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Abstract
Indonesia particularly East Java has been suffering from eruption of gas and mud slurry, caused by oil and gas exploration. Everyone calls this disaster as Sidoarjo mud or Lapindo mud. Mud slurry is essentially a mixture of a carrying
fluid and solid particles held in suspension. When the mud slurry flow speed is not sufficiently high the particles will
not be maintained in suspension. In spiral pipe twisted with a constant pitch in relation to the axis a swirling flow occurs when fluids flow in the pipe. The aim of this study is to examine characteristics of the hydraulic transport of mud
slurry flowing in the spiral pipe with three-shape groove pipe walls. The shear stress and the shear strain are calculated
by measuring the pressure drop and the volumetric flow rate in circular pipe, respectively. The power law exponent
were about 0.93-1.0 for mud slurry solution of 45%, 30% and 20% of weight concentrations. The diameter of particles
was 0.95 mm and the density was 2.19×103 (kg/m3). The apparent viscosity of mud slurry solution is not constant to
the shear strain but the relationship is approximated by model of power law. The friction factor of mud slurries in a
spiral pipe with ratio pitch per diameter 6.7 is lower than circular pipe and spiral pipe with P/Di= 3.9 and 4.3. It was
shown that the spiral pipe caused drag reduction in flowing of mud slurries. The drag reduction ratio of spiral pipe was
about 28% for Cw=30% at Re’=32×103.
Keywords: Drag reduction; Friction factor; Mud slurry; Pressure drop; Sprial pipe
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1. Introduction
Indonesia particularly East Java has been suffering
from eruption of gas and mud, caused by oil and gas
exploration. Everyone calls this disaster as Sidoarjo
mud or Lapindo mud. It is a major environmental and
economical issue, concerning not only the Indonesia
government, but also local and some global communities. Even until this day, it is still impossible to stop or
to control the mud flow from eruption. So the only
way to prevent further damages is to flow the mud to
river or directly to sea. Now we are facing the problem
of how to flow the mud effectively, efficiently and
also safely.
The problem of flowing of the mud in pipe is when
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the slurry flow speed is not sufficiently high the particles will not be maintained in suspension. It is well
know that the friction or the drag of turbulent flow is
reduced by adding some additives to liquids or gas.
This phenomenon is called drag reduction. The hydraulic transport of solids in pipes is economically
attractive in comparison to transport by truck, railway
or ship. The goods transported over long distances are
mainly coal and iron ore and the carrier fluid is water.
Since the longest pipelines for the hydraulic transport
are about 400 km in length, by using drag reducing
additives considerable energy saving should be possible in the hydraulic transport of solids. Mud slurry is
essentially a mixture of solids and liquids. Its physical
characteristics are dependent on many factors such as
size of particles, concentration of solids in the liquids
phase, size of the conduit, temperature and viscosity of
the carrier [1]. The flow of slurry in a pipeline is much
different from the flow of a single-phase liquid. Theo-
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retically, a single-phase liquid of flow absolute (or
dynamic) viscosity can be allowed to flow at slow
speeds from a laminar flow to turbulent flow. If the
slurry’s speed of flow is not sufficiently high, the particles will not be maintained in suspension. On the
other hand, in the case of highly viscous mixture will
be too viscous and will resist flow. The flow regimes
were classified into six categories: homogeneous flow,
heterogonous flow, fully moving bed, part stationary
bed and stationary bed, and the empirical formulations
to estimate the pressure drop in two phase flow was
obtained [2]. In spiral pipe twisted with a constant
pitch in relation to the axis a swirling flow occurs
when fluids flow in the pipe. According to Watanabe
K at al. [3] in spiral pipe twisted with a constant pitch
in relation to the axis a swirling flow occurs when
fluids flow in the pipe. The drag reduction for slurry
flowing in spiral pipe maybe will be occurred from the
ratio of pitch and diameter suitable with properties of
slurry [4]. The aim of this study is to examine the
characteristics of the hydraulic transport of mud slurry
flowing in the spiral pipe with three-shape groove pipe
walls by measuring the pressure drop. The flow curve
of mud slurry and the friction factor are calculated by
measuring the pressure drop and the gradient of velocity in circular pipe and spiral pipe, respectively. For
practical application the spiral pipe presents a very
useful method for preventing the holdup phenomenon
in a transport pipeline for the hydraulic transport of
mud slurry.

2. Rheological models
The shear stress is proportional to the velocity gradient (shear rate), can be described by Power Law
model:

⎛ du ⎞
τ = K ⎜⎜ ⎟⎟
⎝ dy ⎠

state have been proposed in order to describe the
nonlinear flow curves of non-Newtonian fluids. Non
Newtonian fluids Bingham, Pseudoplastics, and dilatants are those for which the flow curve is not linear.
The viscosity of a non Newtonian fluid is not constant
at a given temperature and pressure but depends on
other factors such as the rate of shear in the fluids.
Thus, the relationship shear stress and shear rate may
be described by measuring the pressure drop gradient
and the volumetric flow rate in circular pipe flow is
given by
D ∆P
⎛ 8u ⎞
= K⎜ ⎟
4L
⎝D⎠

n

(2)

where: D is the inner pipe diameter, ∆P is pressure
drop, L is the length of pipe (test section), K is consistency of the fluid, n is power Law index, u is the
avarage velocity.
Power Law Index(n), can be obtained from equation:
n=

d ln( D ∆P / 4 L)
d ln(8 u / D )

(3)

The coefficient of n is the determinable from the
slope of a log-log plot of D∆P/4L versus 8u/D where
∆P/L is the pressure gradient at a flow velocity, u in a
pipe of diameter D.
The relationship between volume percent solids,
solids specific gravity of the suspending medium, and
the weight concentration of solids is given as follows
[2]:
Cw =

Cvρ s
Cv ρ s
=
ρm
Cvρ s (100 − Cv)

(4)

n

(1)

where K and n are constant for the particular fluid.
The higher value of K, the more viscous the fluid. For
n=1 that is for Newtonian behavior K=µ corresponds
to the Newtonian viscosity. n<1 for pseudoplastics
model and n>1 for dilatant model. The Newtonian
viscosity depends on the temperature and the pressure
and is independent of the shear rate. The viscosity is
defined as the ratio of shear stress to shear rate. Several rheological models or rheological equations of

where Cw, Cv are concentrations of solids in percent by
weight and volume, respectively. ρs is density of the
solid phase and ρm is density of the mixture phase.
Coefficient of friction, f, can be obtained by Darcy
Equation:
⎛ D ⎞⎛ 2 g ⎞
f = ⎜ ⎟⎜ 2 ⎟ ∆h
⎝ L ⎠⎝ u ⎠

(5)

where: f is the coefficient of friction, ∆h is the head
gradient over the considered pipe length, and g is the
gravity acceleration.
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Table 1. Dimensions of spiral pipe.
Pipe

Di

Do

∆d

P (pitch)

Circular

25.4

25.4

0

∞

P/Di
∞

Spiral 1

35

45.5

5

235

6.7

Spiral 2

23.5

32.5

4.5

100

4.3

Spiral 3

23

32.2

4.6

90

3.9

2.5

Fig. 1. Experimental set up.
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2.0

1.5
Weight Concentration of Mud Slurry
Temp. 27 oC d = 12.7 mm

1.0

Water
Cw = 20%
Cw = 30%

0.5

Cw = 45%
Newtonian Fluid

500

1000

1500

2000

Shear Rate, du/dx [1/s]

Fig. 2. Shape of tested spiral pipe.

DR (%) =

f PB − f PS
x100
f PB

(6)

Shear Stress, τ [Pa]

Fig. 3. Flow curve of mud slurry.

The drag reduction, DR, is given by the coefficient
of friction ratio or by the ratio of the wall shear stress,
τ, for the coefficient of friction of circular pipe with
the suffix PB and the coefficient of friction of spiral
pipe with the suffix PS:

1

Weight Concentration of Mud Slurry
Temp. 27 oC d = 12.7 mm
Water n=1
Cw = 20%

0.1

Cw = 30% n=0.98
Cw = 45% n=0.93

3. Experimental set up
The experimental set up was shown in Fig. 1. The
mud slurry were circulated by pump and collected in
tank. The pressure drop gradient was measured at
1100 mm length between each pressure tap by manometer through a settling bottle. The diameter of
pressure hole was 2 mm and the flow rate was measured by a weighing machine. The inner diameter of
test circular pipe was 12.7 mm. The shear stress and
the shear rate can be obtained by measuring the pressure drop gradient and the gradient of velocity, respectively. Weight concentration (Cw) of mud slurry was
20 %, 30 % and 45 %. The temperature was keep at 27
o
C. The particle size distribution of mud slurry for the
hydraulic transport in this study was 0.95 mm in the
mean diameter and the density was 2.19×103 (kg/m3).
The average velocity of tested spiral pipe was calculated from the measured value of the cross-sectional
area.

Newtonian Fluid

100

1000

Shear Rate, du/dx [1/s]

Fig. 4. Flow curve of mud slurry (log-log).

The dimension of the tested spiral pipes are given in
Table 1. A Cross-sectional diagram and the side views
are shown in Fig. 2.

4. Results and discussion
Fig. 3 shows the flow curve of the mud slurry solution measured using a horizontal circular pipe. The
temperature of mud slurry was maintained at T = 27
o
C throughout the experiments because the mud slurry
rheology is temperature dependent. The effect of mud
slurry degradation on the result was examined by pipe
friction loss measurement at the start and end of the
experiment. The plot data for Cw = 45 % is not linear,
indicating that the material is a Power Law fluid over
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Weight concentration of mud slurry.

P/Di = 3.9
f = 64/Re'
f = 0.3164*Re'^-1/4
Cw = 45%
Cw = 30%
Cw = 20%

o

Temp. 27 C d = 12.7 mm
Cw = 45%

0.0030

Cw = 30%
Cw = 20%

0.1

Water

0.0025
0.0020

f

Apparent Viscosity, µa [Pa.s]

0.0035

0.0015
0.0010
0.0005
0.01

0

500

1000

1500

2000

2500

Shear Rate, du/dx [1/s]

Fig. 5. Apparent Viscosity of mud slurry.
D = 12.7 mm
f=64/Re'
f=0.3164*Re'^-1/4
Cw=0% (air murni)
Cw=45%
Cw=30%

f

0.1

0.01

103

104

105

Re'

Fig. 6. Coefficient of friction for circular pipe d=12.7 mm.

this range of shear stress.
In Fig 4. Using standard tangent-drawing procedures, tangents are drawn to the curve at various 8V/D,
to obtain corresponding value of n from the tangent
slop and K from the tangent intercept at 8V/D equal to
unity. The flow curve shear Stress τ is plotted against
shear rate, du/dy for mud slurry. The plot is linear,
indicating that the material of mud slurry is a power
law fluid over this range of shear stress. Since the
value from all there weight concentration of solution
on the same single curve, the value of power law index
for mud slurry were n = 0.93-1.0.
Measurement of the viscosity of mud slurry was
carried out by horizontal pipe viscometer and the data
of 20 %, 30 %, and 45 % weight concentration of mud
slurry, Cw solution are presented apparent viscosity
versus shear rate in Fig.5. It can be seen that the viscosity increased with decreasing shear rate although
tended to a constant value in the high shear rate region.
Measurements of viscosity depend on the type of viscometer and the hysteresis of the shear stress or shear
rate may be occurred. Because the viscosity of mud

103

104

105

Re'

Fig. 7. Coefficient of friction for spiral pipe P/Di=3.9.

slurry was complicatedly depend on many parameters
and the generalized Reynolds numbers, Re’, was calculated using the apparent viscosity of mud slurry. In
this study, the rheogram for this mud slurry was based
on the measured pressure drop data of tested circular
pipes. This suggested that the viscometric properties of
mud slurries vary in the low shear rate region. Accordingly, it can be considered that the rheological behavior in the low shear rate is that of non-Newtonian fluids.
Fig. 6 presents the data for coefficient of friction of
mud slurry. Where the coefficient of friction of mud
slurry was higher than the coefficient of friction of
water for circular pipe. Correlation for the coefficient
of friction and Reynolds number can also be used by
designers to more accurately predict the pressure drop
characteristics for mud slurry in circular pipe. Because
the viscosity of mud slurry was complicatedly dependent on many parameters, the Reynolds number
regenerative was calculated using the apparent viscosity of mud slurry.
The experimentally determined coefficients of friction of mud slurry are shown in Fig. 7, Fig. 8 and Fig.
9. The experimental coefficient of friction results of
mud slurries for turbulent flow regions for P/Di=3.9
are shown in fig. 7, dash line indicate the analytical
result of Hagen Pouiselle equation for laminar flow
and the solid lines indicate the Blasius equation for
turbulent flow, f=0.3164 Re-1/4. All mud slurry data
was located above the lines formula.
Fig. 8 shows there is only a slight difference between the spiral pipe with P/Di=3.9 and P/Di=4.3.
Where coefficient of friction of P/Di=4.3 is lower than
coefficient of friction of P/Di=3.9
Fig. 9 is shown that the coefficient of friction of
mud slurry decreases compared to that of water. The
coefficient of friction of mud slurries in a spiral pipe
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P/Di = 4.3
f = 64/Re'
f = 0.3164*Re'^-1/4
Cw = 45%
Cw = 30%
Cw = 20%

f

0.1

0.01

103
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0.93∼1.0. The coefficient of friction of mud slurries in
a spiral pipe with ratio pitch per diameter P/Di=6.7
lower than circular pipe and spiral pipe with P/Di= 3.9,
4.3. The drag reduction on the hydraulic transport of
mud slurry has been obtained by using the spiral pipe.
The drag reduction ratio of spiral pipe was about 28%
for Cw=30% at Re’=32×103 compared with that of a
circular pipe that carrying water. Variation of weight
concentration of mud slurry has not effect on coefficient of friction in the pipe.

Re'
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Fig. 9. Friction coefficient for spiral pipe P/Di=6.7.

with ratio pitch per diameter 6.7 lower than circular
pipe and spiral pipe with P/Di= 3.9 and 4.3. It was
shown that the spiral pipe caused drag reduction in
flowing of mud slurries. Variation of weight concentration of mud slurry has not effect on coefficient friction in the pipe. An important outcome of this study is
that the maximum drag reduction occurs at P/Di = 6.7
and the value of the drag reduction ratio is about 28%.
By combining the results of this study, designers will
be able to utilize the spiral pipe from the point of view
of economizing energy in the transport process.

5. Conclusion
Curve flow characteristics of mud slurry were
measured by horizontal pipe viscometer and calculated
the shear stress and shear rate at the wall by the measurement of flow rate and the pressure drop. The results
are summarized follows:
The mud slurry behaves as the Newtonian fluids for
Cw 20 %, 30 % and the shear thinning fluid (pseudoplastics fluid) for Cw = 45 %. The power law model
describes approximately the behavior of mud slurry
and the range of the power law fluids index is n =
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