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Abstract

This paper
transportation of coal slurries
improve drag reduction at
decomposition at the pipe bottom and
distribution. The objective is to investigate the influence of using
to pressure drop and homogeneity of coal slurries. The pipe angl es (a) are
140, 230, 400 and 569, the pipe test loop is set up  with entrance length 3000
mm. Pressure Transducer and pitot tube are used in the measurements
Percentage of the particle concentrat ions are varied by weight of 30 %, 40
% and 50 %. The helical angle gives significant e ffect to eliminate
decomposition at the pipe bottom. At Cw 50 %, homogeneity of the slurries
can reach around 9 6 % at helical angl e 239, It mean s the mixture between
solid material and water more uniform, using circular pipe the homogeneity

is only 74 %. Weight concentration of the solid particles and Reynolds
number gives significant effect to the drag reduction. Flow of CW =50 %
slurry at Re~5x104 through 23° spiral pipe can increase drag reduction by
about 30%. Velocity profiles were obtained from numerical CFD simulation
validated experimental results make clear the flow characteri stics.

proposes methods to reduce energy consumption for the

. Spiral pipe is one of the methods that can
certain  velocity as well as prevent
generate homogenous particl es
spiral pipe

Keywords : Coal slurries, drag reduction spiral

pipe

, helical angle , homogeneity,
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1.0 INTRODUCTION

Coal

transportation
considerable
construction of the Black Mesa Pipeline. In fact, one of

is an

attention

important fuel
in the form of slurry has received
successful

for

since the

power

plants.

mines [1]. Spiral pipe gives signi ficant as the solution in
fluids that contained solid particles transport replace
the conventional circular pipe that occured
sedimentation problem. It is possible to reduce
sedimentation using circular pipe, but it needs high
velocity in order to generat e turbulent flow, of course it

Its

the longest slurry pipelines is the ETSI coal pipeline, built
in 1979. It spans a distance of 1670 km (10 36 miles),
uses a 965 mm (38 in) pipe, and transports 23 million
metric tons/year (25 US tons/year). In Russia, the
Siberian coal pipeline is 260 km (163 mi) long and
transports 4 million tons of coal a year from Siberian
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is not cost benefit because high velocity will produce
high pressure drop, and consume more energy.

Leninger et al. [2] classified the types of coal
transported as slurry power plant coal , coking coal ,
flotation tailings , hydrocoal or hydromechanically

extracted coal Hydromechanically extracted coal

33722 |
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(hydrocal) may be transported in a natural state,
without grinding, over short distances. Particle sizes
may range from 0 860 mm (0 62.4 in). The density of coal
varies depending on the moisture content. An
average specific gravity of 1.35 is often used in
calculations.

Gas, liquid and multiphase  fluids could be efficiently
carried using pipeline transport system . Slurry is a type
of multiphase fluid consisting of particles of soli d and
liquid. Characteristics of slurry is influenced by particle
distribution, pipe size, particles size, particle
concentration and liquid ratio, the level of turbulence,
temperature and viscosity. In order to flow the
multiphase fluid such as slurry , further studies are need
to investigate the efficient methods due to the higher
density of the fluid s.

Energy saving in fluid transport system through
pipelines keep on develop ing. Two methods were
developed that are passive control and active
control. Passive control method modifying the pipe
surface to reduce energy consumption, meanwhile ,
active control modify ing the working fluid to reduce
friction factor caused by turbulence in the flow.
Modifications were made to the working fluid by
adding additives such  as surfactants and polymers,
even using micro bubble such as application in
external flow by Yanuar et al. [3]. When the working
fluid is dispersed , additives would reduce the friction
factor on particular Reynolds  number .

For the Multiphase flows , in general, there are three
types of streams, namely; homogene  ous,
heterogene ous, and intermediate  suspension. These
flow type s depend on the characteristics of the fluid.
Mizue M et al. [4] investigated the flow characteristics
using a surfactant solution in a spiral pipe. In his
experiment it is revealed that the particles floating in
the channel was distributed evenly along the pipe
caused by the axial velocity and tangential velocity.

Both types of the velocities in turbulent flow caused
surfactant particles oscillate d.

Friction factor of Newtonian fluid increased along
with the increasing Reynolds number. Unlike the non -
Newtonian  fluid , higher Reynolds number in
pseudoplastic type decreases the friction factor up to
a certain value. The increase in drag reduction is
influenced by various factors such as the
concentration ratio of the working fluid and additives
as well as the temperature  [5-7].

Investigation the drag r eduction in spiral pipe has
been conducted, i.e. Flow in a spiral pipe 1st and 2nd
reports [8-9], the addition of biopolymers guar gum
using various pipe ratio of P/Di [10], addition of
biopolymer CMC to crude oil flow suspension [11],
Drag Reduction effect of fly ash slurries i n spiral pipes
[12], mud slurries characteristics in spiral pipes [13], and
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silica slurries in spiral pipes [14]. The new geometry of
spiral pipe using pentagonal cross section and
nanofluid as working fluid has also been researched
lately by Yanuar et al. [15]. In these studies found that
the effect of drag reduction is not only influenced by

the amount of additives but also influenced by
working fluid and geometry of the spiral pipe.

2.0 METHODOLOGY
2.1 Experimental Set -up

The coal sample and the e xperimental set up is shown
in Fgure 1 and 2, respectively. The coal slurries were
circulated by pumping from tank 2 to tank 1.
Compressor was used to keep the flow steady.
Agitator used to keep homogeneous solution. Pitot
tube used to measure velocity di  stribution along three
cross sectional axis, and obtained five non -
dimensional axial velocity data along each axis  [16].
The three cross sectional axis of the spiral pipe can be
seen in Figure 3. The length of flow measurement  was
1550 mm using pressure tra nsducer connected to DAQ
and computer. Entrance length was 3000 mm to
ensure the fully developed flow. The shear stress and
shear rate could be obtained by measuring pressure
drop gradient and velocity gradient, respectively.
Weight concentration ( Cw) in the mixture of coal
slurries was varied by 30%, 40%, and 50%. The
temperature measurement was kept in 279 C. The
density of coal is 1,5 x 10 3 (kg/m 3) and particles
diameter range between 1 8 50 mm. The homogeneity
percentage of the coal was measured by comparing

the coa | mixed which was transported and coal
deposition in the pipe. The average velocity of tested
spiral pipe was calculated from the measured cross
sectional area. CFD of flow visualization and velocity
distributio n used to validate experimental results.

@) (b)
Figure 1 (a) Coal sample used in experimental
view of Coal ores

, (b) Close up
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The tested pipes is shown in T able 1. Circular pipe
used as comparison pipe to investigate the flow
characteristic in spiral pipes. Spiral pipes design and
geometry differentiated by varying twisted angles.

Figure 3, and 4 describe the geometry design of

—= : Flow Direction

Figure 2 Experimental set up

Table 1 Tested Pipes

Twisted angle was measured
Diameter equivalent of spiral pipes was used in
formula calculation.

Pipes  Di (mm) Do (mm) De (mm) al (mm) P (mm) P/Do a (9
Circ. 44.0 44.0 44.0 - - - -

S.P. 33.6 43.0 38.0 45 512 11.9 14
S.P.lI 33.8 44.4 37.0 5.3 311 7.0 23
S.P.I 345 445 36.8 5.0 156 35 40
S.P.IV 35.0 44.8 36.3 4.8 90 2.0 56

spiral pipe. The groove depth (
difference of maximum
minimum inner diameter (

&g defines the
inner diameter ( Do) and
Di). Helical twisting design
based on the horizontal axis angle and the ratio of
P/Do. The increasing ratio of P/Do. make decreasing of

pipe angle. In this research used four kinds of tested

spiral pipes.

Front view

from horizontal axis.

Side view

Figure 3 Sketch of spiral pipe
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1. Spiral Pipe 14° P/Do=11.9
II. Spiral Pipe 23° P/Do=7.0
II1. Spiral Pipe 40° P/Do =35
IV. Spiral Pipe 56° NN N NN NN N N NN P/Do =20

-~ p

Figure 4 Angle and ratio design of spiral pipes

2.2 Geometry of Spiral Pipe

The difficult measurement of spiral pipe profile
approached by calculate constant factor to find
new equivalent radius of circular form. The method to
approach cross sectional profile could be used
eliptical form [17 ]. In this research was proposed to
use equivalent circular form.

The area and perimeter of N in circular will best
fitted with area of M in spira | by constant 0.70 as
shown in Fgure 5 (a) and (b).

7
.. | 10ad

(b)
Figure 5 (a) Approachment spiral and circular form, (b)
Comparison area and perimeter between spiral and
circular form within sixth part

The relation among inner radius ( ), groove depth
(0, and radius of new circular approachment (g
with the constant factor described as follows :

rg =T, +1 aC
10 @)

S
o
@
2
<

27IS =
Figure 6 Relation among pitch, twisted length, radius, and
twisted angle

Itwisted = (Zpr S)z -(P )2 (2)
_ P
twisted —
cosb ®)

Twisted length has been obtained per pitch length.
Thus, the total length of fluid flowing along the
distance G xcan be obtained as follows :

twisted (4)

From Equation (3) can be obtaine d total length
(lotar ) a@s follows :

Dx
cosb 5)

total

2.3 Rheology Model

Fluid characteristic obtained from experimental data
is plotted in the moody chart. Laminar region refer to
Hagen -Pouiseuille line and turbulent region refer to
Prandtl -Karman line.

Power law model used in non -Newtonian fluid
model with the relation betwe  en shear stress (1) and
shear rate ( [') is proportional as follows :

é. du O n
f:Kae‘d— o K( Y
¢ dy =+ ©)

Where T is shear stress,K and n is constant for the
particular fluid, relationship change due to shear
strain of non -Newtonian fluid. for n = 1 is for
Newtonian behavior and K ="' become viscosity of
Newtonian fluid.
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Red is the Generalized Reynolds Number for non -
Newtonian model and Newtonian model if n=1and
K=", can be obtained from eqution:
. 8n"rp u”"
Re'= —en
2"(3n+1)"K -

Relation between shear stress and shear rate
obtained by measuring  pressure drop and flow rate
as follows:

D.DP _ 8u
= /m—
4|total De (8)
Where De is pipe equivalent diameter, &P is
pressure drop, lota is total twisted pipe length, * is

fluid dynamic viscosity, and  u is average velocity.
Power law index ( n) can be obtained as follows:

_dIn(D,DP/4l,)
~ din(8u/D)

©)

Power law index ( n) determined from the slope of
a log -log plot of shear rate and shear stress. Weight
concentration of solid material in the mixture can be
obtained as follows:

Gre G
cr.(w00-¢) 1, o

CW:

Where Cw, Cyv are concentrations of solid in
percent by weight and volume, respectively. " and
" are density of the solid phase and mixture phase,
respectively.

Friction factor can be obtained using Darcy
Equation as follows:

_2DgDh

2
l totalu

/
(11)

Where, _ is friction factor, g is gravitation, and ahis
the different height of manometer between two
measuring point. Drag reduction (  DR) is calculated as
follows:

DR = /(water) - (suspensic)n| 300%
/(Water)
(12)

3.0 RESULTAND DISCUSSION
3.1 Flow Characteristic of Coal S lurries Mixture

Coal slurries mixture contain weight  concentration of
solid particles. The rheology behavior was measured
in circular pipe. The temperature of mixture was kept
at 279C because the properties is temperature
dependent. Figure 7 shows the flow curve of mixture
in various weight concentration using Equation (4)
and water data n = 1 for comparison as Newtonian
fluid. Mixture with Cw = 30% seems to become non
linear with Power law index ( n) = 0.92, obtained using
Equation (8 -9). Higher concentration of solid particles
Cw = 40% and 50% decrease the Power law index
with value 0,91 and 0,90, respectively. The rheology
of coal slurries is pseudoplastic and the relation
between shear rate and shear stress refer to Equation
(6). The degradation effect of mixture also important

to be measured by friction loss measurement before
and after the test.

35 : ) : : y . . . . .
o]
80 o e* 7
00y &
~ 25 P d 1
qy = o
o 2 %
= o e
> 2,04 T . */é _
% o ®
s 154 4 @ /éx 7
7] = #* Eg/'
® ol
@® 1,0 /,52‘ —— Newtonian Fluid
& Oo Z/a © Water
i 2% * C,=30% |
*y @ C,=40%
7 &
004 [e] Cw =50% i

v T v T y T T T d T ¥
0 500 1000 1500 2000 2500 3000
Shear rate, vy (1/s)

Figure 7 Flow curve of coal slurries

The viscosity behavior of the mixture also important
to be investigated. The measurement using horizontal
pipe viscometer for the  Cw =30%, 40% and 50% were
carried out and the results showed in Figure 8. The
relation of shear rate and apparent viscosity of water
is constant due to Newtonian fluid. Meanwhile, for
coal slurries were changed decreasing by shear rate,
and the apparent viscosity was used in calculation
for Power law model. With the higher solid
concentration decrease the Power law index and
increase the viscosity of fluid. The effect of solid
particles to change the flow behavior from
Newtonian become non  -Newtonian fluid depend on
the concentration.
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Figure 8 Apparent viscosity of coal slurries

3.2 Pressure Drop of Coal Slurries Flow

One of the parameter that can determine the flow
performance of the coal slurries is wall friction factor
using Moody chart. The effectiveness of using spiral
pipe rather than circular pipe to transport fluid
contain solid particles concentration will be
considered according to friction characteristic and
suspension homogeneity.

Figure 9 shows the use of circular pipe to carry coal
slurries increased the friction factor significantly in low
R e,dwhile in high R e dhe friction factor tend to
decreased. The effect of solid particles
concentration to friction factor could not be

concluded due to the heterogeneous of solid
particle that not dispersed uniformly.

i - S ——
Circular Pipe 2= 64/Re'
rrrrrrrr 2= 0.3164Re"™
i o  Water
\ B © C,=50%
2 \Q %ZQ X CW=40°/0
T WWQM o C,=30%
| O o % i
=
R
K]
s
10* T T
10° 10*

Re'
Figure 9 Friction factor of coal slurries in circular pipe

Friction factor in different angle of spiral pipe is
shown in Figure 10. For T = 569°, Friction factor for
water is higher than in circular pipe, Figure 9, and for
the mixture as well. On the other hand, the effect of
swirling flow appeared, can be seen f rom the
tendency of the increasing weight concentration
lead decreasing the friction factor. Meanwhile , this
spiral pipe ratio has not give better performance yet.

T T T T
Spiral Pipe 56° 2 = 64/Re’ Spiral Pipe 40° A = 64/Re’
%.=0.3164Re"" %=0.3164Re""
7 O Water Water
1N & A c,=50% C,, =50% 1
a r’ o ® C,=40% C,=40%
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T e
2 e N
e e
—~~ P den
< i Yoy
2 %
S~—" 0 ‘hwt. ,zp!?@ﬂ’
S . o
-+
S
Y— 10° - . . ?
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o A =0.3164Re"™ ».=0.3164Re"™
" —_— O Water & Water
0 " 3 i o g ® C,=5% ]
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e & e i % o C,=40%
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Figure 10 Friction factor of coal slurries in spiral pipe T =560, =400 =230, =140
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It needs to investigate the influence of decreasing
twisted angle to friction factor. For spiral pipe with T =
400 friction factor tend to decreased compared to
T =560.

For = 230 gives favorable result for friction factor.

In high Re dRe & 5 x 103) which is the optimum
operational of spiral pipe utilization to transport solid
particles show lower friction factor th  an those
compare to water datas.

Spiral pipe T = 149 is the smal lest twisted angle used
in this experiment. Smaller angle decreases swirling
flow effect. Friction factor for this design ratio tend to
slightly increased comparedto | =230

Spiral pipe T = 23%with ratio P/D, = 7.0 give the best
performance to transp ort coal slurries compared to
the other tested pipes. Decreasing twisted angle of
spiral pipe bring back the characteristic close to
straight pipe.

3.3 Drag Reduction

Drag reduction shows the decreasing of coal slurries
friction factor to water friction factor. It represents the
efficiency in power requirement to transport the
suspension fluids. Figure 11 shows Drag Reduction
spiral pipes T =23%and T = 149, Spiral pipe I = 230

give the highest DR around 30% for Cw = 50%, Re &

around 5.0 x 10 4, while T = 149 reached the highest
DR around 23% for Cw =50%, R e @ound 5.5 x 10 4.

T T T ¥ T T T T T T T ¥
30 4 Spiral Pipe 23° % - Spiral Pipe 14° "
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25 K B eg 4
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L X X ” x  *
' 20+ ®s g R
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S * x* w X
3 15 o R 4 %X g o @ ]
4 L * ¥
o x)éx ] e @
o
® 104 & 1w %@@ |
[a)] X
N 1 %
X ®
54 % d i
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& ¥ C,=40% | @ ¥ C,=40%
04 By & C,=30% & C,=30%"
T T T T

T T T T T T
0 1x10* 2x10* 3x10* 4x10* 5x10°0  1x10* 2x10* 3x10* 4x10* 5x10° 6x10°
Re'
Figure 11 Drag reduction in spiral pipe | =23%and | =14°

3.4 Homogeneity of Coal Slurries

Coal slurries are heterogeneous flow with high settling
velocity, and solid particle s are not dispersed
uniformly.

Considering the homogeneity is important to see
the effectiveness of transporting solid particles
through test pipes. Figu re 12 shows the homogeneity
in whole test pipes for Cw = 50%. At the same velocity
spiral pipes shows the clear effectiveness in carrying
solid particles with the range around 83 -96% and
circular pipe around 60 -74% in velocity 0.2 -1.5 m/s.

The higher velocity shows the higher homogeneity
percentage. Spiral pi pe | = 400 shows the least
effective, while 1 = 239 shows the most effective with
maximum homogeneity 96% at 1.5 m/s. From the
results can be concluded that homogeneity was
influenced by twisted angle, ratio P/Do, and groove
depth ( &9 takes a part as we |I.
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95 4
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4BEDO

< 0B

< oo
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< oE 0
<4 0
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75 -

Homogeneity (%)

70 o 0]

Circular Pipe

Spiral Pipe 14°
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Spiral Pipe 40°
Spiral Pipe 56° | {

65 D

60 o 0]

=]
< DHES

T r T T
0,0 05 10 1,5

Velocity (m/s)

Figure 12 Coal slurries suspension homogeneity in test pipes

3.5 Flow Visualization and Velocity Distribution

It is important to investigate flow visualization in
different spiral pipe angles. The numerical CFD
simulation was carried out to make clear the flow
pattern in spiral pipe influenced by twisted angle,
pitch, and groove. The measurement of streamline
velo city and velocity distribution in spiral pipe was
conducted in cross sectional with non  -dimensional
distance L/Do =60, at Re $5.0 x 10%.

Figure 13 shows the comparison of streamline
velocity for coal slurries flow among three different
angles from one cross sectional axis. In high velocity
turbulent region, because the wall groove, the wall
roughness factor take into account. The wavy flow
tend to o ccur along near wall region due to high
velocity condition. The decreasing of angle or
increasing of pitch reduce the mixing flow of
suspension that can be seen from the thickness layer
with red color. From the pressure drop results for fluid
contain part icles suspension like coal slurries, the
effect of angl e or pitch can be described fort =409,
with excessive mixing flow effect makes higher
friction factor, thus, it become inefficient. Meanwhile,
for T = 149, with pitch increase cause reduction in
mixing flow affect the homogenous of coal slurries.
Therefore, it is worthy to optimize in which ratio of
spiral pipe give the most efficient flow.
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(@). n =400

(b). 51=230
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(c). n=140
Figure 13 Flow pattern comparison of CFD results in different spiral pipe angle at Re #5,0x 104
The  velocity  distribution obtained from agree well with experimental, it can be seen from the
experimental then compared to numerical CFD profile pattern and non -dimensional axial velocity.
simulation with the same param eter in boundary The decreasing angle or increasing pitch affects the
condition. Figure 1 4 shows the comparison for decreasing intensity in wavy flow and increasing
different cross sectional angle . The simulation results thickness layer of flow parallel to the pipe axis.

(a). 5 =400 Experimental (d). 1 =409 Numerical CFD Simulation
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(3)2.352¢-001

(2)1.176¢-001

(1)0.000€+000
[ms*-1]

(e). T =23% Numerical CFD Simulation

(3)2.402¢-001
(2)1.201e-001

(1)0.000e+000
[m s-1]
(c). 51 =140 Experimental (f). T = 14° Numerical CFD Simulation
Figure 14 Velocity profile distribution comparison between CFD and experimental results in different spiral pipe angle, at L/Do = 60,

Re $5.0x 104

Non -dimensional axial velocity clearly described in
Figure 15. Both results in experimental and simulation
show that f = 400 more advance in near pipe axis
region, yet, lower in near wall region due to the
higher wavy flow intensity. On the other hand, the
comparison between f =230 and T = 140 are
interesting ,1 = 230 tend to show the most efficient to
carry coal slurries compared to other pipe angles.
Velocity profiles and drag reduction of f =230 slighlty
above T = 149, one of the cause is the effectiveness
flow of particles suspension regarding to pipe angle
that produces swirling flow and flow homogeneity.
Thus, the optimum ratio of spiral pipe to carry coal
slurriesi§ =239 P/Do=7.0

Figure 15 Velocity distribution comparison of experimental
results at L/Do= 60, R e 5.0 x 104



