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Abstract 

Pneumatic conveying systems are employed across different industries with its 

routing flexibility being one of the reasons it is favoured over other systems. In 

pneumatic conveying, material fed into the system at the inlet goes through a 

series of closed piping in a very clean operation. However, the use of pipe bends 

for routing can cause a phenomenon called particle roping which may decrease 

the overall efficiency of the system. Due to inertial forces acting on the conveyed 

material about a bend, the material tends to cluster into a rope which decreases 

its travel velocity. Such phenomena can be studied through experiments and 

numerical simulations to develop ways to mitigate its detrimental effects. 

However, in the case of industrial scale pipelines already in operation, such 

pipelines are often optically opaque and runs for hundreds of metres at one time. 

Experimental observations of the flow characteristics within the pipeline are 

impossible. By employing numerical simulations, the cement conveying 

throughput of 500  tonnes per hour is well matched. The carrier gas is also 

matched at 12,000 𝑚3/ℎ𝑟. The flow characteristics from the simulation results 

such as velocity and pressure drop are replicated to within ±10% of values 

calculated from empirical formulas. With the results, much more insights can be 

gained on the flow characteristics. In particular, the region after a vertical-to-

horizontal pipe bend displays a sloshing flow characteristic. This is primarily 

caused by the presence of another horizontal-to-vertical bend at close proximity 

upstream. This combination of bends results in a flow characteristic that is much 

different from a single pipe bend flow. Literature regarding the flow 

characteristics in pipelines with a combination of bends is sparse. Therefore, by 

employing numerical simulations, the sloshing characteristics can be 



Abstract

 

 
 

xi 

documented in detail for different cases. By varying the bend radius and the 

length of the vertical pipe connecting the two bends, different flow characteristics 

can be observed. Varying the bend ratio (BR) ranging from 2.5 to 25, three 

classifications of flow characteristic can be seen. The particle rope either has 

sufficient inertia to make complete loops along the walls of the pipe wall (BR ≲ 

2.5) or insufficient inertia to do so; and either splits up into two ropes before 

merging back at the bottom of the pipe (5 ≲ BR ≲ 10) or disperses within the 

bend and later on forms again at the bottom of the pipe due to gravity effects (BR 

≲14). Next, the connecting length is varied from 0 to 20 times the pipe diameter. 

It is found that the connecting length has a lesser effect on the particle rope 

compared to the bend ratio. A longer connecting length facilitates the dispersion 

of the particle rope formed from the previous bend. In the longest connecting 

length test case, results from the numerical simulation are able to shed light on 

the oscillating dispersion characteristics of a particle rope in a vertical pipe. In 

all, this study is able to shed light on the flow characteristics in an industrial 

pipeline that which the results could be used to further increase the operating 

efficiency. Also, the knowledge on the effects of a combination of pipe bends in 

close proximity is expanded for the current pipeline layout studied. Though, more 

future studies are needed to completely characterise the effects of a combination 

of bends in other orientations. 
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Chapter 1 Introduction 

1.1 Background 

The use of pneumatic conveying systems to transport bulk materials over 

extended distances is a commonplace of many industries. They had been utilized 

in power generation industry for the transport of pulverized coal; food industry 

for the transport of powdery ingredients such as wheat, flour or sugar; and 

construction industry for the transport of cement powder, to name a few. It stems 

from the many benefits that a pneumatic system poses over conventional belt 

conveying [1]. Apart from its versatility to be applied across different materials, 

the availability of different fittings allows for an extremely flexible system. The 

closed set-up of the system also means that the operation is clean, and that 

continuous operation is possible. One example is the pneumatic conveying of 

bulk cement powder that will be the focus of this study. Dry cement particles, 

having very small particle diameters, tend to produce dusty conditions if 

transported in conventional belt conveyors. Being able to be easily entrained in 

the air also makes pneumatic conveying a suitable choice of transport mode for 

bulk cement powder.  

 

Pneumatic conveying systems typically consist of an air mover that can be 

installed near the inlet or the outlet for positive or negative pressure operation, 

respectively. The material to be conveyed is fed into the system by a feeder and 

is transported to the destination usually using air as the conveying medium. At 

the outlet, the material is separated from the conveying medium and discharged. 

Figure 1 shows a typical positive pressure pneumatic pipeline layout. The use of 

air as conveying medium means that the capacity of the system lies in the 
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capabilities of the air mover, feeding device, delivery pipes and the discharge 

mechanism. In order to optimize the system, a variety of factors must be 

considered. Mainly, the routing of the pipeline has to be determined in order to 

account for the pressure losses along the pipeline due to the number of bends. 

This information is required to correctly size the air mover and thereafter the 

capacity of the discharge mechanism. The appropriate feeding device has to be 

selected too. For example, in the current case of cement powder conveying, a 

screw feeder is used. However, such selections cannot be easily made without an 

understanding of the flow characteristics within the pipeline.  

 

Figure 3 shows a schematic layout of the industrial pneumatic pipeline currently 

under study. The pipeline has five 90° bends, where bends 1 and 5 are labelled. 

Figure 2 shows some on-site photos of the pipeline where only one of the pipeline 

shown in the photos is being investigated. Bends 1 and 2 are shown on the right 

figure, bends 3 and 4 are shown on the bottom left figure, while the top left figure 

Figure 1  Typical positive pressure pneumatic conveying system. Image source: 

[1] 
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shows another onsite pipeline to illustrate how the pipeline will discharge into a 

silo after bend 5. Bends 1 and 2 will be the focus of investigations in the later 

part of the thesis. 

Figure 2  On-site photos of the cement conveying pipeline 

Figure 3  Industrial pneumatic conveying pipeline at Jurong Port Pte. Ltd. cement 

conveying terminal 
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As the different industries continue to look for ways to improve their conveying 

systems, either for safety concerns [2] or for increasing throughput, pneumatic 

conveying has already been under research for many decades. Numerical 

simulations, or computational fluid dynamics (CFD), have emerged over the 

years as a reliable method to study the mechanisms of pneumatic conveying.  

Dense or dilute flow regimes such as particle-laden flows, two-phase or 

multiphase flows, and moving bed flows, etc., can all be investigated by 

numerical simulations. Dense and dilute phase conveying are terms used to 

identify under which regime the flow is classified. Dense phase conveying 

generally encompass flows where the material is transported as a distinct phase 

from its carrier gas at the bottom of the channel. Whereas, dilute conveying 

generally mean that the particulates are entrained in the carrier gas phase. A more 

detailed classification of the types of flow regime is available in textbooks on 

pneumatic conveying [3]. The book is also a useful start for interested readers to 

gain deeper insights into the theory of pneumatic conveying which are not critical 

to the understanding of this thesis. 

 

Due to its complexities, experimental studies are still being conducted to study 

pneumatic conveying processes. Some examples will include work by Khan et al. 

[4] on the pick-up velocity of particles and de Moraes et al. [5] on head loss 

coefficient for pipe fittings, both of which deal with properties fundamental to 

pneumatic conveying processes. While experimental studies form a significant 

portion of pneumatic conveying investigations, the number of numerical studies 

are increasing as well. There are a few numerical approaches to study pneumatic 

conveying flows that build on top of established methods in calculating single-
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phase flows. Following the continuum assumption that discrete molecules can be 

treated as a continuous phase in the derivation of the Navier-Stokes equations, 

discrete solid particles can also be assumed to be a continuous phase which 

intertwines with a carrier fluid. As it uses the Eulerian frame of reference, such 

method is referred to as an Eulerian approach. If the particles are assumed to be 

discrete in the numerical model, it is referred as a Lagrangian approach as it is 

applying a Lagrangian frame of reference in solving the equations of motion. 

Apart from direct numerical simulations and solving the complete equations of 

motion for each individual particle, there is no one unified numerical model to 

use for a gas-particle flow in which current computers can handle easily. In most 

cases, only the most appropriate modelling is being applied to reduce 

computational cost. The selection of either an Eulerian or Lagrangian 

mathematical treatment of the solids phase is based on the flow regime [6]. Also, 

a two-way or four-way coupling between the phases has to be chosen depending 

on the solids loading ratio (SLR) [7] and Stokes number [8]. A suitable turbulent 

flow model will also need to be selected and this can be decided through past 

literature as some models have consistently shown more accuracy over other 

models [9]. 

 

In each modelling approach, researchers have come up with many different 

numerical models catering to different conditions or area of interest in the flow. 

Constitutive relations are usually derived for certain flow conditions and may not 

be adequate beyond the range that it was originally derived for [10]. Therefore, 

this thesis first aims to demonstrate the ability of an Eulerian scheme in predicting 

the flow characteristics of a granular phase in a pneumatic pipe configuration 
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including a 90° bend. Both the upstream and downstream portions of the pipe 

bend will be looked at, with a focus on the particle distribution and both the gas 

and particle velocities. Also, the application of a Favre-Averaged Drag (FAD) 

model [11] towards a gas-solid multiphase flow is not common in the literature 

and this thesis intends to show and assess the effects of the FAD model on a 

granular flow. Specifically, the empirical model constant will be varied to 

observe its effects on the flow and then select a suitable model constant. It is 

expected that this model can be applied to gas-solid flows as its universality is 

concluded by the original authors. The effects of the particle diameter used within 

the model will also be briefly touched on. 

 

Another purpose of this study is to look into the numerical simulation of a large, 

full-scale industrial pneumatic-based cement conveying system currently in 

active operation. Numerical investigations into pneumatic conveying require 

some form of experimental data to which the numerical results can be compared 

against. As such, numerical simulations are mostly only applied to experimental-

scale pipelines. Furthermore, gas-solid flows are influenced by a multitude of 

factors such as the physical property of the material, inlet loading ratios, pipe 

geometry, etc. and experiments may not be able to effectively isolate each of their 

contribution to the flow characteristics. Numerical simulation can then serve as 

a complementary tool to individually study each factor [12] and look into the 

more complicated aspects of the flow. However, even after the confidence in the 

accuracy of numerical methods, they are rarely applied in full-scale studies. In 

fact, there may be of little incentive to spend a huge amount of computing 

resource in simulating a full-scale flow as scale-up procedures can be applied 
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during the pipeline design process. However, further research has shown that they 

are far from perfect and further improvements could be made [13]. Furthermore, 

to apply numerical simulation to only certain sections of an entire pipeline, it 

requires defining inlet and outlet boundary conditions which are difficult to 

obtain [12]. Therefore, by applying numerical simulation on a full-scale 

industrial pneumatic pipeline, it can serve to bridge the numerous experimental 

results to something that is already implemented as a working system. 

 

The study of the full-scale pneumatic conveying system shown in Figure 3 will 

be as follows. Firstly, quantitative data such as the pressure drop and output 

capacity provided by Jurong Port Pte Ltd. (JPPL) will be used for the steady-state 

simulations. The results of these simulations will bridge theoretical and practical 

applications to simplify pipeline designing procedures. Secondly, transient 

simulations will be performed on a selected test case to illustrate and gain specific 

insights into the flow characteristics. In particular, particle concentrations within 

the pipe and secondary flow structures will be investigated to attain a better 

understanding of the flow behaviour within the pipeline, which would not be 

available from the actual industrial system. Further on, the effects of pipe 

geometry on the conveying characteristics can be looked at. 

 

Particle ropes, a region of the pipe cross-sectional area where there is an increased 

concentration of particles, are caused by pipe bends [14]. When particles enter a 

pipe bend, inertial effects will tend to cluster the particles into a region of higher 

particle concentration. This area is usually located on the outer wall of the pipe 

bend. Particle ropes are sometimes seen as an unwanted occurrence in operations, 
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such as pulverized coal conveying where a well-dispersed particle phase is 

desired [15]. The region of higher particle concentration also means that more 

particle collisions could occur, and if the material conveyed is abrasive, the pipe 

walls will be subjected to wear and tear [16].  Mitigation actions, such as using 

wear resistant materials for pipe walls or reinforcements at the back of the pipe 

bends, will then need to be taken. Special pipe fixtures can also reduce abrasions 

on the pipe walls [17]. However, the location and characteristics of the particle 

rope must be known in order to apply the proper remedial actions. Particle ropes 

for a single pipe bend are well investigated in all orientations but not when there 

is a combination of two bends at close proximity [12] where the roping effects of 

the first pipe bend have a spillover effect on the roping at the second bend. In the 

latter part of this work, a pipeline geometry for a combination of a horizontal-to-

vertical (HV) and a vertical-to-horizontal (VH) bend will be studied. Two 

parameters will be varied, namely the pipe bend ratio (bend diameter/pipe 

diameter) and the length of the connecting vertical pipe section between the two 

bends. The location of the particle rope within the pipeline will be characterized 

and the effects of these two parameters on the flow characteristics will be 

documented. 

 

1.2 Literature review 

The most commonly investigated aspect of pneumatic conveying is the pressure 

drop within the pipeline. Some examples of which, McGlinchey et al. [18] used 

the Eulerian formulation and predicted pressure drops in 90° pipe bends. Their 

results demonstrated qualitative agreement with experimental data. In another 

case, Makwana et al. [19] looked into the effects of dune formation on pressure 
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drops. Dunes, formed at the bottom of the pipe during some conveying processes, 

were numerically found to induce large pressure fluctuations. In other aspects of 

the pneumatic conveying system, Li et al. [20] predicted solid deposition 

characteristics using the Lagrangian approach. As the Lagrangian approach was 

used, only fairly large particles were modelled within their computations. 

Nevertheless, the study was able to shed light on the interaction between particles. 

They described how a particle plug would interact with the layer of deposited 

material left by the previous plug, and how the plug leaves some material behind 

as it traverses along the pipe. Hidayat and Rasmuson [21] investigated the gas-

solid flow characteristics within a U-bend in attempt to optimize a pneumatic 

conveying dryer system. They detailed the effects of the bend radius on both the 

distribution of particles and the gas velocity and further concluded the importance 

of these two parameters on the efficiency of the dryer.  

 

Furthermore, McGlinchey et al. [22] looked at the effects of an expanding pipe 

on the flow behaviour and identified the increased aeration of the abrupt 

expansion to be beneficial to the conveying process. Behera et al. [23] studied 

the inclusion of particle size variations in their numerical simulations of fine-

particles conveying and observed good agreements between the pressure drop 

data between experiments and numerical simulations. They also found that 

segregation of different particle diameters happens in the pipeline, with different 

slip velocities for the bottom dense phase region and the top dilute phase region. 

In a study closely relevant to this thesis, Ibrahim et al. [24] considered the effects 

of pipe bend orientation on pneumatic conveying flow behaviour. They looked 

at each orientation of the pipe bends individually and used numerical simulations 
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to predict the particle trajectories. Schallert and Levy [25] performed an 

investigation on the flow within a combination of pipe bends with different 

orientations. In particular, they studied the flow changes associated with a 

horizontal-to-horizontal (HH) pipe bend followed by an HV pipe bend. One 

interesting observation made in that study was that the material spiral along the 

vertical pipe wall after exiting the second pipe bend. Such investigations 

demonstrated the applications of numerical simulations in the understanding 

pneumatic conveying flow characteristics in different situations. 

 

While designing pneumatic pipelines, under or over-prediction of flow 

parameters such as pressure drop can have real consequences to the efficiency 

and cost of the system [26]. With numerical simulations as a tool for designing 

pipelines, there was a demand for more accuracy. As researchers work towards 

developing a more robust and accurate numerical model to study particle-laden 

flows, most of them have turned towards using a Lagrangian particle treatment 

for dilute flows [27]. One of the reasons arguing for solving the complete 

equations of motion for the particles is to obtain highly accurate simulations of 

particle-laden flows as all discrete characteristics of the solid phase are retained 

[28].  However, the primary downside of the Lagrangian scheme is that with 

current computing architectures, it is simply not feasible to scale up the 

computations to study real-life industrial applications due to computational costs 

[29]. For studies with more complex geometry or higher solids loading ratio, the 

Eulerian scheme remains the only practical approach in terms of computational 

cost and time. Though, one of the concerns surrounding the Eulerian scheme is 

its assumption of a continuum. This means that the actual dynamics of the flow 
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starts to deviate from the assumptions as the particle phase gets more dilute, i.e. 

the distance between particles increases [30]. Van Deemter and Van der Laan [17] 

performed the pioneering work of deriving the balance equations of an Eulerian 

scheme by integration methods. Anderson and Jackson [31] later on used the 

equations of motion for a particle, together with the Navier-Stokes equations for 

fluid motion, and came up with the set of governing equations that are still used 

today in many commercial computing software. However, many constitutive 

relations could not be obtained directly by their method. A large part of this initial 

gap has since been filled with models either derived with another method or by 

empirical correlations. These include, for example, the interface drag term [32-

34], granular temperature [35] and solid shear stresses [36]. 

 

One concern that surfaces frequently in terms of CFD methods is its accuracy in 

modelling the behaviour of the materials within the pipe. It is with the pursuit of 

more accurate models that there is now a trove of studies within the literature that 

aims to improve the accuracy of numerical simulations of pneumatic conveying. 

Chu and Yu [37] employed a Lagrangian method to replicate earlier published 

experimental data. They obtained results in a VH pipe bend that were 

qualitatively similar to the experiments. This was observed in terms of particle 

distributions, velocities and conveying rates within the pipe. With that, they were 

able to attempt deeper analysis in terms of the gas-particle, particle-particle and 

particle-wall interactions. These are quantities that are non-measurable in 

experiments. Likewise in a Lagrangian modelling study, Quek, Wang and Ray 

[38] were able to quantitatively match, against published experimental results, 



Introduction

 

 
 

12 

the particle velocity and concentrations. This paved way for further analysis into 

particle roping and deposition phenomena.  

 

Ratnayake et al. [39] performed experiments on cement and ilmenite flows in a 

90° HH pneumatic conveying system. The numerical study was done with the 

Eulerian granular approach and standard k-ϵ turbulence model, taking into 

account the drag and lift forces, particle slip, electrostatic forces and particle-

particle and particle-wall interactions. Pressure drop, particle velocity and 

particle concentrations data collected from experimental procedures were within 

±15% of numerical simulation results. Behera et al. [23] performed experimental 

and numerical simulations on alumina, a material similar to cement. The 

numerical study was done with an Eulerian approach and dispersed k-ϵ 

turbulence model, taking into account drag forces, particle-particle, particle-air 

and particle-wall interactions. Particle size distribution was also taken into 

account. The numerical model was validated against pressure drop data from 

experimental procedures. Particle velocity, particle concentration and pressure 

variation data obtained from the numerical simulation were averaged ±20% of 

experimental results. Figure 4 shows the data from the respective studies that 

presents calculated pressure drop versus the pressure drop measured in 

experiments. The greater deviations seen in [23] can be attributed to experimental 

uncertainties caused by using pressure transmitters which measures pressure near 

the wall where the turbulent intensity is much higher [40]. Pu et al. [29] were able 

to match their own experiments with the Eulerian model accurately. From there, 

they noted the effects of solids concentration and transport pressure in vertical 

pipes and slug flow characteristics within horizontal pipes.  
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One of the closure relations of the Eulerian granular model that should be 

highlighted here is the FAD turbulent dispersion model. Because the distribution 

of particles (even in areas with relatively low particle concentrations) has been 

shown to affect the flow structures of the gas phase [41-43], it is essential to 

accurately model the particle distributions. Turbulent dispersion is the 

mechanism for the particle phase to be transported from regions of high 

concentration to lower concentrations [11] and this is especially so after a pipe 

bend. Burns et al. [11] utilized Favre averaging of the interphase drag term to 

obtain the additional terms in the momentum equations that account for turbulent 

dispersion. The authors had named it the FAD model. This model finds itself 

most commonly used in scenarios pertaining to gas-liquid flows (i.e. droplets or 

bubbly flows). Of the currently known publications that either referred to or 

utilized the FAD model in their numerical models, a majority of it sees no 

application towards a gas-solid flow. This is despite the original authors 

concluding that the model is a generalization of other turbulent dispersion models 

and it should hold true for a wide range of multi-phase flow scenarios. 

 

Figure 4  Calculated versus experimental pressure drop of (a) [39] and (b) [23]. 

(Source: respective publications) 
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Furthermore, to the best of the authors’ knowledge, there were no known 

restrictions raised in the existing literature in terms of applying this particular 

turbulent dispersion model to a dilute gas-solid flow.  

 

Also, in designing a pneumatic pipeline, it would be highly desirable if 

favourable design aspects of experimental pipelines can be scaled-up directly. In 

the commonly cited pneumatic conveying design guide, Mills [1] provided 

procedures to scale up pipe length and diameters on the basis of similar pressure 

drop and air velocities but as mentioned in the introduction, such procedures are 

not perfect. Therefore, Pan [44] and Mallick and Wypych [45] worked on trying 

to improve such scaling-up procedures. While the results are promising, the 

conclusions drawn are that the order of inaccuracy is only acceptable in practical 

design practice. When applying such techniques, a suitable numerical or 

theoretical model should be applied and more appropriate resulting scaling-up 

techniques have to be sought if better predictions are to be achieved. As such, the 

direct application of numerical simulation to the conveying pipeline appears to 

be a viable methodology to do that. 

 

Lastly, moving on to the available pneumatic conveying literature that dealt with 

pipe bends, Vashisth and Grace [46] used the Lagrangian scheme to look at the 

conveying of different classification of granular materials. The pipe bend was an 

HV configuration and they concluded that secondary flow disperses the particle 

rope that was formed by the preceding bend. Also, the particle density and 

diameter was found to affect the flow. Lee et al. [47] also drew the same 

conclusion that different classifications of particles exhibit different flow 
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characteristics in a same HV pipe configuration. More importantly, they 

highlighted an annulus flow structure in the vertical pipe section where the 

particles are mainly conveyed upwards along the pipe walls. Kruggel-Emden and  

Oschmann [48] extended the study of pneumatic conveying to non-spherical 

particles to investigate the effects of the particles’ shape on the flow behaviour. 

While some differences were documented, the general flow development is still 

a particle rope forming within the HV bend and an annular structure forming 

downstream inside the vertical pipe. There are many more studies on pipelines 

with a single pipe bend of different orientations. However, only the work of 

Schallert and Levy [25] discussed earlier was found to touch on a combination 

of two bends. Each orientation of pipe bend, or flow direction in the vertical pipe 

section, produces different flow characteristics. It may be the reason why there 

has not been much more studies that dealt with a combination of bends. With a 

combination of bends, the inlet of the second bend is influenced by the first bend 

and will produce different flow characteristics in the second bend. Therefore, it 

presents an opportunity to build on the literature for two-phase flows in pipelines 

with more than one bend.   

 

1.3 Research motivation and significance 

In summary, the motivation of the current work comes from both the research 

community and industry. This thesis evolved from an industrial research 

collaboration between NTU and JPPL of which the primary focus is to study the 

cement flow characteristics in a pneumatic conveying pipeline. The results will 

allow for further exploration into potentially beneficial engineering changes that 

may offer higher cement delivery rates and to enhance operational and energy 
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efficiency. Results obtained from the study which falls within the scope of this 

thesis is presented here. One of which is the application of numerical simulations 

directly on the full-scale pipeline model, motivated by the fact that interim flow 

data extraction from the pipeline is not possible. Although numerical simulation 

of the full-scale pipeline may be argued as an impractical approach, the process 

is necessary as the only means to gain insight into the flow within the pipelines. 

It is eventually found to be not as daunting as initially thought once a reasonable 

compromise is found between simulation accuracy and computational resources 

required. Also, scale-up design procedures have been concluded to be far from 

perfect and it presents an opportunity to demonstrate the ability of full-scale 

simulations as an alternative tool for the study of pneumatic conveying. 

 

Moving on, a few gaps have been uncovered in the process of literature review. 

Firstly, the application of FAD turbulent dispersion model towards gas-solid 

flows is not common and its suitability is briefly discussed in this work. Secondly, 

the literature on the flow characteristics in a pipeline with a combination of two 

bends in close proximity is lacking. As pneumatic conveying boasts of the 

flexibility of the pipeline through various fixtures, multiple bends in close 

proximity will certainly appear in practical applications as evidently seen in 

JPPL’s pipeline. However, the flow characteristics within such configurations are 

still not well-documented. This thesis aims to expand the currently limited 

literature through the use of numerical simulations for a combination of an HV 

and VH bend. Also, the effects of pipe bend radius and the length of the 

connecting pipe between the two bends are postulated to have a significant effect 
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on the flow characteristics. Such effects will be studied and results will cater for 

future research and industrial purpose. 

 



Numerical method

 

 
 

18 
A majority of this chapter has been published as J. Heng, T. H. New, and P. A. Wilson, 

"On the application of an Eulerian granular model towards dilute phase pneumatic 

conveying," Powder Technology, vol. 327, pp. 456-466, 2018. 

Chapter 2 Numerical method 

2.1 Numerical model 

The study will use the Eulerian granular model from commercial software 

ANSYS Fluent 13.0 (ANSYS, Inc). The Eulerian scheme treats both the gas and 

solid phase as continuums and allows them to be interpenetrating. Therefore, the 

governing equations of the model start from the general continuum equations. 

 

For a single-phase fluid flow, the mass conservation equation is: 

𝜕

𝜕𝑡
(𝜌) + ∇ ∙ (𝜌�⃗�) = 𝑆𝑚 (1) 

where 𝑡 is time, 𝜌 is density, �⃗� is velocity and 𝑆𝑚 is the mass source term where 

mass can be gained or lost. 

 

The momentum conservation equation for a single-phase fluid is: 

𝜕

𝜕𝑡
(𝜌�⃗�) + ∇ ∙ (𝜌�⃗��⃗�) = −∇𝑝 + ∇ ∙ 𝜏̿ + 𝜌�⃗� + ∑ �⃗� (2) 

where 𝑝 is pressure, �⃗� is gravitational acceleration and ∑ �⃗� is the sum of external 

forces acting on the fluid. The stress tensor 𝜏̿ is given by: 

𝜏̿ = 𝜇(∇�⃗� + ∇�⃗�𝑇) + (𝜆 −
2

3
𝜇) ∇ ∙ �⃗�𝐼 ̿ (3) 

where 𝜇 is dynamic viscosity, 𝜆 is bulk viscosity or also known as the second 

viscosity and 𝐼 ̿is an identity tensor. 

 

In a two-phase flow, the idea of volume fraction is introduced. The Eulerian 

model applies the continuum hypothesis for the solid phase. It assumes all the 

solid particles can be mathematically formulated like that of a fluid. The solids, 



Numerical method 

 

 
 

19 

together with the fluid, is treated as two interpenetrating continuums. This 

interpenetrating effect is captured by a dimensionless variable called the volume 

fraction 𝛼 (0 ≤ 𝛼 ≤ 1). In a certain (fixed) space, the volume occupied by a 

certain phase 𝑞 is the sum (or integral) of the volume fraction multiplied by the 

volume: 

𝑉𝑞 = ∫ 𝛼𝑞

𝑉

𝑑𝑉 (4) 

 

Then, the sum of all volume fractions must be equal to one: 

∑ 𝛼𝑞

𝑛

𝑞=1

= 1 (5) 

 

The effective density �̂� of phase 𝑞 will then be: 

�̂�𝑞 = 𝛼𝑞𝜌𝑞 (6) 
 

By using the effective density, a separate set of conservation equations can be 

written for the gas (subscript 𝑔 ) and solid (subscript 𝑠 ) phase. The mass 

conservation equation of the gas phase, following the form of Equation 1, is: 

𝜕

𝜕𝑡
(𝛼𝑔𝜌𝑔) + ∇ ∙ (𝛼𝑔𝜌𝑔𝑣𝑔⃗⃗⃗⃗⃗) = 𝑆𝑔 + ∑(�̇�𝑠𝑔 − �̇�𝑔𝑠)

𝑛

𝑠=1

 (7) 

where the additional term on the right represents the mass gained from solid 

phase �̇�𝑠𝑔 and mass lost to the solid phase �̇�𝑔𝑠. Other mass source terms that are 

not associated with the solid phase remains in the 𝑆𝑔 term. For the current study, 

no mass exchange mechanisms are present between air and cement, and that the 

air does not gain or lose mass in other forms. Therefore, the entire right-hand side 

is zero. 
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Similarly, the momentum conservation of the gas phase, following the form of 

equation 2, is: 

𝜕

𝜕𝑡
(𝛼𝑔𝜌𝑔𝑣𝑔⃗⃗⃗⃗⃗) + ∇ ∙ (𝛼𝑔𝜌𝑔𝑣𝑔⃗⃗⃗⃗⃗𝑣𝑔⃗⃗⃗⃗⃗)

= −𝛼𝑔∇𝑝 + ∇ ∙ 𝜏�̿� + 𝛼𝑔𝜌𝑔�⃗� + ∑ �⃗� + ∑ 𝑅𝑠𝑔
⃗⃗ ⃗⃗ ⃗⃗ ⃗

𝑛

𝑠=1

 
(8) 

where 𝜏�̿� is now: 

𝜏�̿� = 𝛼𝑔𝜇𝑔(∇𝑣𝑔⃗⃗⃗⃗⃗ + ∇𝑣𝑔⃗⃗⃗⃗⃗
𝑇

) + 𝛼𝑔 (𝜆𝑔 −
2

3
𝜇𝑔) ∇ ∙ 𝑣𝑔⃗⃗⃗⃗⃗𝐼 ̿ (9) 

 

Comparing with equation 2, the additional term on the right-hand side of equation 

8 is due to interactions between different phases. Momentum changes due to mass 

exchange are left out following the same arguments made for equation 7. The 

forces in the �⃗� term for the gas momentum equation represents an external body 

force 𝐹𝑔
⃗⃗⃗⃗ . In this current study, there are no external body forces. Therefore, the 

last two terms on the right-hand side of equation 8 is zero. The bulk viscosity of 

the gas phase in equation 9 is trivial as there are no rapid expansion or 

compression of air in pneumatic conveying and is left out of the model. As seen, 

the governing equations for the gas phase in the Eulerian scheme is in fact not 

much different from the usual single-phase flow equations. The differences and 

complexities lies within the set of equations for the solid phase. 

 

The mass conservation equation of the solid phase, again following the form of 

equation 1, is: 

𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠) + ∇ ∙ (𝛼𝑠𝜌𝑠𝑣𝑠⃗⃗⃗⃗ ) = 0 (10) 
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with the irrelevant terms on the right-hand side left out following the same 

arguments presented for equation 7. 

 

The momentum conservation of the solid phase, following equation 2, is: 

𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠𝑣𝑔⃗⃗⃗⃗⃗) + ∇ ∙ (𝛼𝑠𝜌𝑠𝑣𝑠⃗⃗⃗⃗ 𝑣𝑠⃗⃗⃗⃗ )

= −𝛼𝑠∇𝑝𝑔 − ∇𝑝𝑠 + ∇ ∙ 𝜏�̿� + 𝛼𝑠𝜌𝑠�⃗� + ∑ �⃗�

+ ∑ 𝑅𝑔𝑠
⃗⃗ ⃗⃗ ⃗⃗ ⃗

𝑛

𝑠=1

 

(11) 

where 𝜏�̿� is: 

𝜏�̿� = 𝛼𝑠𝜇𝑠(∇𝑣𝑠⃗⃗⃗⃗ + ∇𝑣𝑠⃗⃗⃗⃗
𝑇

) + 𝛼𝑠 (𝜆𝑠 −
2

3
𝜇𝑠) ∇ ∙ 𝑣𝑠⃗⃗⃗⃗ 𝐼 ̿ (12) 

 

In equations 11 and 12, there are a number of unknowns that would require 

mathematical closure before the equations can be solved. Namely, the solids 

pressure 𝑝𝑠, sum of forces �⃗�, sum of interphase momentum exchange �⃗⃗�, solids 

bulk viscosity 𝜆𝑠  and solids viscosity 𝜇𝑠 . However, a short discussion on the 

multiphase conservation equations is required. While the mathematical 

manipulations appear to be a matter of simply replacing the density with an 

effective density, no proof is presented herein. Nevertheless, it does not mean 

that derivations are not possible. Anderson and Jackson [31] derived, by local 

averages, the same set of equations using the equations of motion of a single 

particle and the Navier-Stokes equations. They provided a postulated form of the 

constitutive equations which paved way for rigorous research leading to many 

different models suitable either in general form or in selected cases. The complete 

set of closure relations applicable to this study is presented. 
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The solids pressure is an additional pressure term resulting from assuming the 

form of the stress tensor analogous to a Newtonian fluid. Similar to gas pressure, 

the solids pressure should in some way be related by a temperature term and 

volume term, since the pressure of an ideal gas depends on such factors 

(𝑝𝑉 = 𝑛𝑅𝑇) . Lun et al. [36] utilized a collisional particle pair-distribution 

function, which was obtained by simple kinetic analysis by Savage and Jeffrey 

[49], to derive the pressure tensor which consists of a kinetic part and a collisional 

part. The expression obtained is: 

 𝑝𝑠 = 𝛼𝑠𝜌𝑠Θ𝑠 + 2𝜌𝑠(1 + 𝑒𝑠𝑠)𝛼𝑠
2𝑔0,𝑠𝑠Θ𝑠 (13) 

where Θ𝑠  is granular temperature, 𝑒𝑠𝑠  is coefficient of restitution for collision 

(taken as 0.9 in this study [50]) and 𝑔0,𝑠𝑠 is the radial distribution function. The 

first term represents the contributions from the kinetic part and the second term 

from the collisional part. The interpretation of granular temperature is obvious. 

However, unlike in gases where the temperature is easily quantifiable, the 

granular temperature is proportional to the particles’ fluctuation: 

Θ𝑠 =
1

3
𝑢𝑖,𝑠𝑢𝑖,𝑠̅̅ ̅̅ ̅̅ ̅̅  (14) 

 

Ding and Gidaspow [35] later on derived the transport equation for granular 

temperature as follows: 

3

2
[

𝜕

𝜕𝑡
(𝜌𝑠𝛼𝑠Θ𝑠) + ∇ ∙ (𝜌𝑠𝛼𝑠�⃗�𝑠Θ𝑠)]

= (−𝑝𝑠𝐼 ̿ + 𝜏�̿�): ∇�⃗�𝑠 + ∇ ∙ (𝑘Θ𝑠
∇Θ𝑠) − 𝛾Θ𝑠

+ 𝜙𝑔𝑠 
(15) 

where the diffusion coefficient 𝑘Θ𝑠
 is provided by Syamlal et al. [51] who 

neglected the kinetic contribution from the expression by Lun et al. [36], because 

it tends to an unphysical value at low volume fractions: 
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𝑘Θ𝑠
=

15𝑑𝑠𝜌𝑠𝛼𝑠√Θ𝑠𝜋

4(41 − 33𝜂)
[1 +

12

5
𝜂(4𝜂 − 3)𝛼𝑠𝑔0,𝑠𝑠

+
16

15𝜋
(41 − 33𝜂)𝜂𝛼𝑠𝑔0,𝑠𝑠] 

(16) 

with 𝜂 = 0.5(1 + 𝑒𝑠𝑠) and the collisional dissipation of energy 𝛾Θ𝑠
 is that of the 

expression by Lun et al. [26] based on the assumption of slight inelasticity: 

𝛾Θ𝑠
=

12(1 − 𝑒𝑠𝑠
2 )𝑔0,𝑠𝑠

𝑑𝑠√𝜋
𝜌𝑠𝛼𝑠

2Θ𝑠

3
2 (17) 

and 𝜙𝑔𝑠 = −3𝐾𝑔𝑠Θ𝑠  is the energy exchange between the phases as given by 

Gidaspow et al. [52], with the form of the momentum exchange coefficient 𝐾 to 

be discussed later. 

 
What remains in the solids pressure and granular temperature formulation is the 

radial distribution function 𝑔0,𝑠𝑠. The function is a correction factor to account 

for the changes in the probability of collision between two particles when the 

solid phase gets ‘denser’, i.e. the local solid phase volume fraction increases, 

resulting in higher possibilities of collision. Although not directly analogous, it 

can be argued that the radial distribution function serves the same purpose of the 

volume term in ideal gas theory. This function should then tend towards 1 and ∞ 

when the solid volume fraction tends towards 0  and the packing limit 

respectively. The radial distribution function 𝑔0,𝑠𝑠 as presented by Ogawa et al. 

[53] through a kinetic model of collision of particles, is: 

𝑔0,𝑠𝑠 = [1 − (
𝛼𝑠

𝛼𝑠,𝑚𝑎𝑥
)

1
3

]

−1

 (18) 

where 𝛼𝑠,𝑚𝑎𝑥  is the packing limit of the solids phase. For regular spheres of 

constant diameter, this packing limit is 0.63 [54]. 
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The force �⃗� in equation 11, unlike in equation 8, contains forces other than body 

forces. Such forces may include the lift force �⃗�𝑙𝑖𝑓𝑡,𝑠, wall lubrication force �⃗�𝑤𝑙,𝑠, 

virtual mass force �⃗�𝑣𝑚,𝑠 , and/or turbulent dispersion force �⃗�𝑡𝑑,𝑠 . As cement 

particles are small, with diameters in the order of 10−5𝑚, the lift force on the 

cement particles is insignificant compared to the drag. Wall lubrication force is 

only pertinent to bubbly multiphase flows and virtual mass force is appropriate 

when the density of the secondary phase is much lesser than that of the primary 

phase. This leaves the solid phase momentum equation to be: 

𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠𝑣𝑔⃗⃗⃗⃗⃗) + ∇ ∙ (𝛼𝑠𝜌𝑠𝑣𝑠⃗⃗⃗⃗ 𝑣𝑠⃗⃗⃗⃗ )

= −𝛼𝑠∇𝑝 + ∇ ∙ 𝜏�̿� + 𝛼𝑠𝜌𝑠�⃗� + �⃗�𝑡𝑑,𝑠 + 𝑅𝑔𝑠
⃗⃗ ⃗⃗ ⃗⃗ ⃗ 

(19) 

 

The turbulent dispersion force �⃗�𝑡𝑑,𝑠 is modelled with the Favre-averaged drag 

(FAD) model [11] that is included in the software. Two other models, namely the 

Simonin model [55] and Lopez de Bertodano model [56] are available. The 

Simonin model essentially estimates the dispersion scalar 𝐷𝑠 in Equation 20 by 

the turbulent viscosity, similar to the FAD model. The Lopez de Bertodano model 

is shown to be mathematically equivalent by Burns et al. Hence, the other two 

models should display the same accuracy, the only difference being the model 

constant which will be determined later on. The FAD model was developed by 

time averaging the conservation equations that were derived by ensemble 

averaging, giving: 

�⃗�𝑡𝑑,𝑠 = 𝐶𝑇𝐷𝐾𝑠𝑔

𝐷𝑠

𝜎𝑔𝑠
(

∇𝛼𝑔

𝛼𝑔
−

∇𝛼𝑠

𝛼𝑠
) (20) 
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where 𝐶𝑇𝐷  is a modifiable constant in the software, 𝐾𝑠𝑔  is the interphase 

momentum exchange coefficient, 𝜎𝑔𝑠  is the turbulent Prandtl number and the 

dispersion scalar 𝐷𝑠 is estimated by: 

𝐷𝑠 =
𝜇𝑡𝑠

𝜌𝑠
 (21) 

 
The momentum exchange between phases or, interphase momentum exchange 

term, �⃗⃗� obeys the following constrain that: 

𝑅𝑠𝑔
⃗⃗ ⃗⃗ ⃗⃗ ⃗ = −𝑅𝑔𝑠

⃗⃗ ⃗⃗ ⃗⃗ ⃗ (22) 

and is modelled using the differences in velocities between the two phases: 

𝑅𝑠𝑔
⃗⃗ ⃗⃗ ⃗⃗ ⃗ = 𝐾𝑠𝑔(𝑣𝑠⃗⃗⃗⃗ − 𝑣𝑔⃗⃗⃗⃗⃗) (23) 

where 𝐾  is an interphase momentum exchange coefficient. The mechanism 

dominant within this term is the drag force. The coefficient used here follows the 

suggestion of Gidaspow [34]. It is a combination of the Ergun [32] model at solid 

volume fractions larger than or equal to 0.2 and the Wen and Yu [33] model at 

solid volume fractions lower than 0.2. Ergun’s model was determined by the 

pressure drop of an experiment for fixed liquid-solid beds at packed conditions 

whereas Wen and Yu’s model was correlated from solid particle settling 

experiments over a wide range of volume fractions. The gas-solid exchange 

coefficient 𝐾𝑠𝑔 is: 

𝐾𝑠𝑔 =
3

4
𝐶𝐷

𝛼𝑠𝛼𝑔𝜌𝑔|�⃗�𝑠 − �⃗�𝑔|

𝑑𝑠
𝛼𝑔

−2.65 (24) 

when 𝛼𝑔 > 0.8. 𝑑𝑠 is the particle diameter and the drag function 𝐶𝐷 is: 

𝐶𝐷 =
24

𝛼𝑔𝑅𝑒𝑠
[1 + 0.15(𝛼𝑔𝑅𝑒𝑠)

0.687
] (25) 

with 𝑅𝑒𝑠 being the relative Reynolds number: 
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𝑅𝑒𝑠 =
𝜌𝑔𝑑𝑠|�⃗�𝑠 − �⃗�𝑔|

𝜇𝑔
 (26) 

 
For when 𝛼𝑔 ≤ 0.8,  

𝐾𝑠𝑔 = 150
𝛼𝑠

2𝜇𝑔

𝛼𝑔𝑑𝑠
2 + 1.75

𝜌𝑔𝛼𝑠|�⃗�𝑠 − �⃗�𝑔|

𝑑𝑠
 (27) 

 
The bulk viscosity 𝜆𝑠 obtained from the total stress tensor by Lun et al. [36] is: 

𝜆𝑠 =
8

3
𝛼𝑠

2𝜌𝑠𝑑𝑠𝑔0,𝑠𝑠 (
Θ𝑠

𝜋
)

1
2
 (28) 

for perfectly elastic particles. For inelastic particles, the bulk viscosity is: 

𝜆𝑠 =
8

3
𝛼𝑠

2𝜌𝑠𝑑𝑠𝑔0,𝑠𝑠 (
Θ𝑠

𝜋
)

1
2

×
1

2
(1 + 𝑒𝑠𝑠) (29) 

 
The solids pressure (equation 13), which arose from the normal components of 

the stress, contained both a kinetic and collisional part. Similarly, for the shear 

stress, these two components should be present. However, in the case when the 

solid volume fraction approaches the packing limit, the solid phase may transit 

from a viscous (fluid-like) medium to a plastic (solid-like) medium. Such a 

transition can be captured by an additional frictional component for the shear 

viscosity. The solids shear viscosity 𝜇𝑠 can now be written as consisting of three 

parts, collisional, kinetic and frictional part: 

𝜇𝑠 = 𝜇𝑠,𝑐𝑜𝑙 + 𝜇𝑠,𝑘𝑖𝑛 + 𝜇𝑠,𝑓𝑟 (30) 

 
The collisional part obtained by Lun et al. [36] is: 

𝜇𝑠,𝑐𝑜𝑙 =
4

5
𝛼𝑠𝜌𝑠𝑑𝑠𝑔0,𝑠𝑠(1 + 𝑒𝑠𝑠) (

Θ𝑠

𝜋
)

1
2

𝛼𝑠 (31) 

and is the same expression as obtained by Gidaspow [34]. 

 
The kinetic part originally obtained by Lun et al. [52] is: 
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𝜇𝑠,𝑘𝑖𝑛 =
5

96
𝜌𝑠𝑑𝑠√Θ𝑠𝜋 [

1

𝜂(2 − 𝜂)
] [

1

𝑔0,𝑠𝑠
+

8

5
𝜂𝛼𝑠𝑔0,𝑠𝑠] [1

+
8

5
𝜂𝛼𝑠𝑔0,𝑠𝑠(3𝜂 − 2)] 

(32) 

where 𝜂 =
1

2
(1 + 𝑒𝑠𝑠). However, Gidaspow [34] argued that a correctional factor 

of 1/[𝜂(2 − 𝜂)] is insignificant for a coefficient of restitution of 0.9, with less 

than a 0.3% difference. Hence, the kinetic part is: 

𝜇𝑠,𝑘𝑖𝑛 =
5

96
𝜌𝑠𝑑𝑠√Θ𝑠𝜋 [

1

𝜂𝑔0,𝑠𝑠
] [1 +

8

5
𝑔0,𝑠𝑠𝛼𝑠𝜂]

2

 (33) 

Note that equation 33 is not obtained by simply removing the correction factor 

from equation 32. Nevertheless, both expressions have no discernible 

mathematical difference at 𝑒𝑠𝑠 = 0.9 [10]. 

 
The frictional part of solids shear viscosity follows the work of Johnson and 

Jackson [57] and is: 

𝜇𝑠,𝑓𝑟 = 0.1𝛼𝑠

(𝛼𝑠 − 𝛼𝑠,𝑚𝑖𝑛)
2

(𝛼𝑠,𝑚𝑎𝑥 − 𝛼𝑠)
5 sin 𝜙 (34) 

where 𝜙 is the internal angle of friction. The frictional component of solid shear 

stress is not crucial in the current study as the flows simulated are in the dilute 

flow regime. The model only comes into the picture when the solid volume 

fraction reaches a critical value 𝛼𝑠,𝑚𝑖𝑛  and the solid volume fraction is not 

expected to reach 𝛼𝑠,𝑚𝑖𝑛 = 0.5. The model is, however, defined in the numerical 

setup to capture any unexpected regions of dense flow. If no such regions exist, 

having the model defined would not increase computational costs.  

 

The standard k-ϵ turbulence model was used for the gas phase turbulence and 

standard wall functions are used. For the Eulerian granular model, a ‘per-phase’ 
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turbulence modelling was applied, where a set of separate k-ϵ turbulence 

equations was solved for each phase. Equations 35 and 36 shows the standard 

𝑘 − 𝜖  turbulence model applied to the solid phase where the interphase 

turbulence interaction is included. 

𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠𝑘𝑠) + ∇ ∙ (𝛼𝑠𝜌𝑠𝑈𝑠

⃗⃗⃗⃗⃗𝑘𝑠)

= ∇ ∙ (𝛼𝑠 (𝜇𝑠 +
𝜇𝑡,𝑠

𝜎𝑘
) ∇𝑘𝑠) + 𝛼𝑠𝐺𝑘,𝑠 − 𝛼𝑠𝜌𝑠𝜖𝑠

+ 𝐾𝑔𝑠(𝐶𝑔𝑠𝑘𝑔 − 𝐶𝑠𝑔𝑘𝑠) − 𝐾𝑔𝑠(𝑈𝑔
⃗⃗ ⃗⃗ ⃗ − 𝑈𝑠

⃗⃗⃗⃗⃗) ∙
𝜇𝑡,𝑔

𝛼𝑔𝜎𝑔
∇𝛼𝑔

+ 𝐾𝑔𝑠(𝑈𝑔
⃗⃗ ⃗⃗ ⃗ − 𝑈𝑠

⃗⃗⃗⃗⃗) ∙
𝜇𝑡,𝑠

𝛼𝑠𝜎𝑠
∇𝛼𝑠 

(35) 

 

𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠𝜖𝑠) + ∇ ∙ (𝛼𝑠𝜌𝑠𝑈𝑠

⃗⃗⃗⃗⃗𝜖𝑠)

= ∇ ∙ (𝛼𝑠 (𝜇𝑠 +
𝜇𝑡,𝑠

𝜎𝜖
) ∇𝜖𝑠)

+
𝜖𝑠

𝑘𝑠
[𝐶1𝜖𝛼𝑠𝐺𝑘,𝑠 − 𝐶2𝜖𝛼𝑠𝜌𝑠𝜖𝑠

+ 𝐶3𝜖 (𝐾𝑔𝑠(𝐶𝑔𝑠𝑘𝑔 − 𝐶𝑠𝑔𝑘𝑠) − 𝐾𝑔𝑠(𝑈𝑔
⃗⃗ ⃗⃗ ⃗ − 𝑈𝑠

⃗⃗⃗⃗⃗)

∙
𝜇𝑡,𝑔

𝛼𝑔𝜎𝑔
∇𝛼𝑔 + 𝐾𝑔𝑠(𝑈𝑔

⃗⃗ ⃗⃗ ⃗ − 𝑈𝑠
⃗⃗⃗⃗⃗) ∙

𝜇𝑡,𝑠

𝛼𝑠𝜎𝑠
∇𝛼𝑠)] 

(36) 

Coupling between pressure and velocity is achieved by the Phase Coupled 

SIMPLE (PC-SIMPLE) algorithm. The software provides two options for the 

pressure-velocity coupling, namely the phase-coupled SIMPLE (PC-SIMPLE) 

and multiphase coupled. However, in the current case, no mass transfer occurs 

between the two phases to which the multiphase coupled approach is more suited. 

SIMPLEC and PISO approaches are available only for the mixture multiphase 

model where only one set of conservation equation is solved. However, the 

mixture multiphase model trades a little accuracy for computational efficiency. 

Both models are equally valid for the current methodology but the Eulerian 

granular model is chosen for its ability to incorporate varying particle diameters 
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in future studies. Second-order spatial discretization is applied for density, 

momentum, turbulent kinetic energy and dissipation rate, while first order 

discretization is applied for the volume fraction. Higher order discretization 

schemes were favoured for better accuracy. However, the two suitable schemes 

available for the volume fraction are first-order discretization and the QUICK 

scheme. Although the mesh is generated as a hexagonal mesh, it is in fact an 

unstructured grid. Therefore, the QUICK scheme was not chosen. 

 

Figure 5 shows a summary of the Eulerian granular model used in this study, 

along with the selected closure relations. The energy conservation equations are 

left out in the current model as the flow is assumed to be incompressible. 

 

2.2 Numerical setup 

2.2.1 Geometry 

Geometries of each conveying pipeline used in numerical simulations will be 

presented at the start of each relevant sections. In total, four sets of pipelines are 

used. Each pipe geometry is drafted using commercial software SOLIDWORKS 

(Dassault Systèmes) and exported to the meshing software. 

 

2.2.2 Mesh generation 

Commercial software ANSYS ICEM CFD (ANSYS, Inc) is used for the mesh 

generation. When generating the mesh, an O-grid multi-block strategy is applied 

as it is able to provide an appropriate level of control over the cells. Although 

such a strategy is usually employed for the generation of structured meshes, the 

output mesh is exported as an unstructured mesh as the numerical solver used is 
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an unstructured solver. The advantage of this method is as follows. As a 

structured mesh generation strategy, it allows the generation of a relatively 

uniform hexahedral mesh at the pipe bend. By utilizing an ordered hexahedral 

 

Figure 5  Summary of the Eulerian granular model 
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mesh, the majority of the computational cells’ face is orientated perpendicular to 

the flow direction, hence, increasing the stability of the calculations. Especially 

at the pipe bends, the blocking strategy is able to provide cells that are aligned to 

the flow in a consistent manner. Across the stream wise cross-section, the pipe is 

divided into five blocks, one in the middle and four at the wall sides. Figure 6 

shows an illustration of the blocking strategy at the bend. At the bend, the 

geometry is sectioned into four roughly equal parts over the whole 90° to capture 

the curvature of the pipe. However, the number of segments will depend on the  

bend radius, which is a varying parameter in one of the sets of geometry. 

 

To address two-phase flows with numerical simulation, the size of the mesh 

should be much larger than the particle diameter and much smaller when 

compared to the system. A small enough mesh, as per best practices in numerical 

simulations, was required to capture the gas-phase flow details. However, since 

the model treats the solid-phase as a continuum, the cells have to be much larger 

Figure 6  O-grid blocking strategy at the pipe bend used to generate ordered 

hexahedral cells. 
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than the particle diameter. From a physical point of view, only when the amount 

of solid particles in a certain volume is sufficient, can the continuum hypothesis 

hold. The appropriate size of the computational cells can be obtained from the 

literature. Table 1 lists some of the previous two-phase gas-solid studies who had 

published their mesh cells’ data.  

 

Table 1  List of studies and their reported mesh size 

Year Model treatment Flow 𝑑𝑠 /𝜇𝑚 Volume of cells /𝑚3 Ref. 

2005 Eulerian Dilute 450+ 𝒪 10−9 to 𝒪 10−8 [58] 

2005 Lagrangian Dilute 85+ 𝒪 10−9 to 𝒪 10−7 [38] 

2008 Lagrangian Dilute 2.8𝑚𝑚 𝒪 10−8 to 𝒪 10−7 [37] 

2013 Eulerian Dense 10 − 61 𝒪 10−8 to 𝒪 10−7 [23] 

2013 Lagrangian  Dilute 40+ 𝒪 10−7 [59] 

2017 Eulerian Dilute 14+ 𝒪 10−6  [60]* 

+ - Mean diameter 

* - Larger cell size due to a compromise for the large domain size. Mesh dependency 

study conducted. 

 

 
Figure 7  Hexahedral cells generated from O-grid strategy 
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From these studies, the volume of a single mesh cell fell within the order of 10−9 

to 10−7𝑚3 regardless of whether the Eulerian or Lagrangian method was used,  

with the exception of [60]. However, a mesh dependency study was conducted 

and the particle diameter used in the numerical model was one of the smallest. 

Using such orders of magnitude of mesh cell volume, both dense and dilute phase 

conveying had been satisfactorily computed. Hence, this study will attempt to 

utilize hexahedral meshes with cell volumes in the order of 10−9 to 10−7𝑚3. 

When the hexahedral mesh was generated from the blocks, the approximate 

dimensions applied to the cells was 0.002 ×  0.002 ×  0.004𝑚.  The longer 

dimension in the stream wise direction helps to reduce the total number of cells 

for the domain. The 𝑦+ value of the first cell at the walls is 150. The maximum 

orthogonal skew and aspect ratio of the mesh is 0.259 and 4.84 respectively. 

Figure 7 shows one of the hexahedral mesh that was generated. 

 

2.2.3 Solution strategy 

The equations of the Eulerian granular model are highly coupled. This is because 

they share the same pressure (𝑝𝑔 appearing in both equation 8 and 11) and also 

have a constrain on the volume fraction term (equation 5). Another issue with the 

volume fraction term is that the solid volume fraction could in theory diminish 

indefinitely approaching zero. Physically, the smallest solid volume fraction 

would be just the fraction volume of one solid particle in a control volume. 

However, this might not be the case in numerical simulations. As such, the set of 

multiphase equations would sometimes be difficult to obtain a solution. In 

addition to those aforementioned, the model consists of much more equations and 
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closure relations than a single-phase flow would have. In this case, a few solution 

strategies can be applied. 

 

Firstly, a single-phase solution can be obtained by disregarding the volume 

fraction through the software’s interface. The solver can then solve for a steady-

state solution of the gas flow with only one set of conservation equation. This 

solution is later on assigned as an initial condition before solving the full set of 

multiphase equations. By doing this, the computational resources required are 

reduced. Secondly, an initial condition is applied for the solid volume fraction. 

This is done by applying a constant value throughout the entire computational 

domain on top of the single-phase steady-state solution. Doing so reduces the 

occurrence of instabilities in the volume fraction term during calculation. Thirdly, 

the under-relaxation constraints are reduced a little, as compared to common 

values applied in single-phase calculations, to aid in the stability of the 

calculation. Lastly, for transient simulations, small time steps of the order 10−4𝑠 

is applied. 

 

2.2.4 Convergence and mesh dependency check 

The convergence characteristic of the Eulerian scheme and mesh dependency 

check is done using the geometry and test case in the numerical model validation 

process. Details of the geometry, mesh and problem setup can be found later in 

Section 2.3. Figure 8 shows the scaled residuals of the continuity equations. Due 

to a large number of iterations, it is not possible to present the entire convergence 

behaviour. Nevertheless, part of it is shown here. Residual for the continuity 

equations is seen to rapidly decrease within the first few time steps and thereafter, 
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increased a little to attain a rather constant value and steady behaviour. While the 

scaled residual does not go below the widely-practised value of 10−3, it stays 

within the same order of magnitude. Such display of consistency would be 

sufficient in a problem that advocates the application of minute time steps in the 

order of 10−7 to10−5𝑠 [61]. Although the current time step used is larger, at 

10−4𝑠, it is a necessary compromise. As later on, analysis will be done on an 

industrial scale pneumatic conveying pipeline with a considerably large domain 

size and smaller time steps are not possible due to computational resource 

limitations. 

 

 
Figure 8  Scaled residual for the continuity equations during a transient 

calculation 

 
Figure 9  Outlet particle mass flow rate (left) and air velocity plot at 0.1m after the 

bend (right) 
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The outlet particle mass flow rate behaviour could be used to further ensure that 

the solution is satisfactory. Two other meshes, a coarser and a finer mesh, were 

also generated to perform a mesh dependency test. The problem was calculated 

in transient state simulations to obtain a pseudo-steady result. Figure 9 (left) 

shows the outlet particle mass flow rate over time. The spike in the outlet flow 

rate plot represents transient characteristics of the flow where accumulated 

particles during the start-up acceleration phase are ejected collectively when the 

solution approached pseudo-steady state. The areas under all three graphs 

calculated with the plotting software are similar, signifying a consistent mass 

output for all three meshes used, as long as the simulation is allowed to proceed 

until the pseudo-steady state.  The particle output is seen to reach a steady value 

beyond two seconds of flow time. Figure 9 (right) plots the air velocity across the 

pipe diameter at a location after the pipe bend. The coarser mesh presents a slight 

difference in the air velocity but the current mesh shows no discernible 

disagreement with that from the finer mesh. Hence, the current mesh sizing 

(labelled ‘Fine mesh’ in Figure 9) is deemed to be adequately small to achieve 

mesh independence and is selected to be used in succeeding calculations. 

 

2.3 Model validation 

2.3.1 Numerical setup 

Numerical model validation will be based on a previous experimental work 

performed by Huber and Sommerfeld [62], where detailed descriptions of the 

experimental setup could be found. Experimental results provided by them will 

be used to compare against numerical simulation results arising from the present 

study. In their experimental study, spherical glass beads were conveyed by air 
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through a pipe bend. The diameter of the glass beads was sampled by phase 

Doppler anemometry and found to vary as a skewed distribution within the range 

of 1𝜇𝑚 < 𝑑 < 100𝜇𝑚. However, the particle diameter is set to a particle size of 

42𝜇𝑚 in the current numerical simulations, following the number mean diameter 

the original authors had documented to allow more direct comparisons. By 

affixing the particle diameter to take a single value, it reduces numerical 

complexities by not having to define more than one Eulerian solid phase. The 

material density is defined as 2500𝑘𝑔/𝑚3. The pipe diameter is set to 0.08𝑚, 

similar to that used by the experimental study, and consists of a 90° HV bend. 

The length of the straight pipe section before and after the bend is 5.5𝑚 and 3𝑚 

respectively. Figure 10 shows the pipeline that is used for the numerical model 

validation. The mesh generated is shown previously in Figure 7. 

 

Figure 10  Pipeline dimensions for model validation, flow direction indicated by 

dashed arrows. 
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A mass flow rate inlet boundary condition is applied to match the original 

experiments; in which they had controlled the amount of material introduced into 

the pipe by screw feeders. The outlet boundary condition is set to a pressure outlet 

to atmospheric pressure. At the walls, different treatments are applied for both of 

the phases. A no-slip condition is applied for the gas phase and a specularity 

coefficient of 0.6 is applied for the solids phase. The specularity coefficient is 

used for a rough wall and it defines the collision characteristics of a particle with 

the wall, with a value of 0 being a perfectly smooth wall. For a wall roughness 

height that is comparable to the particle diameter, the specularity coefficient will 

be large [63]. However, this value is not easily determined with an explicit 

expression but has to be compared against experiments [64]. Hence, the value of 

0.6 is provided as an educated guess. In order to balance between consumption 

of computational resources and numerical stability, the time step size is set to 

1 × 10−4𝑠 as the solution has no issues with convergence using the established 

time step size. Furthermore, the application of initial conditions listed in Section 

2.2.3 aided in the computational stability. From the experimental data, the 

particle mass concentration is mostly between 1  to 2𝑘𝑔/𝑚3 . Using the 

expression particle mass concentration = volume fraction × particle density, it 

is possible to deduce that the actual particle volume fraction within the pipe is in 

the order of 0.001. Consequentially, the value of 0.001 is used as an initial 

condition for the solid volume fraction. 

 

2.3.2 Turbulent dispersion model 

One of the closure relations that should be highlighted during the model 

validation process is the turbulent dispersion model. Because the distribution of 
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particles (even in areas with relatively low particle concentrations) has been 

shown to affect the flow structures of the gas phase [41-43], it is essential to 

accurately model the particle distributions. Turbulent dispersion is the 

mechanism for the particle phase to be transported from regions of high 

concentration to lower concentrations [11] and this is especially so after a pipe 

bend. Burns et al. [11] utilized Favre averaging of the interphase drag term to 

obtain the additional terms in the momentum equations that account for turbulent 

dispersion. The authors had named it the Favre Averaged Drag (FAD) model. 

This model finds itself most commonly used in scenarios pertaining to gas-liquid 

flows (i.e. droplets or bubbly flows). Of the currently reviewed publications that 

either referred to or utilized the FAD model in their computational models, none 

had applications dealing with gas-solid dilute phase flows. This is despite the 

original authors concluding that the model is a generalization of other turbulent 

dispersion models and it should hold true for a wide range of multi-phase flow 

scenarios. Furthermore, to the best of the authors’ knowledge, there are no known 

restrictions raised in the existing literature in terms of applying this particular 

turbulent dispersion model to a dilute gas-solid flow.  

 

Figure 11  Effect of different model constant for turbulent dispersion model on air 

velocity (left) and particle concentration (right). 
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Here, the model constant of the turbulent dispersion model is varied while all 

other parameters remained constant. Figure 11 shows the simulation results and 

it emphasizes on the chosen model constant of 25  (solid black line) and 

experimental data (dashed black line).  The results are compared with 

experimental data for air velocity and particle concentrations right after the bend. 

The left of Figure 11 plots air velocity and the right is particle concentration, for 

different model constants as presented. While it seems that the model constant 

does not affect the air velocity drastically, there is a significant effect on the 

results of particle concentration. Indeed, the turbulent dispersion term is present 

only in the momentum equation of the solids phase. A change in particle volume 

fraction changes the flow behaviour of the gas phase. Therefore, with particle 

volume fractions in the order of 10−3,  the air velocity is not subject to drastic 

changes. From the particle concentration plot, a model constant of 20 − 30 

presents reasonable match with experimental data. This is determined by a rough 

evaluation of the area under the curve through a trapezoidal method instead of 

comparing absolute values because the particle mass flux has to be taken into 

consideration. Or rather, roughly the same amount of material should flow 

through a given cross-sectional area in both the experimental case and numerical 

simulations and this can be obtained from a combination of particle concentration 

and particle velocity data. Hence, the model constant 15 is not considered even 

though its peak value coincides with experimental data because the area under 

the curve will then be significantly more than that of the experimental data. As 

the air velocity plots are the closest match when the turbulent dispersion model 

constant is 25, this value is being adopted for the model. 



Numerical method 

 

 
 

41 

2.3.3 Vertical pipe section 

Figure 12 shows the plot of particle concentration in 𝑘𝑔/𝑚3 at various sections 

of the vertical pipe section after the bend, as labelled. Dashed lines represent 

published experimental data and solid lines are the numerical simulation results. 

The particle concentration is derived using the value of particle volume fraction 

and the material density of the glass beads (= 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ×  2500𝑘𝑔/

𝑚3) . At 𝑦 = 0.1 , 1.1  and 1.9𝑚 , numerical simulations have reasonable 

representation of the experimental case. The concern lies with 𝑦 = 0.6𝑚 where 

the match is rather incongruent. It is believed that the discrepancy might be due 

to a combination of factors. One of the postulated contributing factor is that the 

𝑦 = 0.6𝑚 vicinity is where the concentrated particle rope (a region within the 

pipe cross sectional area that more particles are concentrated) starts to disperse, 

thereby being a transitional zone that is inherently difficult to capture accurately. 

The peak distribution represents the particle rope and when the particles enter a 

pipe bend, inertial effects will tend to cluster the particles into a region of higher 

particle concentration. This area is usually located at the outer wall of the pipe 

bend. Furthermore, the curved pipe bend also generates a secondary flow in the 

form of a pair of counter-rotating vortex pair that should aid in the dispersion of 

particle ropes. Together with the turbulent dispersion force, the secondary flow 

is expected to transport the particle rope towards the middle of the pipe and 

disperse it thereafter. Such a mechanism is postulated to be the cause behind the 

offset in the peak particle distribution from the walls (i.e. at y=0.1m). Also, while 

the particle concentration plots differ, especially at y=0.6m, the particle mass flux 

is consistent across other locations. 
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The computational result is seen to have already dispersed a fraction of the 

particle rope at 𝑦 = 0.6𝑚 as compared to the experimental data. Such occurrence 

can appear when the cohesive nature of the particles is not taken into 

consideration. In numerical simulations, there are no cohesive forces between the 

particles, which allows them to disperse much easier and faster. As compared to 

the experimental case where cohesive forces between particles tend to 

agglomerate them into bigger lumps, thereby having more momentum to resist 

dispersion. This is also evident from the 𝑦 = 1.9𝑚 plot, where the particles are 

more evenly distributed across the pipe cross-section as compared to 

experimental results. Such could also be due to the possibility of an unsuitable 

Figure 12  Comparison of CFD results with experimental data of particle 

concentration along various vertical sections after the pipe bend as indicated. 
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closure relation being used and it cannot be totally ruled out. This includes the 

suitability of the turbulence model, turbulence dispersion or wall friction, 

amongst others. However, it is not definitively identified that these are the causes 

of the simulation accuracy in this work and further studies are need to justify 

these issues. 

 

Figure 13 is the plot of the velocity of air and particles arising from the present 

numerical simulations, together with experimental data for particle velocity 

where they are compared at locations where the experimental data were taken. 

Note that an inconsistency can be discerned in the plot at 𝑦 = 0.1𝑚. Recall that 

the original experiments made use of particles that vary in particle diameter and 

comprise a considerable amount of very small particles (<10μm). Such particles, 

will follow very closely to the air flow which results in particles being detected 

across the pipe cross-section (with non-zero air velocities), albeit at a very small 

concentration that might not be reflected in the particle concentration plot. In the 

current numerical simulations however, a constant particle diameter of 42μm is 

used, in which resulted in areas with no particles (as compared to very minute 

particles in the experiments). Hence, the numerical model predicted zero particle 

velocity in areas where there are no particles present. 

 

As with the particle concentration, 𝑦 = 0.6𝑚 for particle velocity presents a little  

deviation from the experimental data and the reasons could be attributed to 

disregarding the effects of cohesiveness as detailed above. 𝑦 = 1.1 and 1.9𝑚 

plots present a reasonable match. For 𝑦 = 0.6, 1.1 and 1.9𝑚, the air and particles’ 

velocity differs only a little from each other. This is because the Stokes number, 
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a measure of the responsiveness of the particle to the changes in its carrier gas, 

of the 42𝜇𝑚 particle in this flow is small. Hence, the particle follows the air 

closely albeit with a small slip velocity present [65]. 

 

For completeness, the RMS velocity is plotted in Figure 14. In the original 

experimental study, RMS velocity fluctuation of particles in the axial direction 

was measured. However, in the numerical simulation, only the turbulent kinetic 

energy (𝑘) values of the air-particle mixture is available. The RMS velocity 

fluctuations is therefore obtained by 𝑢′ = √2𝑘 3⁄ . This expression assumes the 

velocity fluctuations to be isotropic and the resulting graphs shows a lower 

Figure 13  Comparison of CFD results with experimental data of particle velocity 

along various vertical sections after the pipe bend as indicated. 
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absolute value than that measured in the experiments. This suggests that the 

velocity fluctuations are anisotropic with dominance in the stream wise direction. 

While the model under-predicts the velocity fluctuations, the agreement is still 

acceptable in terms of the trends. As the numerical model did not take into 

account different particle sizes, the particle size distribution plots are not 

discussed. 

 

2.3.4 Horizontal pipe section 

Figure 15 top row plots the particle concentration distribution in the horizontal 

pipe section at various locations as indicated by z, where the z locations are 

Figure 14  Comparison of CFD results with experimental data of RMS particle 

fluctuation along various vertical sections after the pipe bend as indicated. 
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measured from the pipe inlet. For 𝑧 = 2.5 and 4.5𝑚, the plots are superimposed 

on the same graph. The disagreement between simulation results and 

experimental data is substantial. In the experiments, the bulk of the particles are 

seen to concentrate at the bottom of the pipe. However, it seems that the particles 

are fairly evenly distributed in the simulation results and does not move towards 

the bottom of the pipe as seen in the experiments. This is the same issue that some 

previous studies had reported. For instance, Hidayat and Rasmuson [21] had a 

similar issue where their numerical results did not match the experimental data 

in a horizontal pipe section. They had attributed this to the misinterpretation, by 

the original authors, of the experimental data which they compared against, using 

the concept of particle terminal velocity to support their claim. They utilized the 

terminal velocity of a particle in free fall to calculate the time it would take for 

the particle to travel from the top to the bottom of the pipe. Subsequently, they 

used the absolute particle axial velocity to calculate how far would the particle 

travel downstream in this period of time before reaching the bottom of the pipe. 

They concluded that the particle should reach the bottom of the pipe twenty times 

further downstream as compared to the experiments, which represents a 

significant discrepancy. 

 

However, it should be noted that they had neglected the downward-acting 

velocity induced by the secondary flows of the carrier gas, which will hasten the 

movement of the particles towards the bottom of the pipe further. Including this 

velocity component in the analysis will provide a more accurate assessment of 

the flow scenario. Another plausible contributing factor could be due to the 

exclusion of the particle diameter variations during the numerical simulations and 
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results presented in Section 2.3.5 appear to support this claim. While the model 

prediction differs from the experimental data, it can be seen that the particle 

concentration distributions do not differ significantly between these two locations 

(𝑧 = 2.5 and 4.5𝑚) in both experimental and numerical results. The simulation 

results display the same consistency as compared to experimental results, even 

though good accuracy has not been achieved in the current simulation.  

 

For the particle velocity plots shown in Figure 15 middle row, only the  𝑧 = 0.5𝑚 

location display a discrepancy to experimental data which suggests a possibly 

undeveloped velocity profile for the simulation. This is because in the experiment, 

𝑧 = 0𝑚  is the last honeycomb structure which were used to ensure even 

distribution of particles. These honeycomb structures might not have produced 

its intended function perfectly, contributing to the mismatch in numerical results 

and experimental data at both the particle concentration distribution and particle 

velocity plots.  

 

The RMS velocity fluctuations are shown in Figure 15 bottom row and are 

derived from the same expression used in the vertical pipe section. Like the 

particle velocity plots, numerical results at 𝑧 = 2.5 and 4.5𝑚 shows a decent 

match to experimental data. Again, 𝑧 = 0.5𝑚 does not match well for the same 

reason stated earlier. The honeycomb structures are believed to have induced 

additional turbulence in the flow, hence, the higher velocity fluctuations 

measured in the experimental data. 
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2.3.5 Effects of particle diameter 

Considering the sizable difference between numerical results and experimental 

data for the particle concentration present within the horizontal pipe section, it is 

essential that the possibility of an unsuitable model reasoning be ruled out. 

Otherwise, the integrity of this study may be compromised. A potential cause is 

the numerical model not taking into consideration the particle diameter. One, 

Figure 15  Comparison of CFD results with experimental data of particle 

concentration (top row), air velocity (middle row) and RMS velocity fluctuation 

(bottom row) along various horizontal sections before the pipe bend as indicated. 
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particle diameter variations will be present in practical applications of material 

transported by pneumatic conveying. Such variations are naturally accounted for 

in the experiments but not in the current numerical work. Two, the multitude of 

other factors will contribute to variations in the actual particle diameter present 

within the pipeline. Such factors include the effects of humidity, cohesiveness of 

the material or electrostatic forces that may contribute to agglomeration of the 

particles, resulting in effectively larger particle diameters. For that reason, the 

simulation was performed again with an arbitrary particle diameter of 100𝜇𝑚 (as 

compared to the initial 42𝜇𝑚 ) to simulate the presence of larger diameter 

particles within the conveying process. Figure 16 graphs the results of assuming 

larger particle diameter in the horizontal pipe section. Here, it shows that inertial 

and gravitation forces come into greater effect with increasing particle diameter 

resulting in the concentration of particles increasing near the bottom of the pipe.  

From this, it can be seen that once the variation of particle diameter is taken into 

consideration, the precision of the numerical model increases dramatically even 

Figure 16  Particle concentration distribution within the horizontal pipe section 

when particle diameter increased to 100μm. 
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though the approach taken here is just a simple increment in the particle diameter. 

The better results seen in the use of a larger particle size means that the effects of 

particle agglomeration are being captured by the simulation and strongly suggests 

that the particles used in the experiments have a tendency to stick to each other 

while being transported. To improve prediction of the flow characteristics, it is 

possible to define multiple ‘Eulerian’ phases for the solids phase using different 

particle diameters, based on the actual distribution, for each ‘Eulerian’ phase 

defined. 

 

However, care has to be taken when utilizing this method as each additional phase 

introduces its individual set of conservation equations and might prove to be 

computationally expensive in applications of large domain sizes. Also, defining 

more phases for different particle diameters still does not account for 

agglomeration effects. To integrate the effect of particle diameter variations due 

to other factors (humidity, cohesiveness of the material or electrostatic forces) 

within a single numerical model, it will require relations that deal with 

coalescence and break-up of the particles. These are very specific situations that 

may even touch upon the chemistry of the individual particles itself and is, 

therefore, out of the scope of the current study. Nevertheless, these problems are 

being tackled by researchers. Korevaar et al. [66] and Pei et al. [67] for example, 

used the Lagrangian scheme with appropriate modelling to investigate contact 

electrification effects of particles. Experimental investigations on electrostatic 

effects were also performed by Yao et al. [68].  Humidity and effects from 

particle properties were also covered by Karde and Ghoroi [69] and Shah et al. 
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[70] respectively. These examples serve as a starting point for future works 

proposing to incorporate such effects into the Eulerian granular model. 

 

The numerical model validation is done by comparing against an experimental 

study that looked at spherical particles. However, actual conveying processes 

involve materials of non-spherical nature. Capturing non-spherical particle’s 

effects in numerical simulation is an entire subject matter in itself. While it has 

been concluded in a few studies that the particle shape does influence flow 

properties, the accuracy of capturing such effects still needs to be improved in 

the future [71]. However, the general conveying characteristics are largely 

similar. For example, the particle distribution for materials of different shapes is 

similar compared to spherical particles at the bend inlet, within the bend and at 

the bend outlet. Also, the particle velocity deviates only slightly between 

different particle shapes, with significant difference seen only in particles that are 

of very distinctive shapes (cubes and pyramids) [48]. Lastly, there is also a 

concern for the numerical model to capture the effects of particle roughness. Such 

effects will come into the numerical model at the collisional dissipation of energy 

term 𝛾Θs
 in equation 15 [31], where it is affected by the value of coefficient of 

restitution 𝑒𝑠𝑠 . While the coefficient of restitution commonly describes the 

elasticity of the inter-particle collisions, it can be modified to include the 

rotational collision effects between particles. However, for slightly frictional 

spheres, the modification is not significant [72]. Therefore, the value of 0.9 

established previously is sufficient to capture inter-particle collision effects. 
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A majority of this chapter has been prepared as a manuscript and submitted to 

Advanced Powder Technology as J. Heng, T. H. New, P. A. Wilson, “Application of a 

numerical model to an industrial scale pneumatic conveying pipeline” 

Chapter 3 Pipeline bulk conveying characteristics 

3.1 Numerical setup 

The geometry used in this numerical study is modelled directly after one of the 

pneumatic pipelines at JPPL cement terminal. There are two pipelines that 

discharge into a single silo and they share the same dust collector system. As both 

pipelines are similar and work independently of each other, only one of the 

pipeline will be studied. A perspective projection of the single pipeline that is 

studied here is shown earlier in Figure 2. All straight pipe sections are orthogonal 

to each other and the flow direction is as indicated by the arrows. Due to physical 

and operational constraints, it is not possible to obtain actual flow data along 

various sections of the pipeline as it cannot be modified or have measuring probes 

inserted. Therefore, a breakup of the computational domain into smaller sections 

is not possible, since the boundary conditions of the broken-up pipe sections 

could not be defined. The cast iron pipeline consists of five 90° bends of bend 

radius 2.5𝑚. Its inner diameter is 0.3556𝑚 (i.e. 14 inches) everywhere and the 

total pipe length (as measured along its axis) is 156.185𝑚. Details on the various 

pipe section dimensions are provided in Figure 17 – note that the pipe diameter 

is not drawn to scale. The air mover back pressure at the inlet side was measured 

as 1.8𝑏𝑎𝑟𝑠. Maximum rated capacity of the dust collector system downstream of 

the pipe is 24,000𝑚3/ℎ. The dust collector is running at maximum capacity and 

is being shared between two pipelines. Therefore, when both pipelines are 

assumed to be conveying at the same rate, this means that the maximum airflow 

that could be achieved in one of the pipelines can be reasonably assumed to be 

approximately 12,000𝑚3/ℎ. Currently, only operational bulk flow data could be 

obtained by averaging throughout the entire conveying operation. When both 
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pipes are working together, the system is able to convey cement at a rate of 

approximately 800𝑡𝑜𝑛𝑠/ℎ𝑜𝑢𝑟(𝑡𝑝ℎ) or 400𝑡𝑝ℎ for each pipeline. However, it 

has to be highlighted that these values are inclusive of the start-up/power-down 

phases and down times in between. The ideal flowrate is estimated to be about 

500𝑡𝑝ℎ and the cement is discharged into a silo at the end of the conveying 

system that is at atmospheric pressure.  

 

The same blocking strategy is applied to the full-scale industrial pipeline to 

obtain a hexahedral mesh. Due to the large domain size, it is very computationally 

expensive even during the mesh generation stage. The earlier practice of limiting 

the cell size to roughly 0.002 ×  0.002 ×  0.004𝑚  (or just 0.002𝑚  for 

simplicity) is not practical. Instead, the cells are now set at about 

0.004 ×  0.004 ×  0.008𝑚 (0.004𝑚), the same size used as the “coarser” mesh. 

Earlier, the mesh dependency test was conducted with three different meshes of 

Figure 17  Pneumatic conveying pipeline dimensions 
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size 0.001, 0.002 and 0.004𝑚 (finer, fine and coarser) with the same numerical 

model. It is found that the 0.001𝑚 and 0.002𝑚 mesh does not differ much while 

the 0.004𝑚 mesh only differs a little from the 0.002𝑚 mesh (Figure 9). With 

that, the coarser mesh is applied in this study for its massive computational 

resource advantage and the cell volumes ranges between 4.24 × 10−8  to 

6.73 × 10−7𝑚3 . Inaccuracy is projected to be acceptable based on the mesh 

dependency test.  Figure 18 shows the hexahedral mesh generated. The mesh 

required about 400 CPU hours for each steady-state simulation. Also, coupled 

with the applied time-step size, the mesh required about 1,500 CPU hours for 

each second of transient flow time simulated. The transient test case is simulated 

for 35 seconds and requires over 50,000 CPU hours. 

 

To begin with, the first set of simulations is performed under steady-state 

conditions to study the conveying process at a macro level. The pressure and 

flowrates of each phase (i.e. air and cement flows) are compared against the bulk 

Figure 18  Meshing for the industrial scale pneumatic conveying pipeline 
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flow data to ensure that the model is able to simulate the flow problem to a 

reasonable degree of accuracy. The inlet is a pressure inlet set at the air mover 

back pressure of 1.8𝑏𝑎𝑟𝑠  and the outlet is a pressure outlet to atmospheric 

pressure (i.e. 0𝑃𝑎 gauge). Material properties of ordinary Portland cement are 

obtained from [73]. The material density is defined in the simulation as 

3200𝑘𝑔/𝑚3 and the particle diameter as 21𝜇𝑚. Following the numerical model 

that was validated earlier, different treatments are applied for both of the phases 

at the wall. A no-slip condition is applied for the gas phase and a specularity 

coefficient of 0.6 is applied for the solid phase. Next, the conveying 

characteristics of the pneumatic conveying system under different conveying 

conditions are investigated. Conveying pressure is reduced from 1.8𝑏𝑎𝑟𝑠  to 

1.5𝑏𝑎𝑟𝑠, in steps of 0.1𝑏𝑎𝑟, to look into the impact on cement conveying in 

situations where the air pressure provided by the unloading system may not be as 

high. For each different conveying pressure, the inlet solids volume fraction is 

also varied. This effectively varied the solids loading ratio (𝑘𝑔 cement/𝑘𝑔 air) 

within the range of 20 to 110. All other parameters remain constant. Lastly, a 

transient simulation is performed to gain insights to the cement flow 

characteristics within the pipe. The flow conditions are identical to the first 

steady-state case. The time step size is set to 1 × 10−3𝑠. To save computational 

time and improve convergence behaviour, a numerical solution from a single-

phase gas flow is applied to the whole domain as an initial condition prior to all 

the simulations. For the steady state simulations, an arbitrary solids volume 

fraction is applied to the whole domain as an additional initial condition. 

 



Pipeline bulk conveying characteristics

 

 
 

56 

3.2 Effects of pipeline inlet pressure 

Figure 19 plots the pressure drop against the pipe physical distance, where 

pressure values along the various location of the pipe axis are extracted from the 

steady-state simulation solutions. This set of data is obtained from four different 

inlet pressures with all the same inlet cement volume fraction of 0.1. This equates 

to an SLR of about 45.12. The four lines represent different pressures applied at 

the inlet boundary condition, from 1.5  to 1.8𝑏𝑎𝑟𝑠 . The inlet of the pipe is 

labelled 0𝑚 and the outlet is 156.2𝑚, with the greyed columns indicating the 

90° bends locations. The bends are numbered one to five for easy reference. 

Results show that there is a distinctly bigger pressure drop along each of the pipe 

bends as compared to straight pipe sections and that the orientation of the pipe 

bend also affects the extent of the pressure drop. In the current setup, only bend 

3 consists of a HH bend and the pressure drop along this pipe bend is smaller. 

The other four pipe bends are either a HV or VH bend. This behaviour is similar 

Figure 19  Pressure drop along the pipeline for different conveying pressures 
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to the conclusion drawn by Ibrahim et al. [24] previously. However, the current 

simulations also further revealed that there is practically no difference between 

HV and VH pipe bends with regards to the pressure drop.  

 

Table 2 presents the pipe bend pressure drop data in numerical form. The pressure 

drop is also more pronounced when it is a vertical pipe section (between bends 1 

and 2, and between bends 4 and 5) due to the additional driving force needed to 

overcome gravitational effects acting on the material being conveyed. 

 

Theoretically, the magnitude of the pressure drop across the bends can be 

calculated. Chambers and Marcus [74] presented empirical formulations to 

calculate pressure drops along a horizontal pipe, vertical pipe or pipe bends, 

although the basis for its derivation was not presented. Even so, other researchers 

[75-77] had used the model to success. Later models, such as that proposed by 

Pan [44] and Pan and Wypych [78], provided derivations and experiments were 

used to determine the exponents. Calculation results from these models are found 

to have minimal differences between each other. Figure 20 shows the comparison  

 

Table 2  Numerical details of pressure drop per unit length along pipe bends 

Conveying 

pressure 

Bend 1 

(HV) 

Bend 2 

(VH) 

Bend 3 

(HH) 

Bend 4 

(HV) 

Bend 5 

(VH) 

1.8𝑏𝑎𝑟𝑠 2948𝑃𝑎 2930𝑃𝑎 2051𝑃𝑎 2968𝑃𝑎 2846𝑃𝑎 

1.7𝑏𝑎𝑟𝑠 2842𝑃𝑎 2804𝑃𝑎 1951𝑃𝑎 2858𝑃𝑎 2804𝑃𝑎 

1.6𝑏𝑎𝑟𝑠 2729𝑃𝑎 2681𝑃𝑎 1849𝑃𝑎 2751𝑃𝑎 2663𝑃𝑎 

1.5𝑏𝑎𝑟𝑠 2648𝑃𝑎 2594𝑃𝑎 1718𝑃𝑎 2640𝑃𝑎 2600𝑃𝑎 
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between pressure drop calculated from the empirical formulations against the 

present numerical simulation results. Both empirical calculations and numerical 

simulation results match up closely, with the pipe bend and vertical pipe section 

pressure drops to be within 5%  discrepancies. One possible reason with the 

horizontal pipe section having a larger but nevertheless reasonable < 10% 

discrepancy is that the empirical formulation is dependent on the pipe roughness, 

and pipe roughness effects are likely to be more considerable in horizontal pipe 

sections. In this case, note that a roughness height of 0.001𝑚 is used in the 

calculations. Furthermore, the pressure drop will have been dependent on the 

specularity coefficient used in the numerical simulations that determines the 

shear forces associated with the solid phase at the wall. These preceding factors 

are believed to result in the above discrepancies. 

 

Figure 20  Pressure drop comparison between calculated values and numerical 

simulation 
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3.3 Equivalent length for pipe bends 

It will be useful for industrial applications if the pressure drops across the 90° 

pipe bends can be related to the pressure drop across a straight pipe section. For 

single-phase fluid flows, this has been well-established as the “equivalent pipe 

length” concept. However, this is not the case for gas-particle flows such as the 

ones encountered here. This value of pressure drop per unit length is convenient 

for designers to gain a sense of the type of conveying mechanism (i.e. dense or 

dilute flow) the pipeline is operating in [79]. It is also an important parameter to 

consider when designing pneumatic conveying pipelines [80, 81]. Figure 21 

represents the ratio of pressure drop per metre of pipe bend against pressure drop 

per metre of straight pipe. This ratio is observed to be a little higher than three 

for conveying pressure of 1.5𝑏𝑎𝑟. This means that for every metre of pipe bend, 

it is equivalent to three metres of straight pipe in terms of pressure drop. The 

equivalent pipe length is seen to be dependent on the conveying pressure which 

is inadvertently caused by increased conveying velocities at higher conveying 

pressures.  

 

With the current dataset, it reveals that the ratio varies linearly with the inlet 

conveying pressure, thereby allowing for the possibility of extrapolating pressure 

losses across pipe bends for different conveying pressures. However, note that 

the extent to which this linear relationship holds beyond the current conveying 

pressures is not investigated. At some point, this linear relationship will have to 

break down as the ratio should approach the value of 1 as the conveying pressure 

decreases. However, conveying cases at too low a conveying pressure are 

impractical in any case. The ratio would also be expected to be dependent on the 
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material being conveyed. Nevertheless, the equivalent length results obtained 

from the current simulations is similar to results obtained from experiments 

conducted by Spedding and Benard [82] for gas-liquid flows, where their results 

also show a monotonically increasing ratio. However, it should be reminded 

again that the current conclusion of the pressure drop ratio being a little over 3 is 

only determined for the present pipeline and flow scenarios and the exact pressure 

drop ratio will vary depending on the actual situation. Nevertheless, the current 

pipe geometry is that of an actual pipeline in operation within the industry and 

the present results provide insights into their designs. Hence, these findings will 

be useful for individuals or organizations involved with full-scale pneumatic 

conveying pipelines, be it research or system design. 

 

Figure 21  Pressure drop ratio of pipe bend to horizontal straight pipe for various 

conveying pressures. 
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3.4 Conveying characteristics 

The pipeline conveying characteristics are now investigated by varying the inlet 

material feed rate in addition to the different conveying pressures. Inlet solids 

volume fractions are varied from 0.05 to 0.2 and Figure 22 presents the air and 

cement flowrate at the outlet. As the maximum capacity of the dust collector at 

the outlet is 12,000𝑚3/ℎ, the horizontal dashed line at the left denotes this limit. 

With the numerical results presented in this way, it is possible to ascertain if the 

dust collector can handle the conveying operation at a certain conveying pressure 

and SLR. At the same pressure and SLR, it is possible to read off the maximum 

conveying capacity of the pipeline. Apart from applying this data directly to 

operational situations, the data here provides a glimpse of the conveying 

characteristics that might be typical to a system like this. It is seen that at all 

conveying pressures, the amount of air used decreases with increasing SLR (blue 

graphs). One immediate observation is that the relationship is not linear. Also, 

the amount of cement conveyed increases with increasing SLR (red graphs) and 

this relationship is also observed to be non-linear (though less pronounced that 

the air flowrate). Therefore, it will not be the most efficient way to simply 

increase the inlet SLR, where the power requirements for the conveying system 

increases significantly. This will also be physically limited by the cement 

properties, such as the maximum packing limit or the saltation velocity. The 

maximum packing limit is how much cement that can actually fit into the pipe 

cross-section. The saltation velocity is the minimum velocity of the conveying 

medium that is required to pick up the cement. Any velocities lower than the 

saltation velocity will result in the cement depositing at the bottom of the pipe. 
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While this set of data is not able to predict these limits, the general trends of the 

conveying characteristics can be inferred. 

 

In all, the results of the steady-state simulations presented so far provide an 

optimistic view that the actual pneumatic conveying process is well simulated. 

Simulation results match with both the bulk flow data and theoretical calculations. 

Arguably, the results from steady-state simulations are extremely handy only in 

terms of practical operations. However, the primary importance highlighted in 

this work is that the steady-state simulations here manage to bridge the gap 

between theoretical research and industrial applications. It is believed that with 

decreasing computational cost and increasing robustness in numerical 

simulations, such a method of directly investigating an industrial scale system 

will become increasingly feasible.  

Figure 22  Pipeline conveying characteristics for different solids loading ratio 
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A majority of this chapter has been prepared as a manuscript and submitted to Advance 

Powder Technology as J. Heng, T. H. New, P. A. Wilson, “Application of a numerical 

model to an industrial scale pneumatic conveying pipeline” 

Chapter 4 Flow characteristics of the industrial pipeline 

4.1 Particle rope 

Results of unsteady-state simulations presented here will illustrate the intricate 

details of the solids flow behaviour within the pipe. Figure 23 shows the iso-

surface plot of 0.2 cement volume fraction at pipe bend number two which is a 

VH bend. The iso-surface plot can be approximated to be the particle rope within 

the pipe. The particle rope, which is a concentration of particles at certain regions 

of the pipe, is seen to navigate the pipe bend adhering to the outer part of the pipe 

bend. This is expected due to inertial forces of the cement particles. When exiting 

the pipe bend, the particle rope is seen to follow one side of the pipe wall (farther 

side, in this case) to the bottom of the pipe. This is in contrast to other studies 

which saw the particle rope settle down in the middle, through the axis of the 

pipe. The difference here is due to the pipe orientation prior to the bend. For the 

current geometry, note that an HV pipe bend precedes the VH pipe bend. Such 

an arrangement of pipe bends changes the position of the particle rope entering 

the pipe bend and also alters the secondary flows within the pipe (see Section 

4.2). For a better understanding, Figure 24 shows the cross-sectional contour 

plots of cement volume fraction. The position of the particle rope will then be 

characterized by its angular position. Figure 26 illustrates the location of the 

different angles and how the particle rope angular position is measured.  

 

In Figure 24a, −4𝑑 to 0° shows the various plots for the vertical pipe section, 

where cross-sections of a distinct particle rope on the right side of the pipe can 

be observed. This particle rope was formed by the first bend. With the very short 

downstream section of the first bend, the particle rope does not disperse and 
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enters the second bend (0°) with the structure of the particle rope being more or 

less preserved. In 0° to 75°, after the particle rope enters the bend, inertial forces 

and secondary flows start to alter its structure. After 30°, the particle rope is seen 

to start dispersing due to secondary flow structures. The particles also begin to 

move towards the pipe wall and shift their locations from the right side of the 

pipe towards the outer bend due to inertial forces. After the bend (Figure 24b) the 

concentration of particles did not make a complete revolution over to the left side 

of the pipe before falling down to the bottom of the pipe. Instead, it traces its path 

back on the right side of the pipe before falling to the bottom of the pipe. This is 

largely due to the structure of the secondary flows. By observing the sequence of 

cross-sectional plots downstream of the bend, the particles are seen to slosh 

around the bottom of the pipe before the sloshing damps down and the particles 

traverse to the bottom of the pipe. This sloshing motion is not evident when 

Figure 23  Iso-surface plot of 0.2 cement volume fraction at bend number two 
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presented in a three-dimensional view (Figure 23). By simple measurements, the 

location of higher particle concentrations can be represented in a graphical format. 

The area of highest particle concentration is determined by the thickest location  

 

Figure 24a  Cement volume fraction plots upstream of the bend at various multiples 

of pipe diameter (d) and at various locations within the bend as indicated. Top being 

the outside of the bend. 
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of the 0.2 volume fraction contour, as measured from the pipe wall. By assigning 

Figure 24b  Cement volume fraction plots downstream of the bend at various 

multiples of pipe diameter (d) as indicated. Top side being the outside of the 

preceding bend. 
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the top of the pipe as 0°, the solid line plot in Figure 25 shows the location of the 

rope. The grey region refers to the region of pipe bend and the region to the right 

of the grey box being the horizontal pipe section up to 100  pipe diameters 

downstream.  

 

Figure 25  Angular position of particle rope (solid line) and a fitted underdamped 

curve (dashed line). 

Figure 26  Illustration of (a) bend positions and (b) rope angular position 
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The particle rope is seen to enter the pipe bend at an angle of about 90° formed 

due to the upstream pipe bend. Within the pipe bend, it shifts its position towards 

0°, being the outside of the pipe bend. Then, after exiting the pipe bend, it falls 

rapidly to the bottom of the pipe and displays an oscillatory motion. This motion 

is the sloshing of the particles at the bottom of the pipe, seemingly highly reliant 

on gravitational effects. It is interesting to note that the angular position of higher 

concentration of particles can be fitted with an under-damped graph (dashed line 

in Figure 25) starting at 0𝐷 after the bend. The equation of this under-damped 

curve is provided in the figure. By applying theories from damped harmonic 

oscillations, system characteristics such as the angular frequency and damping 

ratio can be obtained. At this point, these characteristics are postulated to be 

linked to the viscous forces of the material conveyed.  

 

4.2 Secondary flows 

Secondary flow structures of a fluid inside a simple pipe bend are well 

documented in the literature. Figure 27(a) shows the typical secondary flow 

structure that is formed in a pipe bend. The dashed lines show the direction of 

flow of fluid in the plane that is perpendicular to the flow direction. As inertial 

forces take over when navigating a pipe bend, the fluid tends to move towards 

the outside of the pipe bend. It normally forms a symmetrical pair of counter-

rotating vortices and sometimes two pairs of counter-rotating vortices in 180° 

bends [83]. A snapshot of secondary flow structure in the current flow case is 

shown in Figure 27(b). It is a velocity vector plot of velocities tangential to the 

displayed plane. While the general behaviour of fluid moving out towards the 

outside of the pipe bend is still present, the secondary flow structure is no longer 
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symmetric. Also, there exists a weaker pair of counter-rotating vortices alongside 

a dominating pair. The secondary flow structures are indisputably different in 

both cases. 

 

In Figure 28a (−4𝑑 to 0°) where the secondary flow structures in the upstream 

section is shown, the symmetrical pair of counter-rotating vortices formed by the 

previous pipe bend is seen to slowly dissipate until it reaches the entrance of the 

next pipe bend (0𝑑). They are, however, not fully dissipated and the velocity 

profile of the fluid does not approach that of a uniform turbulent flow profile. 

Hence, after it enters the pipe bend, the residual secondary flow from the previous 

pipe bend interferes with the flow producing non-symmetrical secondary flows. 

Figure 28a (0° to 75°) shows the secondary flows within the pipe bend, reveals 

that the pair of weaker counter-rotating vortices that is only vaguely present from 

30°  onwards. They are then seen to strengthen and take shape where it is 

Figure 27  Secondary flow structure within the bend of a (a) single bend (Image 

source: [83]) and (b) combination of bends (current case). Inside of the bend is on 

the right. 
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distinctly visible at the 60° location. Thereafter, it merges with the stronger pair 

to produce a disorganized secondary flow pattern. Figure 28b shows the 

secondary flow structures downstream of the pipe bend. After exiting the pipe 

bend, the secondary flow vortices start to merge into a single clockwise vortex. 

It is evident that this clockwise secondary flow is one of the possible reasons as 

to why the particle rope does not complete a revolution around the wall of the 

pipe (see Figure 23 and Figure 24b). Also, by comparing the secondary flow 

structures with the volume fraction contour plots, particularly for 10𝑑 − 30𝑑, the 

left-right sloshing of the material conveyed in the horizontal pipe section is 

accompanied by a change in the direction of the secondary flow vortex. In 

addition to that, it can be seen from 20𝑑 − 30𝑑  that the change in sloshing 

direction in the volume fraction contour plot actually lags the direction change of 

secondary flow in the tangential velocity vector plot. This suggests that, apart 

from gravitational forces, secondary flow patterns also play a part in determining 

the flow behaviour of the conveyed material. Beyond 50𝑑 , secondary flow 

patterns are almost non-existent and the sloshing behaviour is entirely dominated 

by gravitational forces. 

 

It should be highlighted that the transient flow results obtained through the 

present study expand on the limited knowledge associated with a combination of 

pipe bends. Apart from the work of Schallert and Levy [25], literature detailing 

detailed flow behaviour when more than one pipe bend is used remains limited. 

Hence, the present findings broaden the current understanding of cement flows 

within a pipeline with several different pipe bends. 
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Figure 28a  Secondary flow structures upstream of the bend at various multiples of 

pipe diameter (𝒅) and within the bend at various locations as indicated. Top side 

being the outside of the bend. 

 



Flow characteristics of the industrial pipeline

 

 
 

72 

 
Figure 28b  Secondary flow structures downstream of the bend at various multiples 

of pipe diameter (𝒅) as indicated. Top side being the outside of the preceding bend. 
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Chapter 5 Effects of pipe geometry on particle roping 

5.1 Numerical setup 

In this section, the effects of two parameters on the flow are observed, namely 

the pipe bend ratio (radius of pipe bend/pipe radius) and the length of the 

connecting pipe between both bends. As seen earlier, when the pneumatic 

conveying system has multiple bends that are connected by a rather short section 

of pipe, the flow characteristics at the outlet of the second pipe bend is much 

different from if it were going through just one pipe bend. The focus here will be 

the outlet of the second pipe bend which connects to a long straight horizontal 

pipe section in the JPPL pipeline. Therefore, the JPPL geometry is truncated at 

the long horizontal straight pipe section to save up much computing resources 

needed for many iterations of different pipeline geometry. Figure 29 shows the 

portion of the JPPL pipeline which is used. Pipe bend portions are demarcated by 

faint lines for clearer dimensioning. After the second bend, the straight section 

measures 200 times of the pipe diameter. Before, the entire pipeline could not be 

broken down into smaller sections as there are no intermediate flow data along 

the pipeline to use as boundary conditions. The total pressure drop of this pipeline 

can now be determined from Figure 19 (page 56) and hence, applied as boundary 

conditions here. The inlet pressure is now set at 0.8𝑏𝑎𝑟, interpolated from Figure 

19. The bend ratio (BR) will be varied firstly, from 2.5 times the multiple of pipe 

radius to 25 times (original BR is 14 times pipe radius). Both bends will have 

the same BR in each case. Next, withholding the original JPPL bend radius of 

2.5𝑚, the connecting pipe length is varied from 0 times the multiple of pipe 

diameter to 20 times (original connecting pipe length is 4.5 times pipe diameter). 
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The mesh generated is similar to Figure 18 (page 54) , however, the blocking at 

the pipe bends are adaptive to the pipe geometry. Instead of dividing the pipe 

bend into four sections (Figure 6, page 31), the number of sections depends on 

the BR. With a higher BR, the pipes are physically longer and hence may require 

more blocks to ensure the mesh cells are not “compressed” at the inner side of 

the bend. For BR 14 and connecting length 4.5𝑑, the mesh volume ranges from 

1.87 × 10−8 to 5.70 × 10−7𝑚3. Transient simulation is performed on each case 

for 25𝑠 of flow time. Each case requires about 20,000 CPU hours, and the total 

computing resource needed for this portion of the study is over 200,000 CPU 

hours. With the amount of computing resources required, it is not possible to 

apply design of experiment (DOE) techniques to investigate the combined effects 

of both the BR and connecting length (CL, presented in a later section). 

 

Figure 29  Pipeline dimension for geometry investigations 
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5.2 Bend radius 

Figure 30 Figure 35 first shows the volume fraction contour plots extracted from 

each of the test cases. Upstream of the bend, all six test cases show an undispersed 

particle rope at the right side of the pipe wall. The particle rope is due to the 

preceding HV bend and it stays undispersed because the vertical pipe connecting 

the two bends is not long enough for dispersion to occur. Upon entering the bend, 

the particle rope can display different behaviour, influenced by its BR. These 

particle rope behaviours are better described by the angular position later in 

Figure 36. However, the similarity across all the BR test cases is that the particle 

rope is always near the pipe walls. This is due to the dominance of a single 

rotating vortex in the secondary flow. After exiting the bend, the particle rope 

sloshes around the bottom of the pipe in a motion that was described earlier in 

Section 4.1. 

 

As the particle rope is consistently seen to be at the pipe walls, the location of the 

particle rope within the pipe can be appropriately quantified in the same way as 

in Figure 25 (page 67) by measuring its angular position on the pipe wall. Figure 

36 shows the particle rope’s angular position for all of the simulated BR of 2.5, 

5, 10, 14, 20 and 25. For different BR, the actual length of the pipe bend is 

different. Therefore, the data points at the pipe bend are plotted against the pipe 

bend position for easy comparison. Figure 26 shows an illustration of the pipe 

bend locations. As a recap, the outside of the pipe bend is assigned 0° angular 

position and the inside of the bend as 180°. The shaded portion is the pipe bend. 

The straight horizontal pipe section after the pipe bend is identified by multiples  
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Figure 30a  Cement volume fraction plots for BR 2.5, upstream of the bend at 

various multiples of pipe diameter (d) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 30b  Cement volume fraction plots for BR 𝟐. 𝟓, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 31a  Cement volume fraction plots for BR 𝟓, upstream of the bend at various 

multiples of pipe diameter (𝒅) and at various locations within the bend as indicated. 

Top being the outside of the bend. 
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Figure 31b  Cement volume fraction plots for BR 𝟓, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 



Effects of pipe geometry on particle roping

 

 
 

80 

 

Figure 32a  Cement volume fraction plots for BR 𝟏𝟎, upstream of the bend at 

various multiples of pipe diameter (𝒅) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 32b  Cement volume fraction plots for BR 10, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 33a  Cement volume fraction plots for BR 𝟏𝟒, upstream of the bend at 

various multiples of pipe diameter (𝒅) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 33b  Cement volume fraction plots for BR 14, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 34a  Cement volume fraction plots for BR 𝟐𝟎, upstream of the bend at 

various multiples of pipe diameter (𝒅) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 34b  Cement volume fraction plots for BR 𝟐𝟎, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 35a  Cement volume fraction plots for BR 𝟐𝟓, upstream of the bend at 

various multiples of pipe diameter (𝒅) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 35b  Cement volume fraction plots for BR 𝟐𝟓, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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of pipe diameter. Granted, such a presentation method as in Figure 36 does not 

allow for much useful analysis. However, it is left here should the reader want to 

make a comparison between different cases on the same graph. The angular 

position data is much more useful when studied individually. Figure 37 shows 

the plots for each individual test cases. 

 

The flow characteristics can be broadly classified into three scenarios. For BR 

2.5, the particle rope loops around the perimeter of the pipe and then after exiting 

the pipe bend follows through and completes the loop towards the left side of the 

pipe. BR 5 and 10 have the particle rope splitting into two distinct ropes while 

in the bend. They then take different paths, along the left and right side of the 

pipe wall, before merging back at the bottom of the pipe. BR 14 − 25 shows the 

Figure 36  Particle rope angular position for various bend ratio 
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particle rope enters the bend and disperse within the pipe bend itself. In BR 14 

and 20, the particle rope is not fully dispersed and the bulk of it falls down 

towards the bottom of the pipe the moment it enters the pipe bend. This is due to 

a combination of a gradual bend, gravitational and secondary flow effects. The 

rope is slow to disperse, however, after dispersing, inertial and secondary flow 

effects propel the particles to start forming another rope at the top of the pipe 

bend. This second rope then follows the right side of the pipe wall down. When 

the bend is made even more gradual, BR 25 has sections of the pipe where there 

is no distinct particle rope present. The dispersion is much more rapid than in BR 

Figure 37  Particle rope angular position for individual bend ratio test cases 



Effects of pipe geometry on particle roping

 

 
 

90 

20. In all cases except BR 25, the particle rope, after falling to the bottom of the 

pipeline, displays the sloshing motion before damping down. 

 

This three distinctly different flow types can be related to the pipe bend pressure 

loss. For theoretical calculations of the pressure loss across pipe bends, a head 

loss coefficient 𝑘 is usually used. This coefficient is determined by the pipe bend 

ratio. Figure 38 shows a graph that can be used to select the value of 𝑘 to be used 

in theoretical calculations. Relating it to the current data, one can see that BR 2.5 

(and lower) corresponds to a high 𝑘  value, or higher pressure loss. In such 

situation, the momentum of the particles and the strength of the secondary flows 

propels the particle rope to swirl vigorously within the pipe. By extrapolating the 

trend of the particle rope’s motion, it would not be entirely impossible for the 

particle rope to have enough momentum to make multiple revolutions along the 

pipe wall. At BR 5 − 10 , it corresponds to a region towards the left of the 

minimum point on the head loss coefficient graph. In this range, the entire particle 

rope does not gain enough momentum to make the complete revolution. Instead, 

Figure 38  Head loss of 90° radiused bends. (Image source: [1]) 
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it splits up and only a portion of the rope makes a complete revolution. The 

location where the particle rope splits into two is dependent on the BR too, with 

the particle rope splitting earlier into the bend at higher BRs. Also, the smooth 

flow of the two particle ropes would be disturbed when they collide at the bottom 

of the pipe. This collision of the two ropes will possibly result in some additional 

pressure loss in getting the unified particle rope to flow smoothly again. In 

addition, more particle collisions will also result in higher momentum loss. 

Increasing the BR further, eventually, the entire particle rope does not gain 

enough momentum from the secondary flow and no splitting occurs. 

Concurrently, it is observed that the particle starts to disperse after entering the 

bend. At the region where BR > 14, the pipe bend is so gradual that it contributes 

to the dispersion of the particle rope. In theory, it is most efficient in terms of 

pressure loss for the conveyed material to be well dispersed in the conveying 

medium. However, when the pipe bend is made too gradual, one has to keep in 

mind that the longer pipe bend sustains the secondary flows for a longer distance. 

This would be disadvantageous for the pressure loss and the graph of 𝑘 value 

starts to rise slowly for BR 20 and 25. 

 
To the best of the author’s knowledge, the pipe bend head loss has never been 

directly correlated to the motion of the conveyed solids in this manner before. 

Probably due to the fact that much of the research done was on a single bend. In 

this case, the combination of pipe bends resulted in non-symmetrical secondary 

flows that drive the motion of the particles. As a result, particle ropes swirl around 

the pipe walls in a three-dimensional motion that can be studied qualitatively. 
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Table 3 provides some numerical data for the different pipe bend ratio test cases. 

The inlet and outlet pressure and outlet air velocity values are obtained at the 

centreline of the pipeline as they do not vary much across the cross-section of the 

pipe. The pressure loss per unit length across a pipe bend is a function of the pipe 

diameter 𝑑, density 𝜌 and square of the velocity 𝑣2. By taking into account the 

difference in pipe lengths due to different band ratio and the velocity, the pressure 

drop across the pipe bend is divided by the its length and square of the air velocity. 

A value, being a function of the product of the pipe diameter and the density, is 

obtained. While the pipe diameter is constant across all test cases, the density is 

difficult to establish because the particles are not evenly dispersed in the pipe 

cross-section. Hence, the effective density (equation 6) is difficult to determine. 

However, the numerical simulations have reached a steady mass flowrate at the 

outlet and the density value should not affect analysis when values are compared 

against each other. Nevertheless, an analysis of the trend can be done. Figure 39 

plots the pressure loss, after accounting for the bend length and air velocity, 

against the bend ratios. Keeping in mind that the results are from transient 

simulations, a curve is fitted for the data. Immediately recognisable, the graph 

mirrors the graph used for determination of the bend head loss coefficient of a 

Table 3  Numerical data for bend ratio test cases 

BR 
Pipe bend inlet 

pressure /𝑃𝑎 

Pipe bend outlet 

pressure /𝑃𝑎 

Air velocity 

/𝑚𝑠−1 

Δ𝑃

𝑣2𝐿
/𝑘𝑔𝑚−4 

2.5 42904 31149 22.9 32.1 

5 43576 35306 17.6 19.1 

10 43753 32137 19.0 11.5 

14 44518 26898 18.1 13.7 

20 41887 17846 18.6 12.4 

25 38179 14753 14.9 15.1 
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Figure 39  Pressure loss across pipe bend for different bend ratios after accounting 

for pipe bend length and air velocity. 

 

single-phase flow which is a well-established theory. As the particle diameter of 

cement used in this study is 14𝜇𝑚 , the particles will follow the conveying 

medium very closely. Hence, it is expected that the optimal bend ratio (about 

10 − 15 from Figure 39) would be very similar to a single-phase flow (Figure 

38). The small particle diameter does not affect the gas flow. In flows with large 

particulates that affect the gas flow significantly, the same method discussed here 

could be employed to determine the optimal pipe bend ratio. 

 

For the sake of consistency, it is mentioned here that the current numerical 

simulation of a truncated pipeline with the same bend radius as the JPPL pipeline 

differs a little from the previous data presented in section 4.1. Figure 40 illustrates 

this difference. The primary difference is between its amplitudes where the 

current truncated pipe shows a less rigorous sloshing motion. This is suggested 
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to be due to inlet pressure applied at the inlet. While the current inlet pressure is 

directly obtained from the steady-state simulation, it is actually too low. On 

hindsight, the pressure loss effects of the pipe outlet were entirely disregarded 

while selecting the inlet pressure to be used. Due to this, the effective conveying 

pressure is reduced and the material moves at lower velocities. This results in less 

momentum for the sloshing motion and the lower amplitude. It also contributes 

to the lower frequency of the sloshing motion in the straight horizontal pipe 

section. Lastly, the particle rope in the current truncated pipeline dispersed in the 

bend instead of the continuous particle rope seen in the full pipeline. This is also 

due to less momentum of the particles, allowing dispersion effects to take over. 

 

Figure 41 to Figure 46 shows the vector plots of the different test cases. Looking 

at the vertical pipe section connecting the two bends (−4𝑑 to −1𝑑), BR 2.5 

(Figure 41a) clearly shows a pair of symmetrical counter rotating vortices which 

Figure 40  Particle rope angular position, comparing between the truncated 

pipeline and full-scale pipeline 
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weakens downstream (towards −1𝑑). Since the BR is small, the secondary flows 

induced are stronger and its effects can stay longer downstream of the bend. This 

is evident in the different BR test cases where the strength of the secondary flow 

in the vertical pipe section weakens when the BR is increased. In the pipe bend, 

(0° to 75°), strong secondary flows are seen for the tightest bend and its strength 

decreases if the BR is increased. The strength of the secondary flow structure for 

BR 2.5 is dominated by a single vortex which keeps the particle ropes close to 

the pipe walls. The strength of the secondary flow starts to reduce immediately 

after exiting the pipe bend. Further downstream as the secondary flow structure 

weakens, there is less mixing of the particles with the carrier gas. As seen earlier 

in the volume fraction contour plots, particles will start to fall towards the lower 

part of the pipeline. 
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Figure 41a  Secondary flow vector plots for BR 𝟐. 𝟓, upstream of the bend at 

various multiples of pipe diameter (𝒅) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 41b  Secondary flow vector plots for BR 𝟐. 𝟓, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 42a  Secondary flow vector plots for BR 𝟓, upstream of the bend at various 

multiples of pipe diameter (𝒅) and at various locations within the bend as indicated. 

Top being the outside of the bend. 
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Figure 42b  Secondary flow vector plots for BR 𝟓, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 43a  Secondary flow vector plots for BR 𝟏𝟎, upstream of the bend at various 

multiples of pipe diameter (𝒅) and at various locations within the bend as indicated. 

Top being the outside of the bend. 
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Figure 43b  Secondary flow vector plots for BR 10, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 44a  Secondary flow vector plots for BR 14, upstream of the bend at various 

multiples of pipe diameter (𝒅) and at various locations within the bend as indicated. 

Top being the outside of the bend. 
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Figure 44b  Secondary flow vector plots for BR 14, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 45a  Secondary flow vector plots for BR 20, upstream of the bend at various 

multiples of pipe diameter (𝒅) and at various locations within the bend as indicated. 

Top being the outside of the bend. 
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Figure 45b  Secondary flow vector plots for BR 20, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 46a  Secondary flow vector plots for BR 𝟐𝟓, upstream of the bend at various 

multiples of pipe diameter (𝒅) and at various locations within the bend as indicated. 

Top being the outside of the bend. 
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Figure 46b  Secondary flow vector plots for BR 𝟐𝟓, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend.
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5.3 Bend connecting length 

The effects of the connecting length (CL) of the vertical pipe between the HV 

and VH pipe bend is discussed here. Figure 47 shows the particle rope’s angular 

position for varying CLs which were obtained by the same method as in Figure 

25. The position of the particle rope is measured, in degrees, relative to the 

outside of the bend and plotted against the position within the pipeline. It is 

immediately obvious that the plot is not as overwhelming as in the one for pipe 

bend ratio (Figure 36). The reason is twofold. Firstly, it gives a broad picture of 

what extent does the CL affect the particle rope flow characteristics and, in this 

case, the effects of varying CLs are not as strong as varying BRs. Secondly, there 

are more sections (in CL 15𝑑 and 20𝑑) that do not have a distinct particle rope 

and are seen as the discontinuities on the graph. This is caused by the longer 

connecting pipe which facilitates the dispersion of the particle rope induced by 

the previous bend. 

 

Figure 48 shows the plots individually. For CL 0𝑑, i.e. outlet of the first pipe 

bend joins the inlet of the second pipe bend, the splitting of the particle rope into 

two can be seen. Having roughly the same flow characteristic as BR 10, it could 

suggest that this configuration would be one that is acceptable for use in an actual 

conveying system. For CLs 4.5 and 10, there is little difference. The particle rope 

starts to disperse upon entering the pipe bend and then forms a new particle rope 

which swirls down through the right side of the pipe. Based on the bend ratio test 

cases, this flow characteristic is also a desirable one as the pressure loss is 

minimal. When CL > 15, the dispersion of the particle rope becomes apparent. 

In the BR test cases, it is seen that dispersion of the rope within the bend is 
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somewhat favourable. Therefore, based on the flow characteristics seen, the CL 

does not matter in the efficiency of the pneumatic conveying process. Figure 49 

to Figure 53 shows the volume fraction contour plots for each test case.  

 

Table 4 provides some numerical data for the different CL test cases, similar to 

that presented for the BR cases. Likewise, Figure 54 shows the pressure drop 

across the pipe bends after accounting for the pipe bend length and the air velocity. 

Based on the data, it seems like a linear relationship is possible and a line is fitted 

to the data. When the CL between an HV and VH bend is minimal, the pressure 

loss across the VH bend is also minimal. In the BR test cases, the reason provided 

for higher pressure losses in higher BRs is due to the secondary flow being 

sustained for longer distances by the pipe bend. However, in the CL test cases, 

the BR is held constant. The higher pressure losses seen now is due to the 

dispersion of the particle rope in the vertical pipe section. 

Figure 47  Particle rope angular position for various connecting length 
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Figure 48  Particle rope angular position for individual connecting length test cases 

Figure 56 picks out the vector plots at one pipe diameter before the pipe bend for 

different CLs, which shows the secondary flow structure. For short connecting 

lengths (CL 4.5 and 10), there is an absence of any strong secondary flows 

before the pipe bend. In CL > 15 , the vector plots are significantly more 

perturbed. This convoluted flow pattern right before the pipe bend extends into 

the pipe bend, increasing the complexity of the flow in the pipe bend. This causes 

the trend of increase in pressure loss across the pipe bend in Figure 54. As the 

vertical pipe section is lengthened, the particle rope disperses within the vertical 

pipe section. It is this dispersion mechanism that introduces the unfavourable 

flow patterns. Figure 57 to Figure 61 shows the complete set of secondary flow 
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vector plots. Figure 55 shows the particle rope dispersion mechanism for CL 20 

test case. The snapshots of volume fraction plot are 0.1𝑠 apart, from 12.1 to 

18.0𝑠 . The particles within the particle rope, closest to the pipe wall, loses 

enough momentum in the vertical pipe section that it starts to flow backwards. 

When this happens, a small region of circulating flow within the particle ropes 

causes the rope to break apart (from 13.6 − 14.1𝑠 and 15.8 − 16.2𝑠). Although 

the particle distribution after the particle rope breaks is fairly even, the rope 

breaking mechanism is violent, causing a very disturbed and turbulent flow 

within that portion of the pipe. This increased turbulence extending into the pipe 

bend causes more pressure loss across the pipe bend. 

 

Figure 49a  Cement volume fraction plots for CL 0 at various locations within the 

bend as indicated. Top being the outside of the bend. 
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Figure 49b  Cement volume fraction plots for CL 𝟎, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 50a  Cement volume fraction plots for CL 𝟒. 𝟓, upstream of the bend at 

various multiples of pipe diameter (𝒅) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 50b  Cement volume fraction plots for CL 𝟒. 𝟓, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 51a  Cement volume fraction plots for CL 𝟏𝟎, upstream of the bend at 

various multiples of pipe diameter (𝒅) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 51b  Cement volume fraction plots for CL 10, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 52a  Cement volume fraction plots for CL 𝟏𝟓, upstream of the bend at 

various multiples of pipe diameter (𝒅) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 52b  Cement volume fraction plots for CL 15, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 53a  Cement volume fraction plots for CL 𝟐𝟎, upstream of the bend at 

various multiples of pipe diameter (𝒅) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 53b  Cement volume fraction plots for CL 𝟐𝟎, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Table 4  Numerical data for connecting length test cases 

CL 
Pipe bend 

inlet pressure 

/𝑃𝑎 

Pipe bend 

outlet pressure 

/𝑃𝑎 

Air 

velocity /
𝑚𝑠−1 

Cement 

velocity /
𝑚𝑠−1 

Δ𝑃

𝑣2𝐿
/𝑘𝑔𝑚−4 

0d 46630 33744 18.2 18.1 9.9 

4.5d 44518 26898 18.1 18.0 13.7 

10d 34557 20865 14.1 14.0 17.5 

15d 25907 13304 13.4 13.4 17.9 

20d 26668 13625 12.0 12.0 20.3 

 

 
Figure 54  Pressure loss across pipe bend for different vertical pipe connecting 

length after accounting for pipe bend length and air velocity. 
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Figure 55  Particle rope dispersion in the vertical pipe section for CL 20 test case 
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Figure 56  Secondary flow vector plot at one diameter before the pipe bend entrance 

for different CL as indicated 

 

Figure 57a  Secondary flow vector plots for CL 𝟎 at various locations within the 

bend as indicated. Top being the outside of the bend. 
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Figure 57b  Secondary flow vector plots for CL 𝟎, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 58a  Secondary flow vector plots for CL 𝟒. 𝟓, upstream of the bend at 

various multiples of pipe diameter (𝒅) and at various locations within the bend as 

indicated. Top being the outside of the bend. 
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Figure 58b  Secondary flow vector plots for CL 𝟒. 𝟓, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 59a  Secondary flow vector plots for CL 𝟏𝟎, upstream of the bend at various 

multiples of pipe diameter (𝒅) and at various locations within the bend as indicated. 

Top being the outside of the bend. 
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Figure 59b  Secondary flow vector plots for CL 10, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 60a  Secondary flow vector plots for CL 15, upstream of the bend at various 

multiples of pipe diameter (𝒅) and at various locations within the bend as indicated. 

Top being the outside of the bend. 
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Figure 60b  Secondary flow vector plots for CL 15, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Figure 61a  Secondary flow vector plots for CL 20, upstream of the bend at various 

multiples of pipe diameter (𝒅) and at various locations within the bend as indicated. 

Top being the outside of the bend. 
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Figure 61b  Secondary flow vector plots for CL 20, downstream of the bend at 

various multiples of pipe diameter (𝒅) as indicated. Top side being the outside of 

the preceding bend. 
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Chapter 6 Conclusion 

The application of a multiphase numerical model with Eulerian treatment for the 

solids phase is presented in Chapter 2, where validation of the model is mainly 

based on previously published experimental results. Using the validated 

numerical model, an industrial scale pipeline is investigated in Chapter 3 where 

the conveying characteristics are matched with the current operation of the 

pipeline. Later on in Chapter 4, one section of the pipeline, consisting of a VH 

bend preceded by an HV bend is studied in detail. The sloshing motion of the 

solid phase is documented. Thereafter, the effects of varying the bend radius and 

the connecting pipe length between the two bends are presented in Chapter 5. 

 

The computational mesh was sized initially with reference to other multiphase 

simulation studies. Thereafter, a mesh dependency test was performed. In 

applying the FAD turbulent dispersion model, its model constant is varied to 

determine the most appropriate value for such dilute flows. The model constant 

is observed to have a greater effect on the particle concentration distribution than 

on the gas phase velocity, and a most appropriate model constant was selected 

for to compare with earlier experimental results. Note that while numerical 

results show certain discrepancies, they otherwise captured the flow 

characteristics adequately after addressing the underlying cause of inaccuracies. 

 

Gas-phase velocity is well predicted for both vertical and horizontal pipe sections. 

However, the model is less accurate in predicting particle concentration 

distribution in certain areas of the pipe. In the vertical pipe section, the inaccuracy 

results from the difficulty of capturing the transitional zone where the particle 
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rope starts to disperse. Outside this dispersion zone, the model was able to predict 

the particle concentration distributions. For the horizontal pipe section, initially, 

it appears that the model is erroneous in predicting particle concentrations. 

However, particle diameter variations appear to account for the mismatch. The 

simulation is repeated with an increased particle diameter. The model is then able 

to capture the particle concentration distribution in the horizontal pipe section 

with increased accuracy, which demonstrated the suitability of employing the 

Eulerian treatment for two-phase gas-particle flows. 

 

While the Eulerian treatment of the solids phase presents an advantage over a 

Lagrangian treatment in terms of computational resources needed, it would still 

have been too demanding, on an industrial system scale, to incorporate the effects 

of the inherent variations in particle diameter within the material being conveyed. 

As such, variations in particle diameter was not included in the scope of this study. 

This would have meant that agglomeration of particles and break-up of 

agglomerates could not be taken into account within the model. Such limitations 

are the main cause of inaccuracies seen for the computational model. Barring this, 

the suitability of employing the Eulerian treatment for particles is well 

demonstrated. 

 

Next, the validated numerical model was applied to an industrial scale pneumatic 

conveying pipe to study the flow characteristics of the material being conveyed. 

Steady-state numerical results are observed to agree well with bulk flow data that 

was obtained from JPPL, indicating an appropriate application of the numerical 

model. Subsequently, the conveying pressures and inlet loading were varied to 
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observe the relationships between the parameters and conveying output capacity. 

The relationship between output and both inlet pressure and loading was found 

to be non-linear, due to the physical limitations of the conveying system. Such 

findings will be useful to assess the impact of these parameters upon the 

operational capabilities of the pneumatic conveying pipe. In particular, these 

results also demonstrate that numerical simulations of a full-scale, operational 

pneumatic conveying pipe are feasible and sufficiently accurate for practical 

purposes.  

 

Transient simulations were also performed on one selected flow configuration. 

The flow behaviour in a VH bend, preceded by an HV bend, was evaluated in 

terms of the particle rope and flow structures. Results show that, instead of 

passing through the centre axis of the pipeline, the particle rope stayed on the 

sides of the pipe wall after exiting the bend. This is due to the influences exerted 

by the secondary flow structures produced by the upstream bend. Also, the 

interesting sloshing behaviour of the conveyed material is observed and the 

angular position of the concentrated particles mimic that of an under-damped 

system. Collating with the transient result, the preceding flow observations are 

partly due to the secondary flow structures, on top of gravitational effects. 

 

The effect of pipe bend ratio investigated next. With the steady-state simulation 

of the full JPPL pipeline conducted, the pipe geometry can now be reduced to a 

shorter section to conserve computational resources. By utilizing the same 

methodology as the transient simulation of the full pipeline, the bend ratio is 

found to affect the flow behaviour. Three different flow behaviours were 
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identified. One, the particle rope could swirl a complete revolution around the 

pipe wall due to a tight bend. Two, the particle rope may not possess enough 

momentum as in the first case and may split into two distinct ropes while inside 

the bend. These two ropes then take different paths to eventually meet at the 

bottom of the pipe in a region with increased particle collisions. Three, the 

particle rope disperses in the pipe bend which would otherwise be the ideal 

scenario if not for the gradual pipe bend prolonging the presence of non-

symmetrical secondary flows. 

 
Finally, the length of the vertical pipe connecting the two pipe bends is varied. 

Simulation results favour a shorter connecting pipe length in terms of the pressure 

drop across the second pipe bend. This is due to the dispersion mechanism of the 

particle rope increasing turbulence going into the pipe bend. This increase in 

turbulence causes additional pressure loss across the pipe bend. The dispersion 

mechanism of a particle rope in a vertical pipe section is also briefly described. 

 

Based on the current findings, certain areas that could be built upon by future 

work have been uncovered. Flow characteristics, mainly the sloshing motion 

after a VH bend preceded by a HV bend, is presented in the current thesis. 

Together with flow characteristics of an HV preceded by a VH bend by previous 

researchers, it forms only a small subset of different combinations two bends can 

take and future studies can take the path of documenting flow characteristics 

involving different combinations. Also, the effects of two parameters, mainly the 

bend radius and the pipe length connecting two bends is studied individually. 

Additional work by employing tools from design of experiments (DOE) is 

certainly required to relate these two parameters on how they work together to 
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affect the flow characteristics. The effects of particle diameter used in the 

numerical simulation also require much more specialized studies to ascertain its 

relations within the numerical models. Notwithstanding these, there is also an 

incentive to discuss the numerical model closures in greater detail. The 

application of different turbulence models such as the k-omega model and/or 

other pressure-velocity coupling methods such as SIMPLEC or PISO could be 

an area of interest for future investigations. These areas should certainly be 

visited to achieve a more robust and accurate numerical modelling of pneumatic 

conveying processes. 
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