he  slurry t e s t s  covered  different ranges  of m e a n  slurry 
velocities and th u s  also different f low pa tte rns  in the  
pipes of different d iam ete rs .  A visual observation of the  
slurry flow pattern  w a s  possible  only in th e  2 04-m m  
pipe. T he  observation  s h o w e d  tha t  t h e  deposition limit 
velocity te n d e d  to  vary with solids concentra t ion  in 
th e  f low and its value  varied b e tw e e n  approximately 
1.7 m /s  for th e  lo w es t  concentra t ion  (3%) and 2.1 m /s 
for t h e  h ighes t  concentra t ion  (26%). T he  p re ssu re  
drops w e r e  m e a su re d  for t h e  range  of m e a n  velocities 
in th e  supercritical f low regime, in which  a f low is f ree  
of a stationary bed. The  flow w a s  partially stratified.
A portion of particles occupied  th e  granular bed tha t  slid 
over th e  b o t tom  of th e  pipe. The  flow pa tte rns  in the  
smaller pipe (155 m m) and in t h e  larger pipe (305 mm) 
m u s t  be  e s t im a te d  according to  th e  t ren d s  predic ted 
by a suitable model.  In th e  15 5 -m m  pipe, t h e  range  of 
th e  t e s te d  velocities w a s  broad and th e  f low w a s  free  
of th e  stationary bed at all velocities.

Presumably ,  th e re  w a s  no sliding bed  at t h e  h ighest  
velocities. The  t e s t s  in th e  3 0 5 -m m  pipe covered  only a 
na rrow  range  of m e a n  slurry velocities, p resum ably  
be lo w  th e  deposition limit velocity. T hus  th e re  w a s  
a lways a stationary bed  at t h e  b o t tom  of th e  pipe. 
Figures 6 through 8  s h o w  th e  plots of th e  hydraulic 
gradient data  m e a su re d  for f lows of different velocities 
and concentra t ions  in t h e  th ree  p ipes of th e  laboratory 
circuit.

Effect o f pipe size
A com parison  of th e  p re ssu re  drop data  from  the  
Hyundai t e s t  circuit with th e  data  and m odel  by Clift 
etal. (1982) on Figure 9  s h o w s  very different behaviors. 
At t h e  low slurry velocities (up to  approximately 4  m/s) 
th e  va lues  of t h e  relative solid e ffec t  (I -I )/(S - S ^  and 
of th e  hydraulic gradient Im of th e  Jum oonjin  sand  
slurry in t h e  Hyundai t e s t  circuit ten d  to be  smaller  than 
t h o s e  m e a su re d  and predic ted  by Clift etal. At the  
lo w es t  velocities near t h e  deposition limit velocity th e  
lm va lues  are ex trem ely  low.
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a) lw-Vm curve for th e  15 5 -m m  pipe
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Figure 5. Hydraulic gradients o f  w a te r transport b y  using the dredging tes t loop.
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Figure 6. M easured hydraulic gradient in the i  55-m m  pipe.
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Figure 7. M easured hydraulic gradient in the 204-m m  pipe.
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A possib le  explanation of this p h e n o m e n o n  is tha t  the  
top  of th e  (stationary or sliding) bed  in th e  Hyundai t e s t  
circuit w a s  sh e a re d  off m o re  than  it w a s  th e  c a s e  in th e  
Georgia Iron W o rk s  p ipes during th e  t e s t s  published in 
Clift etal. (1982). A partially stratified f low with a thinner 
bed o b ey s  lower friction and th u s  exhibits lower p re s ­
su re  d rops (hydraulic gradients).  The  lm values for high 
velocities in th e  155-m m  pipe t en d  to  be  higher than 
th e  Clift's data  and predictions.

In Figures 10a and 10b the  m ea su re d  hydraulic gradients 
v e rsu s  th e  Froude n u m b er  NFr = Vm2/(gD) are c o m p ared  
for th e  th ree  different pipes. Interest ingly e n o u g h  th e  
p re ssu re  drops in th e  3 0 5 -m m  pipe s e e m e d  to be  
higher than  in t h e  2 0 4 -m m  pipe for th e  f low of th e  
s a m e  value of th e  Froude n u m b er  and for a similar 
value of t h e  solids concentra t ion . It is a s s u m e d  tha t  this 
e ffec t  is a ssoc ia ted  with t h e  different f low pa tte rns  that  
occur in t h e  f lows of th e  s a m e  Froude n u m b er  in the  
p ipes of th e  different sizes.

S ince th e  f low in all th ree  p ipes is partially stratified 
(at least  for velocities up to approximately 4-5 m/s), 
it is useful to  c o m p a re  th e  m e a su re d  p re ssu re  drops 
with predic tions using a tw o  layer model.  Basically, 
th e  two-layer m odel  predic ts  t h e  p re ssu re  drops for 
fully or partially stratified f lows with a sliding bed  at th e  
b o t tom  of a horizontal pipe. The  model,  which  is u sed  
for th e  comparison, w a s  modified and calibrated for 
f lows of various sand  slurries in t h e  15 0 -m m  pipe 
(M atousek, 1997) and recently e x te n d ed  for t h e  u se  
in p ipes of different sizes  (M atousek  etal., 2004).

10.00
O  Cvd=7%(200mm) »  Cvd=22%(200mm)

A  Cvd=7%( 150mm) £  Cvd=22%( 150mm)

□  Cvd=7%(300mm) ■  Cvd=20%(300mm)

^  Cvd=15%(masoniysand,diftetal) §  Cvd=11 %(crushed grai¡tejd¡ft et á)

 (im-if)/(Sm-1)=1.62Vm-1.7  (im-if)/(Sm-1)=1.28Vm-1.7

1.00

0.10

o  o O ü

0.01
Vm(m/s)

Figure 8. M easured hydraulic gradient in the 305-m m  pipe. Figure 9. Relative solid e ffec t versus the mean flo w  velocity.
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Figure 10. Comparisons o f the hydraulic gradient fo r tw o  

diffe ren t size pipes (lm-Froude num ber curve).
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a) th e  15 5 -m m  pipe.
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For th e  pipes of t h e  d iam ete r  155 m m  and 204  m m , 
t h e  m odel  predic ts  higher hydraulic gradient va lues 
than  m e a su re d  (Figures 11 a and 11 b) at t h e  velocities 
with th e  partially stratified f low pattern. Unfortunately, 
t h e  t e s t s  did not provide concentra t ion  profiles across  
t h e  pipes and th u s  t h e  d e g re e  of flow stratification 
predic ted  by th e  m odel  could not be  co m p a red  with 
t h e  real situation in th e  pipes. The  m e a s u r e m e n t s  of 
t h e  concentra t ion  profiles would  indicate w h e th e r  the  
ex tens ive  shearing  of th e  top  of t h e  bed tak e s  place 
and w h a t  are t h e  so u rc e s  of th e  ex tens ive  shearing-off.

For th e  3 0 5 -m m  pipe (Figure 11 c) th e  direct comparison 
of th e  data  and predictions is not poss ib le  (the available 
data  are from th e  su b  critical reg im e only and th e  model 
predicts only super-critical f lows of a settl ing slurry).

Specific energy consumption in the pipes
Figure 12 c o m p a re s  th e  specific e n e rg y  c onsum ption  
(SEC), obtained as  2.7lm/(GsCvd), v e r su s  solids 
th roughpu t  for t h e  th re e  pipes. In general,  th e  low 
c o n cen tra ted  slurries (solids concentra t ion  of about  
7% ) exhibit high SEC values for all th re e  pipes.

b) th e  2 0 4 -m m  pipe.

0.25

0.2

0.15

0.05

Mean velocity Vm [m/s]

c) th e  3 0 5 -m m  pipe

Figure 11. Two-layer m ode l predictions and m easurem ent results. 

Legend: (-) two-layer m odel; (- -) theoretical water; (o) s lurry flo w
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Figure 12. Specific energy consum ptions am ongst 3-different 

pipes.

T he  t ren d s  of th e  curves  indicate tha t  at velocities near 
th e  deposition limit velocity th e  SEC w ould  be  very 
similar for flows in all th ree  pipes. T he  s a m e  effec t  
holds for th e  higher c o n cen tra ted  slurries (solids 
concentra t ion  22%). T he  SEC values  are very similar in 
all th ree  p ipes at velocities near th e  deposition limit. 
Elowever, t h e s e  va lues  are lower than  th o s e  for the  
low c o n cen tra ted  slurry.

T he  larger is th e  pipe th e  smaller  is t h e  c h an g e  in the  
SEC with th e  increasing solids throughput.  According 
to  th e  o b se rv ed  trend, an operation at velocities far 
above  th e  deposition limit velocity could be  m ore  
efficient in a pipe of a larger d iam e te r  than  in a smaller 
pipe. How ever,  th e  larger pipe requires th e  higher 
t ransport  power.  The  size of th e  t ransport  pipe has to 
b e  op tim ised  considering both th e  p o w er  of th e  t rans­
port facility and th e  type  of th e  t ranspor ted  soil.

Conclusions

The t e s t  results  indicate tha t  t h e  specific energy  
con su m p tio n  at velocities near  th e  deposition limit 
velocity is not very  sensi t ive  to  th e  pipe size. However,  
th e  difference a m o n g  th e  p ipes of different s izes  te n d s  
to increase  with th e  increasing velocity in th e  pipes.
For t h e  se lection of a pipe d iam ete r  in practice, it is 
n e ce s sa ry  to look not only at t h e  specific energy  
c onsum ption ,  but also at t h e  required p o w e r  of the  
transport  facility and o ther  requ irem en ts  of a dredging 
project.

References

Assar, M. (1996).
A  Theoretical and Experimental Study o f  Sluriy Flow.
Doctoral thesis. Case Western Reserve University, Cleveland, 
Ohio, USA.

Bray, Bates and Land (1997).
Dredging a Elandbook for Engineers. Arnold, U.K.

Clift, R., Wilson, K.C., Addie, G. R., and Carstens, M.R. (1982).
"A  mechanistically-based method of scaling pipeline tests for 
settling slurries”. Proceedings Hydrotransport 8. BHRA Fluid 
Engineering, Cranfield, UK, pp. 91-101.

Churchill, S.W. (1977).
"Friction-factor equation spans all fluid-flow regime”. Chemical 
Engineering. 84(24), pp. 91-2.

Gillies, R. G. (1993).
Pipeline Flow o f  Coarse Particle Slurries. Doctorial thesis, UMI 
Dissertation Services, pp 56-81.

Herbich, J.B. (1992).
Elandbook o f  Dredging Engineering. McGraw Hill, New York.

Lee, M. S., Matousek, V., Chung, C. K., Lee,Y. N.(2003).
"Hydraulic transport of Jumoonjin sand experiments in 
Hyundai dredging test loop”. Proceedings CEDA Dredging 
Day 2003. Amsterdam, The Netherlands, pp 165-174.

T he  m e a s u r e m e n t s  of th e  Jum oonjin  sa n d  (d50 = 0 .54 
m m ) In laboratory p ipes of th re e  different d iam e te rs  
(155, 204  and 3 0 5  m m) s h o w e d  tha t  a f low pattern has 
a profound effec t  on t h e  frictional p re ssu re  lo sse s  In 
slurry pipes.

Very low frictional lo sse s  have  b e en  o b se rv ed  at 
velocities near and b e lo w  th e  deposition limit velocity In 
all th ree  pipes. Further Investigation Is required on th e  
Internal s truc ture  (distribution of solids concentra tions) 
of th e  f lows to find ou t  th e  reason  for th e  low p re ssu re  
drops.  It Is a s s u m e d  tha t  this Is a result of th e  shearing 
of th e  top  of th e  stationary/sliding bed  at t h e  low veloci­
ties. More detailed t e s t s  are required to find th e  so u rce  
of th e  shearing process .

Matousek, V. (1997).
Flow Mechanism o f  Sand-Water Mixtures in Pipelines. Doctoral 
thesis. Delft Univ. Press, pp 73-144.

Matousek, V., Chara, Z., and Vlasak, P. (2004).
"On the effect of particle size and pipe size on slurry flow 
friction”. Proceedings 12th Int. Conf. Transport and 
Sedimentation o f  Solid Particles.

Wilson, K.C., Addie, G.R., Sellgren, A., and Clift, R. (1997).
"Slurry Transport Using Centrifugal Pumps”. Blackie A  & P. 
London, UK, pp 50-152.

10


