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Abstract: Newtonian and non-Newtonian fluids are commonly transported with the piping 
system, but non-Newtonian fluids with particle-laden are more complicated to be transported due to 
various factors. A deposition is one of the problems that must be investigated due to affecting flow 
efficiency. The purpose of this study is to investigate the performance of 3-lobes spiral pipe in 
relationship with particles effect. The working fluid used had several variations of concentration 
weight (i.e. Cw 20%, 30% and 40%). Test pipes used had 1550 mm of length which consisted of a 
spiral pipe with P/Di=7 and a circular pipe with an inner diameter of 25.4 mm; both of the pipes 
were used to investigate the particles effect where the circular pipe for examining rheological of the 
working fluid. Slurry particles sized 1–5 μm in this study was obtained from the mud eruption at 
Semau Island, Kupang-Indonesia. By comparing both working fluids, the critical velocity observed 
in the spiral pipe was not as high as observed in the circular pipe, and thus the spiral pipe is more 
efficient to be used in slurry transportation from mud eruption area.  
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1. Introduction and background
The piping system is considered as the most effective 

medium of liquid transportation where it is widely used in 
industrial and engineering productivity and used to 
transport Newtonian and non-Newtonian fluids 
commonly1).  

The flow of non-Newtonian fluid is more complicated 
than the Newtonian in regards to their flow in a pipe2). 
Various studies using non-Newtonian fluid have been 
attempted to reach a more efficient flow in order to reduce 
its energy consumption. Matoušek et al.3) argued that each 
piping system designed for slurry (non-Newtonian fluid) 
must consider flow performance; he assumed that 
understanding the permanent contact between the 
particles and the wall is more important than the sporadic 
contact (collision) between the particles. 

Two methods can be applied to obtain drag reduction, 
which directly relates to energy consumption reduction: 
active and passive control methods4). The active control 
method adds substances or additives through the working 
fluid5,6), while the passive control method tries to reduce 
drag by forming or reshaping a channel geometry or 
structure to obtain more effective flow7,8). 

In the passive-control method, the working fluid 
determines the choice of appropriate pipe geometry to be 
used7). Several solutions with various pipe cross-sections 

can be chosen for this problem, such as rectangular 
pipes10), pentagon spiral pipes11), and spiral pipes with 
three or four-lobed variations12).  

The spiral pipe can be chosen as an alternative to 
prevent deposition, which often occurs in circular pipes 
which is the standard pipe used in the common piping 
system. Spiral pipe is an excellent alternative for more 
efficient-energy application and still environmentally 
friendly to be applied in the industry13). Yanuar et al.14) 
revealed the influence of pipe wall geometry where they 
combined the active and passive control methods using 
surfactant in a spiral pipe. In their research of using spiral 
pipes to transport fluids, drag reduction is influenced not 
only by a mixture of drag-reducing agents but also by the 
wall of the pipe15). Their other study related the piping 
systems emphasised the conjunction of the impact on 
environmental losses and energy efficiency16).  

In Indonesia, mud eruption from a volcano often occurs, 
which has a detrimental impact when occurring near 
residential or agricultural areas. The mud eruption is a 
mixture of water and particles; its characteristics resemble 
a non-Newtonian fluid. This investigation on the spiral 
pipe performance for particle-laden liquids was carried 
out as a solution to tackle the mass non-Newtonian fluid 
transportation in Indonesia caused by the local rampant 
mud eruptions since several years ago.  

Solid particles used for the working fluid mixtures were 
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obtained from spout sources of mud eruption in Semau 
Island, East Nusa Tenggara-Indonesia, and thus the 
samples represent the real mud concentrate. The fluid 
mixture has a concentration weight (Cw) of 20%, 30%, and 
40%. The mixture used in the experiment can unravel the 
characteristic of the mud; the learned flow behaviour from 
the flow control will be a guide to solve the problems in 
the community related to mudflow. Whenever a 
detrimental of mud eruption occurs to a community, the 
mud can then be flowed efficiently to another place using 
this examined concept. 

This research was conducted by using a 3-lobes spiral 
pipe as flow control (passive control). This paper is the 
first to research drag reduction, which analyses flow 
efficiency through particle behaviour (particle effect). A 
spiral pipe with a three-lobed cross-section and P/Di=7 
was used because it has been proven efficient for two-
phase flow with high viscosity fluid. The objective of this 
study is to analyse the solid particles effect through the use 
of the spiral pipe. 

2. Method and experimental setup
The experimental setup consists of the storage of slurry, 

slurry pump, circular and 3-lobes spiral pipes, pressure 
transducers with EMANT DAQ, a Laptop, a measurement 
cup and a weight scale. Pure water was used in the initial 
testing to find out leaks and to validate the measured 
pressure difference and mass flow rate. In order to find out 
the correct value of the pressure difference, two processes 
were examined: a careful measurement using manometer 
systems and then its comparison with the measurement 
using the pressure sensor. The mass flow rate was 
quantified with the conventional way using a measuring 
cup where it was weighed to find an accurate and more 
reliable value compared if using a digital flow meter, 
based on the authors’ experience. Measurements value 
was collected for each working fluid concentration 
(Cw=20%, Cw=30% and Cw=40%) by varying the flow rate. 

Fig. 1: Schematic diagram of the experimental setup. 

In this study, the main focus is a spiral pipe for efficient 
flow and so the circular pipe as the standard pipe was also 
used as a comparison. Fig. 1 shows a schematic diagram 
of the flow loop to measure the velocity and pressure drop 

of the working fluids inside both pipes. The fluid was 
flowed to a test pipe using a slurry pump (gear pump)17). 
This type of pump was chosen due to the high viscosity of 
the transported fluid mixture18). During the testing process, 
a rotating 1500-rpm mixer in the slurry storage tank 
protected it from being precipitated. Then, before reaching 
the main test pipe, it had to cross a pipe section with a 
length of 40Dh to achieve a fully developed flow. Both the 
spiral and circular test pipes have the same total length of 
1550 mm; Table 1 describes their properties, and Fig. 2 
depicts the geometry of the spiral pipe used. The circular 
pipe has a different diameter with the spiral pipe because 
the hydraulic diameter of both pipes must be in the same 
dimension in order to be compared for analysis. 

Table 1. Test pipe dimension. 

Pipe Di (mm) Do (mm) ∆D (mm) P (Pitch) P/Di 

Circular 25.4 25.4 - - - 

Spiral 37 47.6 5.3 259 7 

Front view 

Side view 
Fig. 2: Spiral pipe geometry. 

On each of the pressure taps point, a sensor for pressure 
measurement was installed to collect pressure data. The 
sensor used (EMANT300) was a compact 24-bit data 
acquisition (DAQ) module developed for learning 
purposes19); it can be calibrated to get measurement results 
with small errors and is exceptionally relevant for 
laboratory-scale research. The EMANT module has a 
working principle of recording different pressure (Δp) 
values. The pressure values by the DAQ were validated by 
comparing it with carefully measured values using a 
manometer for certain flow variations. The different 
amount from the comparison was used as the added value 
to result of the DAQ. Only after this validation, the DAQ 
could be used to measure pressure in the experiment. 

In this experiment, the room temperature was kept 
constant at 270C. The incoming flow was regulated by 
valve regulator20), and the variations were set from lowest 
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to maximum. In each time interval of the variations, the 
test fluid was collected on a container and then weighted 
with a digital scale with a high level of accuracy. 
The investigated slurry was a mixture of the test ash 
particles obtained. For SEM measurement purpose, it was 
dried, and the ash particles were measured. Fig. 3 shows 
the size range of the SEM results, which is 1–5 μm. The 
dried slurry was then mixed with pure water with a 
concentration weight Cw of 20%, 30% and 40% using the 
following equation of 

100%s
w

w s

mC x
m m

=
+ (1) 

where ms and mw are the solid particles mass and pure 
water mass, respectively. Before the experiment began, 
each concentration of the slurry was stirred with a mixer 
for an hour until it reached a homogeneous mixture. 

Fig. 3: SEM image of the slurry. 

Rheological measurements were carried out at 
isothermal conditions with a constant temperature of 
250C21). The rheological behaviour of non-Newtonian 
flow such as slurry can be known by the power-law model 
parameters, such as power-law index (n) and consistency 
coefficient (K)22). These parameters can be obtained 
through scale plots between shear rates 𝛾𝛾 = 8𝑢𝑢�/𝐷𝐷̇   and 
shear stress 𝜏𝜏 = 𝐷𝐷∆𝑃𝑃/4𝐿𝐿𝑃𝑃231. The slope and intersection 
value of the logarithmic graph indicate the values of n and 
K, respectively. It should be noted that testing for the value 
of n and K uses data from circular pipes. The n value 
indicates the working fluid as pseudoplastic fluid, and K 
indicates zero shears of the working fluid24). For a 
complex flow, such as a non-Newtonian fluid, the 
generalised Reynolds number Re' was used and defined as 

2

1
'Re 8

n n
h

n

u D
K

ρ −

−=
(2) 

where ρ is density, ū is the mean velocity of the slurry, Dh 
is the hydraulic diameter; the hydraulic diameter of the 
spiral pipe is calculated based on Yanuar et. al.25).  

The above equation of Re' is quoted from Benslimane 
et al.26) and Kristiawan et al. 27) that simplify Re' 
calculation from Metzner et al.28) to make them more 
relevant to the method of this investigation. The method 
used and the data obtained have a tendency towards the 
related references, so the use of the equations was adjusted 
accordingly. 

The energy loss due to friction can be predicted by 
using the hydraulic gradient (Im), which is defined as the 
head loss per unit length29). The hydraulic gradient is an 
important parameter to evaluate the friction loss30) 
because it is the pressure gradient for a mixture expressed 
as the height of water per length of line31) and defined as 

m
f

pI
gLρ

∆
=

(3) 

where ∆p is a pressure drop, ρf is the density of working 
fluid, g is the gravity, and L is the length of the test pipe.  

The solid effect represented by (Im-Iw) was used to 
evaluate the additional friction loss due to the solid 
particles, where Iw is the friction gradient for pure water at 
a flow rate equal to the slurry flow rate. Moreover, Durand 
equation is used to calculate the deposition critical 
velocity VDC

32) as 

[ ]
1' 22 (s 1)DC hV F gD= − (4) 

where F’ is an empirical function of diameter particle, and 
s is relative density. F’ depends on the drag coefficient of 
the particles settling in an equivalent fluid of density ρf 
and viscosity µf

33). The correlation for F’ is calculated as  

𝐹𝐹’ = exp [0.51 − 0.0073𝐶𝐶𝐷𝐷 − 12.5(𝐾𝐾1 − 0.14)2  (5) 

where 𝐶𝐶𝐷𝐷  is drag coefficient and 𝐾𝐾1  is a factor that 
contains the viscosity and density of the water34). 

3. Results and Discussion
The non-Newtonian working fluid used in this study is 

a slurry from mud eruption. Before testing the working 
fluid, validation of the test equipment was carried out to 
ensure readiness. This initial testing was performed out 
using pure water, and mathematical equations were used 
to calculate the test data. Friction factors were calculated 
using the Hagen–Poiseuille equation for laminar flow 
(f=64/Re) and the Blasius equation for turbulent flow 
(f=0.3164Re-0.25). For a Newtonian fluid, the Reynolds 
number of Re=ρūD/μ was used, and viscosity was not 
affected by the shear rate in the Newtonian fluid 
calculations. Eventually, the working fluid gradually 
flowed through the test pipe.  

- 582 -



 EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 07, Issue 04, pp580-586, December 2020 

Fig. 4 represents the data from the slurry test with Cw 
variations (20%, 30% and 40%). From the graphs, the 
higher mixture concentration produced a more significant 
pressure drop. This behaviour is similar to the increase in 
pressure drop when the flow rate increases.  

Fig. 4: Pressure drop and flow rate of the working fluids. 

Fig. 5 compares shear stress and apparent viscosity in 
two y-axes, and shear rate in the x-axis. The graph shows 
an increase in the shear rate, which resulted in an increase 
in shear stress and a decrease in apparent viscosity. It can 
be seen that the higher the concentration value of the fluid 
mixture, the higher the apparent viscosity resulted. The 
flow line of the plotted calculation data shows the trend of 
pseudoplastic flow behaviour, where the higher the shear 
rate, the apparent viscosity value drops. This behaviour is 
supported by the power law index of n value obtained. 

The calculation of n and K used the data of the circular 
pipes test and is presented in Table 2. The increase in the 
working fluid concentration resulted in a decrease of n, 
and the rising of K. The n indicates the working fluid as 
pseudoplastic fluid, and K indicates zero shears of the 
working fluid. This behaviour of pseudoplastic fluid flow 
results in a decrease of both the viscosity and the shear 
rate. 

Fig. 5: Shear stress and apparent viscosity of the working fluid. 

Table 2. Parameter power law from the circular pipes test 

Parameter 

power law 

Working fluids 

Cw=20% Cw=30% Cw=40% 

n 0.99 0.92 0.81 

K 6.1 12 20 

Fig. 6 presents a comparison of the hydraulic gradient 
of the generalised Reynolds number on a circular pipe and 
spiral pipe. At low Re', the hydraulic gradient value 
decreased sharply until Re'=1x104, especially for the 
circular pipes. Then, the growth occurred when the fluid 
flow enters the turbulent zone. The variation of the 
mixture concentration generated varying hydraulic 
gradient for both types of pipe, each with their trend. The 
fluids differed in critical velocity magnitude since the 
concentration differences influenced them in the flow. 

Particle-laden fluid experiences different velocities 
between particles and fluids at the initial velocity. The 
flow velocity soars until the particles are dragged or 
pushed in the direction of the flow; the initial velocity 
when the particles start to move is called the critical 
velocity. On the hydraulic gradient line, the critical 
velocity value can be found35). The critical velocity is 0.46 
m/s, 0.79 m/s, and 1.02 m/s for Cw=20%, Cw=30%, and 
Cw=40%, respectively. 

The starting point of the hydraulic gradient growth 
indicated that higher velocity is needed to flow the solid 
particles by the threshold magnitude. The fluid in the 
circular pipe needed a higher threshold magnitude to flow 
the solid particles compared to the fluid in the spiral pipe 
even though they have the same mixture concentration. 
The high-velocity magnitude needed by the circular pipe 
is caused by relatively high energy that is required to move 
the particles which settled at the bottom of the pipe.  

Fig. 6: Comparison of hydraulic gradients and generalised 
Reynolds numbers. 

Fig. 7 describes the effect of solid particles (Im-Iw) in the 
flow with Re’ variation. The effect of particles in the flow 
shows the degree of homogeneity of the working fluid, 
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where the decreasing effect of the particles describes the 
better the homogeneity level.  

The effect of solid particles in the case of the circular 
pipe grew with a more dense concentration of the mixture 
and grew less with the growth of Re'. This effect flattened 
for spiral pipes at Re'=3x103, but shrunk for circular pipes 
at Re'=3x104 and continued to shrink. The flattening effect 
of the spiral pipe indicates that there had been a 
homogeneous flow, and therefore it can be assumed that 
the particle interaction was more intense in the spiral pipe 
due to the swirl-flow pattern caused by its geometry. 
However, in the case of the circular pipe, there had not 
been a homogeneous flow described by the shrinking 
effect, which can be indicated that homogeneity in each 
mixture component was still happening. 

Fig. 7: Comparison of particle effects and generalised 
Reynolds numbers. 

4. Conclusions
In order to investigate the performance of 3-lobes spiral 

pipe in relationship with particles effect of slurry from 
mud eruption, pressure drop and energy losses were 
measured and calculated. By the rheological model, the 
working fluid is known as the pseudoplastic with n is less 
than 1. The effect of Re’ and geometry pipes was 
presented; the critical velocity in circular and spiral pipes 
differed in value. Spiral pipe created less critical velocity 
than the circular pipe in order to move the solid particles 
in the fluid. The solid particle effect dropped sharply at 
low Re' and tended to be constant at specific Re' range. At 
the highest examined Re', the solid particles effect in the 
circular pipe still tended to fall, whereas in the spiral pipe 
this effect was flattened; the swirl shape of the pipe 
influenced this effect. 

This research has provided information regarding the 
characteristics of two-phase flow that can be used to solve 
the transportation problem of mud eruption with the 
piping system. Research related to this field is still in 
progress using numerical simulations to determine the 
flow of particles dragged when it flows through a spiral 
pipe. 
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Nomenclature 

Cw concentration weight (%) 
Dh diameter hydraulic (m) 
f friction factor (-) 
F’ the empirical function of diameter particle (-) 
g gravity (m s-2) 
Iw friction gradient for pure water (-) 
Im hydraulic gradient (-) 
K consistency coefficient (-). 
L length of the test pipe (m) 
ms solid particle mass (kg) 
mw pure water mass (kg) 
n power-law index (-) 
Re Reynold number (-) 
Re' generalised Reynold number (-) 
s relative density (-) 
VDC critical velocity (m s-1) 
∆p pressure drop (Pa) 

Greek symbols 
ρ density (kg m-3) 
ρf 

µf 
density of working fluid (kg m-3) 
viscosity of working fluid (kg m-1s-1) 

ū mean velocity (m s-1) 
�̇̇�𝛾 shear rate (s-1) 
𝜏𝜏 shear stress (Pa) 
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