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ABSTRACT 
During the last two decades, computer techniques have 
become well-accepted and useful tools for studying two-
phase gas-solids flow processes. With the development of 
high speed high-capacity desk top personal computers, 
scientists and researches have extensively been using 
several large scale commercial computer codes to predict 
the flow phenomena in pneumatic conveying systems, 
which are rather complicated to deal with using only first 
principle based traditional prediction methods. But, 
unfortunately, very few research publications could be 
seen in open literature, which investigated the capabilities 
of commercially available CFD codes as pressure drop 
prediction tools in dense phase pneumatic transport 
systems. In an earlier publication (Ratnayaka et al., 2004), 
the authors discussed the possibility of prediction of 
pressure drop across a standard 90º bend using a 
commercial CFD software package. It was clear that the 
CFD computer code called Fluent® could be used 
successfully to calculate the pressure drop across a bend 
with a considerable degree of accuracy. Only one bulk 
solid (barite) and one internal pipe diameter (75 mm) was 
used for the said experimental investigation. This paper 
presents the results of the experimental and computational 
study carried out in the second stage of the investigation, 
which dealt with two more different materials (cement and 
ilmenite) and different transport line configurations. With 
this series of tests on different materials and pipe 
configurations, the earlier findings could be confirmed. 
With Eulerian granular approach, the predicted pressure 
drop showed a considerably good agreement with the 
experimental measurements obtained for a dense phase 
flow situation with a maximum error margin of ±15%. 

INTRODUCTION 
The problem of determining the pressure loss produced by 
a bend has been the subject of research for many years, 
because of its considerable importance in the design and 
analysis of pneumatic transport systems. However, no 
general consensus on how to analyse the two-phase flow 
across a bend has emerged, since the motion of particles 
around a bend and exact calculation of the pressure drop 
caused by a bend are highly complex.  
As an alternative approach to the classical methods of 
analysing gas-solid flows, computational techniques have 
been a well-accepted tool, throughout the last two 
decades. Specially, Computational Fluid Dynamics (CFD) 
technique which means a computational technology that 
enables one to study the dynamics of flows, has been 
becoming popular in scientific research field and industry. 

CFD involves numerical solution of sets of governing 
conservation differential equations, and other equations as 
required. CFD has proven to be extremely useful and 
accurate for single-phase flow applications. It is now 
possible to make numerical predictions for many single-
phase flows that are more precise than the most accurate 
experimental local measurements that can be obtained in a 
physical apparatus of the same geometry. There are two 
different approaches in numerical models for the gas-solid 
flow according to the manner in which the particulate 
phase is treated: Euler-Lagrangian and Euler-Euler 
granular approaches. Generally, the Lagrangian approach 
is more suited for dilute flows. It has limited applicability 
to dense phase flows, because it may be necessary to 
include an enormous number of particles. On the other 
hand, the Euler-Euler granular model is suitable for dense 
gas-solids flows. Some investigations which tried to 
predict the gas-solid system behaviours using Eulerian 
approach came with interesting results (Scott, 1978; 
Manger, 1996; Mathiesen, 1997; Wang, 2001).  
In recent years, a break through could be achieved, 
specially in the CFD applications of dense phase gas-solid 
flow systems when some research works (Jenkins and 
Savage, 1983; Lun et al., 1984; Johanson and Jackson, 
1987; Sinclair and Jackson, 1989; Ding and Gidaspow, 
1990) discussed the dynamics of inter-particle collisions. 
Based on this concept, Gidaspow (Gidaspow, 1994) 
explained the kinetic theory approach, which uses one 
equation model to determine the turbulent kinetic energy 
of the particles in terms of the granular temperature and 
assumes either a Maxwellian or non-Maxwellian 
distribution for the particles applicable to both cases of 
dilute and dense phases. The kinetic theory approach for 
granular flow permits the determination of the pressure 
and viscosity of solids in place of empirical relations for 
closure of the governing equations of CFD in traditional 
way of handling. Particularly, when the turbulence is 
concerned, most of the investigations have focussed on 
very dilute systems and their applications could most 
probably be limited to a very dilute flow of particles. In 
case of dense phase systems, the interaction between gas 
turbulence and particle fluctuation is significant. Thus, the 
kinetic theory approach uses an interaction term between 
gas turbulence and particle fluctuations in the granular 
temperature equation (Gidaspow, 1994).  
Although a large number of research publications of CFD 
applications on dilute phase pneumatic transport (Yasuna 
et al., 1995; Mason et al., 1998; Li and Tomita, 2000; 
Sommerfeld et al., 2001; Srivastava and Sundaresan, 
2003) and fluidised bed systems (Mathiesen, 1997; 
Benyahia et al., 2000; Mathiesen and Solberg, 2004; Ye et 
al., 2004) can be seen in open literature, the applications 
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on dense phase conveying is comparatively less. Even if 
some commercial CFD codes claim better performances in 
case of dense phase pneumatic conveying applications, 
their usability in real situations is very limited. On the 
other hand, only a few cases (Levy et al., 1997; Benyahia 
et al., 2000; Giddings et al., 2004; Ye et al., 2004) could 
be found where some attempts were made to use CFD 
codes to predict the pressure drops across the parts of gas-
solid systems. They also concerned either very dilute 
phase conveying (Levy et al., 1997; Giddings et al., 2004) 
or fluidised bed applications (Benyahia et al., 2000; Ye et 
al., 2004). The main objective of this work was to 
investigate the prediction capability of a commercial CFD 
code when it is compared with the experimental 
observations of a dense phase pneumatic conveying 
system. As an initial step, a standard 90º horizontal to 
horizontal bend has been studied and the experiments 
were carried out using three different bulk materials with 
dense phase flow conditions.  
The software program named Fluent® has been chosen to 
carry out calculations in this particular case. Using the 
Fluent® version 6 software package, a three-dimensional 
computational fluid dynamic model has been developed. 
The simulations have been carried out defining different 
flow parameters as close as possible to actual 
experimental conditions. Finally, the comparison and 
discussion of computational results are presented. 

TEST SETUP 
A schematic view of the transport line and the considered 
bend are shown in Figure 1 and 2 respectively. The 
individual dimensions of bends of different pipe sizes are 
given in Table 1. 

 
Figure 1: Schematic view of the conveying line 

 
Figure 2: Details of the considered bend 

 

 

Pipe Diameter 
(mm) L1 (mm) L2 (mm) R1 (mm) 

102 515 600 343 
128 515 550 424 

Table 1: The dimensions of different bends 
(nomenclatures in Figure 1) 

All signals from the different instruments (pressure 
transducers, flow transducers etc,) were fed to a desktop 
computer. The acquisition, sampling and averaging of data 
are carried out using the LabVIEW® software package. 
For this investigation, mass flow rate of solids, volume 
flow rate of air, and pressure readings at inlet and outlet of 
considered bend have been recorded. The details of 
experimental setup have been published elsewhere 
(Ratnayaka et al., 2004). 

MATERIAL PROPERTIES 
Two different materials were used for the investigation 
and the properties of those are shown in Table 2. 
 

Test Material Mean Particle 
Size (µm) 

Particle Density 
(kg/m3) 

Ilmenite 9.5 4600 
Cement 15.5 3100 

Table 2: Data for test materials 

THEORETICAL CONSIDERATION 

In CFD analysis technique, a single set of conservation 
equations for momentum and continuity is usually solved 
for a single-phase system. But, for multi-phase flow 
applications, obtaining accurate solutions is much more 
challenging, not just because each of the phases must be 
treated separately, but, in addition, a number of new and 
difficult factors come into play. Some of these additional 
factors, which are intended to accommodate the inter-
phase interactions in a multiphase system, can be listed as 
follows; 
• Drag and lift forces 
• ‘‘Slip’’, i.e. relative motion, between the phases 
• Electrostatic and/or electrophoretic forces 
• Particles sizes, size distribution and shapes 
• Inter-particle forces 
• Inter-particle collisions 
• Collisions/interactions of particles with the wall of 

the containing vessel. 
As a result of such factors, the CFD models for dense 
multiphase systems have adopted a wide range of different 
approaches: Eulerian, Lagrangian or combinations of the 
two, interpenetrating two-fluid approach or discrete 
particles, two-dimensional or three dimensional codes, 
solution via finite difference, finite element or finite 
volume approaches, etc. 
In the process of introducing additional sets of 
conservation equations, the original set must also be 
modified. The introduction of the volume fractions of gas 
and solid phases and the exchange mechanism for the 
momentum between the phases are the main modifications 
for a multi-phase CFD model. 
As mentioned earlier, Fluent® 6.1 was used to simulate the 
flow across the considered bend. The Euler-Euler granular 
multiphase model, which considers the solid and gas 
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phases as interpenetrating continuum that share the space, 
has been used for this simulation. Generally, Fluent® uses 
a control-volume based technique to convert the 
governing differential equations of the flow system to 
algebraic equations which can be solved numerically. The 
volume averaged dicretization approach consists of 
integrating the governing equations over each and every 
control volume, generating separate equations that 
conserve each quality on a control-volume basis. The 
discretized equations, along with the initial and boundary 
conditions, were solved to obtain a numerical solution. 
Conservation equations of mass and momentum were 
developed using the Eulerian approach, and solved 
simultaneously by considering the phases separately but 
linking them through the drag forces in the momentum 
equation. In the Fluent® software code, the Phase Coupled 
SIMPLE (PC-SIMPLE) algorithm which is an extension 
of the SIMPLE algorithm (Patankar, 1980) to multiphase 
flows is used for the pressure-velocity coupling. The 
velocities are solved coupled by phases, but in a 
segregated fashion. A pressure correction equation is built 
based on total volume continuity rather than mass 
continuity. Pressure and velocities are then corrected so as 
to satisfy the continuity constraint. To model the 
turbulence, the per phase k-ε (k: turbulent kinetic energy, 
ε: turbulent kinetic energy dissipation) model has been 
used. The full details of the model and the solution 
procedure are given in detail in the Fluent® user’s guide 
(2003). 

EXPERIMENTAL PROCEDURE 
The experiments were carried out to obtain the pneumatic 
conveying characteristics for barite, ilmenite and cement 
using three different pipeline configurations of different 
bore sizes, in terms of air mass flow rate, mass flow rate 
of material and total pressure drop in the conveying line. 
Initially, the desired value of blow tank pressure was set 
using the pressure control switch on the control panel. 
After that, the blow tank was filled with the test material. 
Then, the blow tank was pressurised by opening the 
supply air valve. When the blow tank pressure reached the 
set value of transport pressure, the material was 
introduced to the conveying line, by opening the discharge 
valve. At the same time, the data logging system of the 
computer was started. The variation of pressure signals at 
desired points on the conveying line and weight 
accumulation of the receiving tank were graphically 
indicated on the computer. After each test run, the relevant 
data were obtained by averaging during the specified time 
interval during which the stable conveying conditions 
were detected. Further details of the experimental 
procedure is published in early publications by the authors 
(Datta and Ratnayaka, 2003; Datta et al., 2003; Ratnayaka 
et al., 2004). 

NUMERICAL SIMULATION 
A three-dimensional grid has been prepared using body-
fitted coordinate technique, with the Gambit® software 
package according to the actual dimensions of the 
considered bend. At the inlet, the calculation domain starts 
exactly at the position of the inlet pressure transducer. To 
ensure the steady flow conditions at the outlet of 
calculation domain, the grid was extended by 0.5 m after 
the outlet pressure transducer (refer Figure 2). A typical 

grid of the calculation domain relevant to 102 mm 
diameter pipe is shown in Figure 3. 
 

 
Figure 3: A typical grid of the calculation domain of 
102mm diameter bend. 

As shown in Figure 3, few surfaces were generated within 
the pre-bend and the post-bend pipe sections for the 
purpose of using them in post processing as reference 
planes, to check the variation of solid concentration.  
The grid files generated by Gambit® were used for the 
simulation in Fluent®. The different simulation parameters 
have been defined as close as possible to the actual 
experimental conditions. 
In the problem specification, the discretization method 
called ‘Phase Coupled SIMPLE’ was selected for the 
pressure-velocity coupling while ‘First Order Upwind’ 
discretization method was used for other scalar parameters 
like momentum, volume fraction, turbulent kinetic energy, 
etc. The simulations have been carried out for different 
test conditions in terms of air flow rate, material mass 
flow rate and total pressure drop value. Inlet boundary 
conditions such as inlet pressure, volume fraction of solid, 
etc, have been defined according to the experimental inlet 
condition of the bend. At the wall, a no slip condition is 
assumed and the wall roughness constant was taken as 0.5. 
For the convenience of the simulations, spherical mono 
sized particles were assumed for all bulk materials and 
particle mean diameters (d50) were used for the 
simulations. To define the boundary conditions at the bend 
inlet, the velocities of both phases have to be given. The 
air velocity was determined according to the experimental 
measurements, while the concept of slip velocity had to be 
considered to calculate the solid phase velocity. Although 
a considerable number of models to calculate the slip 
velocity in dilute phase could be seen in open literature 
(Sankar and Smith, 1986; Sankar and Smith, 1986; Lodes 
and Mierka, 1989; Raheman and Jindal, 1993; Li and 
Tomita, 2002), a very few models (Midttveit and de Silva, 
1990; Hong and Shen, 1993) is available for the same in 
dense phase.  To estimate the solid velocity, a graphical 
presentation of slip velocity curves (Woodcock, 1987) 
which is based on the model proposed by Arastoopour et 
al. (Arastoopour et al., 1979) was used. The volume 
fraction of solids at the bend inlet was calculated 
according to the experimental condition. 

RESULTS AND DISCUSSION 
During the experimentations, special attempts were made 
to cover low air velocity regions of conveying. 
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Consequently, the conveying data were of high solid 
loading ratios (the ratio between mass flow rate of solids 
and mass flow rate of air), ranging from 29 to 257.  The 
conveying air velocities and the calculated volume 
fraction of solids at the bend inlet were approximately in 
range of 4 - 17 m/s and 9%-41% respectively.  
The Fluent® provides with the facilities to post-process the 
data and display the necessary contour, vector and profile 
plots of pressures, velocities, volume fractions, etc, of 
individual phases. After achieving the convergence 
condition, contour plots of solid phase were examined for 
each simulation. Using these plots, the characteristics of 
the flow across the pipe bend could be understood. In 
particular, the plots of contours of volume fraction are 
showing the flow behaviour of each phase which is very 
difficult to observe during the experimentations. In order 
to conserve the length of this paper, only representative 
results of the numerical simulations are given here. 
The results are categorised into two groups and presented 
here. Firstly, the variation of solid volume fraction is 
observed within the calculation domain while the pressure 
drop determination and comparison with experimental 
data are given at the end. 

Variation of volume fraction of solid phase 
After reviewing the contour plots of volume fractions of 
gas and solid phases, it could be noticed that all the plots 
showed a quite similar behaviour, especially in case of 
their propagation across the bend, independent from 
conveying bulk materials and pipe diameters. One such 
contour plot of variation of cement volume fraction across 
the 102 mm bend is shown in Figure 4. 

 
Figure 4: Contours of volume fraction (Material: cement, 
Diameter: 102 mm) 

Figure 4 depicts the contour plot of solid phase volume 
fraction of bend and few cross sections along the axis of 
the pipe at 200 mm intervals in down stream section of the 
bend. Figure 3 shows the exact positions of the surfaces. 
The contour plots clearly show a high particle 
concentration at the long radius wall of the bend.  In the 
vicinity of outlet, similar high particle concentration could 
be seen at the bottom area of the conveying pipe. With the 
help of cross sectional contour plots, one can obviously 
see that the area of high particle concentration slides 
gradually from the long radius side wall to the lower half 
of the pipe along the pipeline as the gas-solid mixture is 
heading out of the bend. This explains the behaviour of 
the solid particle inside the bend, specially, at the middle 

section of the bend where the solid particles are subjected 
to the centrifugal forces and thrown towards the pipe wall. 
Once the centrifugal action starts diminishing as the flow 
moves towards downstream side of the bend, the effect of 
gravitational force becomes more dominant and the 
particles tend to concentrate at the pipe bottom giving 
high solid volume fraction in the lower half of the pipe 
cross-section.  
Similar phenomenon was reported by many other 
investigators (Huber and Sommerfeld, 1994; Huber and 
Sommerfeld, 1998; Levy and Mason, 1998; 
Venkatasubramanian et al., 2000; Bilirgen and Levy, 
2001; Zhu et al., 2003) as well. Most of them explained 
the presence of high solid fraction at the bottom of the 
horizontal pipe wall as a result of gravitational settling of 
solids. Huber and Sommerfeld (Huber and Sommerfeld, 
1994) described it as a result of high loss of solids 
momentum at the bottom of the pipe due to more intense 
particle-particle and particle-wall collisions as compared 
to the upper portion of the pipe. They also found inelastic 
particle collisions and viscous dissipation of the gas phase 
as the reasons for high momentum loss. Some research 
workers (Levy and Mason, 1998; Yilmaz and Levy, 1998; 
Bilirgen and Levy, 2001; Giddings et al., 2004) have 
observed a characteristics of a rope of solid particles 
inside and/or just downstream of a bend. Some of them 
also reported a secondary flow pattern of a double vortex 
at the downstream of the bend. However, these 
phenomena are quite common in dilute phase conveying 
where the solid particles have more freedom to move. But, 
the flow modes under the consideration of this 
investigation were completely in dense phase (the solid 
loading ratio ranging from 29 to 257). Consequently, the 
solid particles have less freedom to move around the 
conveying domain, thus the roping phenomenon may not 
be applicable here. 

Pressure drop determination 
During the post processing of simulation data, it was 
possible to determine the pressure drop across the 
considered bend. The pressure drops across the bend, 
mainly in between the locations of two pressure 
transducers, were calculated with the help of the 
simulation results and compared with the experimental 
observations. Figure 5 shows the graph of experimental 
pressure drop values vs. calculated pressure drop results 
for two conveying materials for three different pipe sizes. 
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Figure 5: Simulation vs. experimental results of pressure 
drop across the bend 

According to Figure 5, it is clear that the simulation 
results are in considerably good agreement with the 
experimental observation, with ±15% deviation in general. 
This is a quite interesting result, particularly without using 
any user defined subroutines or any such additional tuning 
of the basic model available in Fluent® 6, except for 
careful selection of the boundary conditions. 
As mentioned earlier, it was assumed that the solid 
particles are of mono-size and spherical in shape. This 
assumption deviates from the real situation where cement 
and ilmenite are roughly of cubical and conchoidal shapes 
respectively. Similarly, the assumption of mono-sized 
particles is also not compatible with the real situation. 
Even with these assumptions, the pressure drop 
calculations were within acceptable range with basic 
model formulation available in the Fluent® software 
package. With this observation, it is clear that the Fluent® 
software code can reliably be used to calculate and predict 
the flow phenomena in dense phase pneumatic transport. 

CONCLUSION 
The Euler-Euler granular approach with the kinetic theory 
for the multiphase flow has been used to simulate the gas-
solid particle flow in three-dimensional standard 90º 
horizontal to horizontal bend in a pneumatic transport 
system with dense phase flow condition, using a 
commercial CFD software package; Fluent®. To simulate 
the turbulence for the gas and solid phases, the per phase 
k-ε model has been used. Pneumatic conveying tests were 
carried out using two different materials and three 
different pipeline configurations with respect to the pipe 
diameter. 
The results on variations of volume fraction of solid 
particles, gas and solid phase velocity profiles and 
pressure drop determination across the bend were 
analysed using the post-processing facilities available with 
the software. Although no experimental measurement was 
made on solid particle concentrations, a good quantitative 
agreement of the simulation results could be detected with 
the published results by other research workers. In case of 
pressure drop determination, considerably good agreement 
could be found between the experimental measurements 
and simulation results with ± 15% error margin for all 

conveying conditions and combinations under the 
consideration of this investigation. 
From the simulation results, it is clear that Fluent® CFD 
software has a good potential to model the gas-sold flow 
across a bend in dense phase pneumatic conveying 
satisfactorily. In fact, this investigation and the simulation 
work have been carried out as an initial step towards a 
reliable modelling technique of dense phase pneumatic 
conveying.  
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