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ABSTRACT 

One of the most important elements of liquids transportation process, mainly the crudes and oil products, is the 
pipelines flow assurance by maintaining lowest pressure losses. Existence of two phase flow in the pipe would generate 
different pressure drop than the designed drop under single phase flow assumption. This paper presents CFD simulation 
results of solid-in-liquid, i.e. slurry horizontal pipe flow using ANSYS-CFX software. The influencing of sand particles’ 
diameter and concentration on the pressure loss of pipelines at various flow rates of sand-in-Diesel 2D was studied. Three 
cases have been investigated; single liquid flow, homogeneous slurry sand-in-liquid flow, and two layers slurry flow, 
suspended layer in the upper and dead bed in the bottom. For validation, water flow was also simulated. Water and Diesel 
2D were assumed Newtonian, incompressible and the region of simulation was fully developed. Mesh independency study 
was conducted so that the produced results would not be affected by the number of element.  Fluid flow was simulated as 
single phase flow with velocities of 0.5, 1.0, 1.5 and 2.0 m/s. Then, particles were dispersed in the flow with volumetric 
concentrations of 10%, 15% and 20%. The investigated particles’ sizes were 0.25, 0.50 and 1.00 mm. The simulation 
procedure was validated through comparison of the pressure drop and friction factor results with the well-established 
methods in the literature. Analysis of the homogeneous solid-in-liquid flow results demonstrates an increase in the pressure 
drop. In the case of two-phase two-layer flow, the pressure drop increases dramatically due to the high shear between the 
upper and lower layers leading to very high resistance at the interface surface between the stationary bed and the upper 
homogenous layer. The simulation explores interesting phenomena of particle settling due to the high shear at the interface 
surface resulting in creation of moving bed between the layers. Further investigations will enhance the understanding of the 
multi layers slurry flow phenomena. 
 
Keywords: pressure drop in slurry flow, two-phase flow, two layer pipe flow, slurry flow. 
 
INTRODUCTION 

Nowadays, one of the most important elements in 
the oil industry is the pipelines. Pipelines are used to 
transport oil, natural gas, slurry and others. During the 
process of transportation, the sand which is contained in 
the slurry may deposit on the bottom of the horizontal 
pipelines. As time passes, it will form a layer of stationary 
sand deposit which is the sand bed. The existence of sand 
bed will bring effects on the rate of production as it will 
cause a high pressure drop in the pipelines. Hence, this 
subject must be considered and included during the 
pipelines design stage.  

The presence of sand in oil is unavoidable and 
has brought serious problems in pipe flow assurance. It 
can affect the smoothness of the oil flow and also possess 
risks in damaging the pipelines, as well as non-estimated 
pumping power. Therefore, the presence of sand through 
oil pipe is one of main concerns in oil and gas industry. 
According to Kaushal and Tomita [1], slurry pipeline 
design parameters include solid concentration profiles, 
pressure drop and deposition velocity. Faitli [2] 
mentioned that pressure loss is one of the main parameters 
in pipeline designing as it will determine the most suitable 
pump to be used to transport the oil and this is one of the 
most expensive parts. 

However, there are also few factors that will 
affect the pressure loss and among them are the size 
(diameter) of the solid particles and its concentration. 
These two parameters affect the pressure loss in pipes as 

they will cause friction losses. According to Matousek 
[3], friction is divided into two types which are the 
mechanical friction and also viscous friction. The 
mechanical friction is created through the contact between 
the solid particles and the pipe wall and it can be 
permanent or random. The viscous friction in case of 
particle-in-liquid flow is created due to the formation of 
solid particles in the near wall layer of carrying liquid as 
addition to the fluid viscous friction losses. In this case, 
the properties of the carrying liquid near the wall layer are 
changed.  

Friction loss in solid-in-liquid flows depends 
highly on the flow conditions and also the pattern of the 
flow. Matousek [3] categorized the flow pattern into four: 
fully stratified flow, fully suspended flow, non-stratified 
flow and partially-stratified flow. In fully suspended flow, 
the solid particles are uniformly distributed across the 
pipe and no solid will deposit or act against the pipe wall. 
As for non-stratified flow, a small concentration gradient 
will appear across the pipeline but no contact bed is 
present.  

Moreover, El-Nahhas et al [4] divided slurry into 
two main types which are the settling and non-settling. 
The settling slurry will have a range of flow patterns and 
these flow patterns are relying on the physical properties 
of the carrier fluid and also the transported solids, the 
velocity and the concentration of slurry. When reaching 
one point, the solid particle will form a gravity bed which 
is called sliding bed or stationary bed. This kind of flow 



                                 VOL. 11, NO. 16, AUGUST 2016                                                                                                            ISSN 1819-6608            

ARPN Journal of Engineering and Applied Sciences 
 

©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved.

 
www.arpnjournals.com 

 

 
9909

pattern is commonly known as partially-stratified flow 
and it may be assumed as a pseudo-homogeneous flow. In 
addition, there are two conditions which are in between 
settling flow and partially-stratified flow: saltation and 
heterogeneous flow regimes. They also commented that 
non-settling slurries has a homogeneous flow pattern 
where the solid particles will settle very slowly and will 
distribute equally throughout the pipe. It was also 
indicated that the increase in solid particle content will 
cause the mixture to no longer be regarded as two 
separate components. The resulting fluid might possess 
non-Newtonian characteristics which signify a more 
complicated situation. In this situation, the solid particle 
concentration is higher in the bottom of the pipe which 
also indicates a settling pattern. This settling pattern will 
cause higher frictional losses compared to homogeneous 
slurries. 

Kaushal et al. [5] mentioned that most of the 
previous studies on slurry pipeline systems deals with 
moderate solid concentrations up to 26%. In their study, 
the increase in solid particle concentration will cause the 
pressure drop to increase in any flow velocity. They 
mentioned that the smaller particle size will have lower 
pressure drop at lower velocities and higher pressure drop 
at higher velocities compared to bigger sized particle. 
They also explained that the increase in pressure drop for 
bigger particle size at low velocity is because of the 
increase in particle amount moving in the bed is due to 
gravity. Furthermore, Nabil et al [6] claimed that the 
bigger sized particle needs more power to compensate the 
energy loss and the difference between the pressure drops 
of various particle sizes decreases as the slurry velocities 
increases. 

Generally speaking, the literature lacks a 
comprehensive coverage of the pressure drop in solids-in-
liquid flows. The case is related to huge industrial 
application and financial investment. More investigations 
are required to assist in understanding the pressure drop in 
solid-in-liquid pipe flow, and in proper design and 
operation of pumping systems. In particular, the size and 
the concentration of the solid particles have been 
emphasized to be supplementary investigated, for pressure 
drop prediction of solid-in-liquid pipe flow. 

Ali [7] was the first researcher who studied and 
analyzed the cutting transport parameters using CFD. He 
has applied hole cleaning simulation using the Discrete 
Phase Modeling (DPM) in FLUENT and conducted the 
analysis for horizontal and vertical wells. He judged the 
qualities of the hole cleaning through the transport 
efficiency. The effect of the mud flow rate, mud weight, 
mud viscosity, drilling rate, cutting size and cutting 
density were analyzed. Relative deviation between the 
model prediction and the experimental data was observed 
at high velocities, and this was related to difference of the 
cuttings sizes tested in each case.  Ali’s results indicated 
the importance of the annular velocity in cuttings 
removal. He also reported that horizontal well cleaning 
was better than for vertical wells. 

It was eventually noticed that some of the 
researchers’ findings obtained through CFD did not 
closely correspond to observable reality since the 
simulation results do not match either physical facts or 
valid experimental results; e.g. [Waltson [8], Li and 
Walker [9], and Ramadan [10]]. 

Another CFD technique used to investigate 
steady state cuttings transport in horizontal and deviated 
wells was employed by Mishra [11]. Instead of DPM, 
Eulerian Mixture Modeling capabilities in FLUENT 
software were used in the study. This study considered 
parameters of the fluid flow rate, ROP, angle of 
inclination, drill-pipe rotation and cutting size. The results 
indicated that fluid flow rate, angle of inclination, and 
ROP have a major impact on the cutting concentration. 
Furthermore, they recorded that larger particles were more 
efficiently cleaned, and pipe rotation would greatly 
enhance the hole cleaning, especially for the smaller sizes.  

Once again, the CFD results were noted to be in 
conflict with the experimental and analytical works, 
where it has been repeatedly demonstrated that smaller 
particles are indeed easier to clean, as noted in [Walker 
and Li [12], Kamp and Reviro [13], Martins et al. [14]. 
This is especially in the cases where pipe rotation is 
involved. Even so, we can compare Mishra’s results to the 
claims of Wilson and Judge on 1978, who have also 
claimed that smaller particles are harder to clean than 
larger one. The particle sizes used in the study by Mishra 
were within the given range of the easiest removable sizes 
cited in [Walker and Li [12]. 

The present study is aimed to investigate the 
effect of the solid particle’s diameter and concentration on 
the pressure loss of horizontal pipeline flow. The diameter 
and concentration of solid particles and the fluid 
velocities are among the factors that influencing the 
pressure losses. CFD technique is adopted using ANSYS-
CFX software to simulate three different cases of pipe 
flow including single phase flow, homogenous solid-in-
liquid two phase flow and two layers two phase flow. All 
cases have been simulated as steady flow. The pressure 
drop is predicted in each case. Oil and water are 
considered as Newtonian, incompressible fluids and the 
flow is steady and fully developed with no chemical 
reaction between the solid and liquid phases. The values 
of the research parameters have been adopted from 
industrial application for liquids transportation, mainly the 
oil transport in Malaysia. 
 
PROBLEM FORMULATION AND SOLUTION 
METHODS 

 Two analysis techniques have been adopted in 
the present investigation; namely, analytical analysis and 
numerical analysis by CFD technique. The analytical 
analysis is carried out through the use of the well-
established correlations for fluid flow and pressure drop 
predictions. The CFD technique is carried out through 
modeling of horizontal pipe flow with suitable boundary 
conditions to identify the influence of the parameters of 
the solid-in-liquid flow. The solid particle, as commonly 
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present in the oil production and transportation, are sand 
particles.  

Three types of flow have been considered in this 
study. 

  
 Single phase, water and Diesel 2D flow, is used for 

validation of the simulation and also as bench mark 
to compare with the two phase flow case.  

 Homogenous two phase flow of solids-in-water and 
solids-in-Diesel 2D with various concentrations of 
sand particle.  

 Two phase two layer flow consisting of 
homogenous flow at the upper part of the pipe and 
dead bed of sand particles at the lower part of the 
pipe. 

  
The flow cases are presented schematically in 

Figure-1. 
 

 
 

Figure-1. Investigated flow cases; (i) Single phase flow, 
(ii) Homogenous slurry, (iii) Two layer two phase slurry. 

 
The variables considered in the study and the 

range of their variations are summarized in Table-1. 
 
Table-1. Ranges of investigation variables, 0.2 m pipe 

diameter. 
 

 
 

The commonly used pipes for crudes and oil 
products transportation are 0.2 m (8 Inch) diameter and 
hence it is adopted in the present work. The simulated pipe 
segment is 20 m long. It is assumed as part of the fully 
developed region. The pipe is made of Galvanized Iron 
which has surface roughness of 1.5x10-4 m. The material 
properties adopted in the study are shown in Table-2. 

 

Table-2. Material properties. 
 

 
 
a) Analytical procedure 

In order to calculate the pressure drop in 
pipelines, the well-established Darcy-Weisbach equation 
has been used, as: 
 

                                                             (1) 
 

where, Δp (Pa/m) is the pressure drop, f  is the 
friction factor, L and D (m) are the length and diameter of 
the pipe, respectively, ρ (kg/m3) is the density of fluid and 
u (m/s) is the mean velocity of the flow predicted from the 
flow rate over the cross sectional area of the pipe.  

To calculate the friction factor, the Colebrook 
equation (Rennels and Hudsen [15]) is used since the flow 
is turbulent: 
 

                                             (2) 

 
 (3) 
 
 If the solid in mixture concentration is known by 

volume, then 
 

                                   (4) 
 

where: ρm, ρs, and ρL are the densities of mixture, 
solid and liquid, respectively, in kg/m3; Cw and Cv are the 
solid phase concentration by weight and volume %, 
respectively.  

The dynamic viscosity of the solid-liquid mixture 
with concentration is calculated using equation 5 as 
recommended by Menon [16] 
 

  (5) 
 
where, μm and μL are the viscosity of mixture and liquid, 
respectively, and α is the volume fraction of solids in 
mixture, (α = Cv /100). 

Then, the friction factor and pressure drop are 
predicted by the same procedure of the single phase using 
equations 1 and 2. 

  
b) Numerical procedure  

The flow geometry is modelled with pipe length 
of 20 m and diameter of 0.2 m. The pipe has three 
boundaries to be identified which are inlet, outlet and wall. 
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Boundary conditions includes pressure at inlet, flow rate at 
outlet and no slip conditions in the inner wall of the pipe 
where the fluid is viscous, Newtonian. The mesh is 
generated first by default. According to Team [17], the 
accuracy of the mesh and boundary conditions depends on 
the accuracy of the converged solution. The default mesh 
is subjected to mesh independency check. Six different 
settings of the mesh have been conducted and the six 
setups and the obtained outcomes are shown in table-3. 
The mesh, coded 03 in Table-3, has been selected since it 
compromises reasonable computational time and accuracy, 
with aspect ratio of 5.4 and skewness of 0.133. 
 
Table-3. The resulted parameters of the various mesh size. 
 

 
 

Based on the quality concept depicted in Table-3, 
the decision on the mesh type 3 is made where it has 
provided good compromise of 5.443 aspect ratio, 396400 
elements, and skewness of 0.133. In addition, the 
prediction accuracy of the pressure gradient, as index 
parameter, is carried out as in figure-2 and the residual 
RMS error values are reduced to less than 10-5 at steady 
state iteration. The percentage of difference with respect to 
mesh type 4 is only 0.1% Pa/m.  
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Figure-2. Selection of mesh size. 
 

The resulted meshed configuration of the pipe is 
shown in Figure-3. 

 
 

Figure-3. Final mesh configuration of the pipe segment. 
 
RESULTS AND DISCUSSIONS 

 To ensure good quality results with least error, 
the simulation procedure should be validated. After that, 
the results are presented for two-phase homogenous one 
layer flow, and two phase two layer flow.  

 
a) Validation of the simulation procedure 

The purpose of conducting the verification and 
validation of simulation model is to ensure that the 
produced results are accurate with minor percentage error. 
The pressure drop, for the case of water flow and for 
Diesel 2D flow, are predicted using the design equations 1 
to 5, and then extracted from the simulation. Figure-4 a 
and b show the results obtained at velocity range from 0.3 
m/s to 0.8 m/s for water and Diesel, respectively. The 
comparison demonstrate good agreement between the 
simulation and calculation results. The line angle is almost 
45o in both cases of water and Diesel oil and the fitness 
parameter, R2 is equal unity. It is found that the margin of 
error is reducing as the flow rate is increasing. At velocity 
of 0. 3 m/s, the percentage of error is 0.24 and 3.9 for 
water and oil, respectively; while at flow velocity of 0.8 
m/s, it becomes only 0.03 and 0.1 for water and Diesel 
flow, respectively.  

The mean percentage of error, of the pressure 
gradient, over the entire flow rate range is 0.115% and 
1.1% for water and oil, respectively. With this small 
differences and high R2 between the simulation and 
prediction results, the numerical procedure is considered 
valid and is able to predict the other cases of the research. 
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Figure-4. Validation of the simulated pressure drop results 
by comparison with theoretically predicted pressure drop 

results for, (a) Water and (b) Diesel flows. 
 
b) Results homogeneous slurry flow 

To explore the influence of the particles 
parameters in terms of the particle size, and particle 

concentrations, the ranges of parameters investigated in 
the present work are shown previously in Table-1. 
 

1) Effect of particle size  
To analyze the contribution of the sand particle 

size on the frictional loses, the simulation has been 
repeated for the case of 10% solid concentration for flow 
velocity of 0.5, 1.0, 1.5, and 2.0 m/s. The simulation 
results of the friction factor and the simulated pressure 
gradient are shown in table-4.  The values are all the same 
for particles sizes of 0.25, 0.5, and 1.0 mm. These findings 
are similar to those reported by Li et al [18], who 
concluded that in drilling cutting transport, the particle 
diameter has a very small effect in the transport 
performance and the build-up of the dead bed. In general, 
during looking on several studies on the transport of solid 
particles-in-liquid, it was perceived that it is difficult to 
underline either small or large particles are easier to be 
removed. Kelin et al [19] advocated large cuttings 
transport is mainly driven by the flow rate, while fluid 
rheology is the key factor in transport of small cuttings. 
Duan et al [20] suggested that difficulty to transport small 
cuttings occurs where low viscous fluids were in use. 
Some studies have focus on the transport efficiency of 
small and large size particles, (e.g. Ford et al [22] Walker 
and Li [12] Duan et al [23]) but not on how the particle 
size influence the pressure losses. This is quite interesting 
to be further investigated, and the equations used to 
calculate the mixture density and viscosity should be 
modified to count for the particles size.  

However, comparison between the friction factor 
values of pure Diesel and homogeneous Diesel/solids are 
showing considerable difference. The mean increase in the 
friction factor values over the tested range of 9x103 < Re < 
3.6x104 is about 15%. The increase in the pressure drop 
about 28.7%. 
 

 
Table-4. Simulation results of the friction factor and the pressure drop and their increase due to the flow velocity, at 

homogenous sand-in-Diesel slurry, with 10% concentration. 
 

 
 

2) Effect of solid concentration   
Solid concentration of 10%, 15% and 20% is 

considered in the present simulation. The simulation 

results of the friction factor and the pressure drop, 
assuming homogenous slurry, are shown in figures-5 and 
figure-6, respectively. To inspect the escalation in the 
frictional losses due to various concentrations of solid, the 
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simulation results of the single phase flow as Diesel 2D 
are inserted in the figures. The results show that the 
concentration of sand particles and fluid velocity will 
cause effect on the pressure drop while the size of sand 
particles has no significant effect on the flow pressure 
drop. Moreover, the friction factor in the flow decreases as 
the Reynolds Number increases. 
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Figure-5. Simulation results of the friction factor of 
single-phase and various concentration homogenous slurry 

of Diesel 2D flow, at various velocities. 
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Figure-6. Simulation results of pressure losses of various 
concentration, homogenous sand-in-Diesel 2D slurry flow, 

at various velocities. 
 

 
 

Figure-7. Velocity contour of homogenous sand-in-diesel 
2D slurry flow. 

 
c) Two-phase two-layer slurry flow  

For the case of two phase two layer flow, the 
upper layer is treated as in the case of homogenous slurry 
flow, but the lower contact surface is treated 
exceptionally. The interface between the suspended upper 
layer and the dead lower bed is considered as very rough 
surface and the highest possible roughness is input to 
identify the interface surface. ANSYS software has the 
capability to predict the friction factor of such interface. 
The values obtained from the procedure are in good 
agreement with the suggestion of [Ramadan et al [10] who 
assumed the friction factor between the suspended layer 
flow and the dead bed is within 0.25 to 0.7.  However, the 
cross section of the flow field becomes a semicircle where 
flow is assumed to have zero velocity. The simulation of 
the two phase two layer slurry is shown in Figure 7. 

 

 

Figure-8. CFD model of two-phase two-layer flow of 
sand-in-Diesel slurry. 

 
Comparing the pressure drop results of the two-

phase two-layer with the single phase and with 
homogenous cases demonstrates that the presence of the 
dead bed is highly increasing the pressure drop. The 
simulation results, as in table-5, revealed that presence of 
solid-in-liquid slurry influence the pressure drop, which 
means considerable larger pumping power. The presence 
of high rough interface surface between the layers 
contributes considerably in the high pressure losses.  

The increase of the pressure drop due to the solid 
concentration is very consistent at 1.0 and 2.0 m/s 
velocities. When all the particles are suspended and 
dispersed homogenously, the increase in the pressure loss 
is 29.0%, 38.7%, 46.5% for 10%, 15% and 20% 
concentrations, respectively for both cases of 1.0 and 2.0 
m/s slurry velocities. The presence of the dead bed causes 
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the losses to jump very high compared to the single phase 
flow, as 82.0%, 85.0% and 87.0% for concentration of 
10%, 15% and 20%, respectively for both cases of 1.0 and 
2.0 m/s slurry velocities. In spite that the interface area 
between the layers is small compared to the pipe wall 
contact area with slurry, but it increases the pressure losses 
almost double time compared to the homogenous slurry 
case. 
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Figure-9. Pressure losses per pipe length for the case of 
two-phase two-layer flow at various slurry velocities. Dp = 

0.25 mm. 
 

The powerful of CFD appears here as provides a 
support to the justification of this phenomena.  In the 
simulation, it is assumed that the bed layer is completely 
stilled. Behavior of the suspended flow near to the bed 
may tend to be slower, that could return alternatively 
laminar flow patterns. That is evident in the velocity 
contours in figure-10, in which, the dead bed is excluded 
and the lower boundary is representing the highly rough 

interface surface. It could be noted that in the region close 
to the inlet of the simulated segment, all the cross section 
is homogenous, but a new layer is created and enlarge in 
size as proceeding downstream. This is believed to be a 
moving bed build up between the dead bed and the 
suspended layer. 

Built up of the moving-bed layer is an indication 
for the particles transfer from the stationary-bed to the 
suspended layer and vice versa. Some particles tend to 
settle and transfer from core of the suspended layer to the 
zero velocity region.  They decelerate during their travel 
from the slurry velocity to the zero velocity. This travel 
distance is representing the moving bed. As such, there are 
two interface surfaces, the first is between the suspended 
layer and moving bed, and second between the moving 
bed and the dead bed. This is why the pressure losses are 
increasing to high values. El-Nahhas et al [4] realized this 
settling pattern and he also concluded that it will cause 
higher frictional losses compared to homogeneous slurries. 
The velocity contours are clearly demonstrating that the 
moving bed is enlarging as moving downstream away 
from the inlet. The suspended layer is reduced in size and 
the slurry velocity of the suspended layer is increasing, 
while the very slow region close to the dead bed surface is 
increasing 
 

 
Figure-10. The velocity contour in the case of two-phase 

two-layer of sand in diesel slurry flow. 
 

 
Table-5. Comparison between the simulation pressure drop results of single, homogenous and two-phase two-layer slurry 

flows of sand-in-Diesel 2D. 
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CONCLUSIONS 
The single and two phase, solid-in-liquid of water 

and oil are simulated and validated via comparison with 
the available design equation for friction and pressure 
losses in pipe flow. Three flow cases of sand-in-Diesel 2D 
have been simulated and analyzed in terms of pressure 
losses prediction and comparison. The homogenous slurry 
and two-phase two-layer slurry with 10.0, 15.0 and 20.0 Cv 

% have been considered, as well as different sand particle 
sizes have been investigated. It could be concluded that: 

The size of the sand particles do not have any 
significant effect on the pressure drop in all two-phase 
flow case.  

In two phase flow, the increase in sand 
concentration and the increase in the flow velocity will 
cause increase in the flow pressure drop. This becomes 
more effective in the case of two-phase two-layer flow.  

Through visualization of the velocity contours, 
produced from the CFD simulation, it has been noted that 
a third layer is created between the dead bed and the 
suspended slurry. This moving layer has low velocity and 
it increases in size as proceeding with the flow to the end 
of the pipe.  

There are some recommendations and 
improvements can be made in this project which are: 
 Investigating the effect of pipe diameter and length on 

the pressure loss. 
 An experiment can be set up to compare the actual 

results with the simulated results. 
The project can be continued with Non-Newtonian fluids. 
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