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Abstract

In this paper, an Eulerian granular numerical model is applied in the modelling of an
industrial scale pneumatic-based cement conveying system. Steady-state simulation results
are found to match pressure and outlet flowrate values with actual system data. By modifying
the inlet pressure and material feed rate, data that predicts the performance of the conveying
system have been obtained within the present study. Transient simulations have also been
conducted and the results reveal intricate details of the cement flows along the pneumatic
pipes and pipe bends. In particular, particle roping behaviour is observed to follow the sides
of the wall before, during and after the pipe bends. A sloshing-like cement flow motion is
also observed after the cement exits the bend. The concentration distribution of the cement
particles is found not only to be partly due to gravitational effects but also the pneumatic pipe
configuration. Lastly, close inspection of the secondary flows within the pneumatic pipe
shows that their directional changes lead to a corresponding change in the particle roping
direction, indicating that particle roping is closely associated with the secondary flow

structures induced by the exact pipe configuration.
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1 Introduction

Many industries transport bulk materials over extended distances using pneumatic conveying
processes. Examples of which are the 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. The application of
pneumatic conveying comes from the many benefits that a pneumatic conveying system have
over conventional belt conveying systems [1]. Numerical simulations have emerged over the
years as an increasingly reliable and accurate method to study the mechanisms and
performance of pneumatic conveying. Researchers had come up with many different
numerical models catering to different conditions or area of interest in the flow. Apart from
direct numerical simulations (DNS) and solving the complete equations of motion for each
individual particle, there is no one unified model to use for gas-particle flows. In most cases,

only the most appropriate modelling is being applied to reduce computational cost.

Numerical simulations had been used to study numerous aspects of pneumatic conveying.
McGlinchey et al. [2] 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. [3] 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 relevant to this paper,
Ibrahim et al. [4] 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 to predict the particle trajectories. Schallert and Levy [5] performed an
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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 pipe bend
followed by a horizontal-to-vertical pipe bend. One interesting observation made in that study
was that the material spiral along the vertical pipe wall after exiting the pipe bend. Examples
of other applications of numerical simulation include investigation of pressure drop across
pipe bends [6], deposition characteristics [7] and dune formations [8]. Such cases exhibit the

ability of numerical simulations applied to study pneumatic conveying processes.

In designing a pneumatic pipeline, it will 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. However, further research [9] has
shown that they were far from perfect and further improvements could be made. Pan [10] and
Mallick and Wypych [11] worked on trying to improve such scaling-up procedures. While
the results were promising, the conclusions drawn were that the order of inaccuracy was 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.

The 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. Firstly,
important quantitative data such as the pressure drop and output capacity will be obtained
directly from steady-state simulations, the results of which will bridge theoretical and

practical applications to simplify pipeline designing procedures. Secondly, transient
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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 better understandings of the flow
behaviour within the pipeline, which will not be available from the actual industrial system.
Finally, conclusions will then be drawn from the results presented within the context of how
computationally intensive numerical simulations such as the ones conducted here will benefit

industrial applications.

2 Numerical procedure

2.1 Geometry

The geometry used in this numerical study is modelled directly after one of the pneumatic
pipelines at Jurong Port Pte. Ltd. (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 they 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 in Figure
1. All straight pipe sections are orthogonal to each other as indicated by the coordinate
system. 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 cannot be defined.
The 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 156.2m.
Details on the various pipe section dimensions are provided in Figure 2 — note that the pipe
diameter is not drawn to scale. The air mover back pressure at the inlet side is measured as

1.8bar. The maximum rated capacity of the dust collector system downstream of the pipe is
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24,000m*/h. The dust collector is running at maximum capacity and is being shared between
two pipelines. Therefore, if both pipelines are assumed to be conveying at the same rate, this
means that the maximum airflow that can be achieved in one of the pipelines can be
reasonably assumed to be approximately 12,000m®/h. Currently, only operational bulk flow
data can be obtained by averaging throughout the entire conveying operation, that is, the
throughput is averaged through time. When both pipes are working together, the system is
able to convey cement at a rate of approximately 800tonnes/hour (tph) or 400tph for each
pipeline. However, it is to be highlighted that these values are inclusive of the start-up/power-
down phases and down times in between. The ideal flow rate is estimated to be about 500tph
where the start-up/power-down and down times are excluded. The cement is discharged into

a silo at the end of the conveying system that is at atmospheric pressure.

2.2 Governing equations

Following previous work [12], where the Eulerian granular model had been shown to capture
cement flows reasonably well, this study will adopt the same model with changes to the solid
phase material properties to fit the current cement conveying investigation. The Eulerian
granular model has been adopted using Fluent (ANSY'S Inc.). The model is a two-fluid model
that treats both the gas and solid phase as continuums. The list of equations that are

referenced within the text that follows can be found in the appendix.

In a two-phase flow, the idea of volume fraction is introduced. The 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, together with the fluid, are then
treated as two interpenetrating continuums. This interpenetrating effect is captured by a

dimensionless variable called the volume fraction, a, where 0 < a < 1. In a certain (fixed)
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space, the volume occupied by a certain phase q is the integral of the volume fraction

multiplied by the volume.

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 right-hand sides of

equations 1 and 4, where the mass source terms usually reside, are zero. Compared with the
gas momentum conservation (equation 2), the additional termsmand RT,Son the right-
hand side of the solid momentum conservation (equation 5) are due to interactions between
different phases. As for equations 5 and 6, there are several unknowns that would require

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

of forces F, sum of interphase momentum exchange R, solids bulk viscosity A, and solids

VISCOSity us.

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. [13] utilized a collisional
particle pair-distribution function, which was obtained by simple kinetic analysis by Savage
and Jeffrey [14], to derive the solids pressure p, which consists of a kinetic part and a
collisional part (equation 7). The coefficient of restitution for collision e is taken as 0.9 in
this study, following the conclusions of the work of Ehsani et al. [15]. The first term in the
right-hand side of equation 7 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 (equation 8).
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Ding and Gidaspow [16] derived the transport equation for granular temperature (equation 9)
where the diffusion coefficient kg _follows the work of Syamlal et al. [17] whom neglected
the kinetic contribution from the expression by Lun et al. [13] as it tends to an unphysical
value at low volume fractions. The collisional dissipation of energy ye  is from the
expression by Lun et al. [13] based on the assumption of slight inelasticity and the energy

exchange between the phases is given by Gidaspow et al. [18].

What remains in the solids pressure and granular temperature formulation is the radial
distribution function g, 5. 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.c. 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 o when the solid volume fraction tends towards 0 and the packing limit
respectively. The radial distribution function g, ¢, is presented by Ogawa et al. [19] through a
kinetic model of collision of particles. For regular spheres of constant diameter, the packing

limit is 0.63 [20].

The forces in the right hand side of equation 5 should include forces like the lift force F"lift,s,

wall lubrication force F,,, ;, virtual mass force F,,, ;, and/or turbulent dispersion force Fy, ;.
As cement particles are small, with diameters in the order of 10~>m, 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 only when the density of the

secondary phase is much lesser than that of the primary phase. This leaves the reduced solid
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phase momentum equation to take the form shown in equation 5. The turbulent dispersion

force ﬁm,s is modelled with the Favre-averaged drag (FAD) model [21] that is included in the
software. Two other models, namely the Simonin model [22] and Lopez de Bertodano model
[23] are available. The Simonin model essentially estimates the dispersion scalar Dg in
equation 13 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 its
effects were assessed in the previous work [12]. The authors of the FAD model stopped short
of providing guidelines on their model’s applicability to which it could not be immediately
determined if the FAD model is suited for the current study. Moreover, they had concluded
that their model is a more general one and that it possesses ‘a wide degree of universality’.
Nevertheless, in one of their validation cases, the FAD model was applied to a liquid-solid
flow with solid volume fractions up to 0.15 in some areas of interest and particle diameters of
about 600um. With that, this work is currently putting forth the application of the FAD

model to a gas-solid flow to look into how well it lends itself towards such a scenario.

The momentum exchange between phases or, interphase momentum exchange term, R obeys
a constrain as shown in equation 15 and is modelled using the differences in velocities
between the two phases. The mechanism dominant within this term is the drag force. The
gas-solid exchange coefficient K,, used here is the suggestion of Gidaspow [24] and is
shown in equations 17 to 20. It is a combination of two models at different volume fractions.
The Ergun [25] model at solid volume fractions larger than or equal to 0.2 and the Wen and
Yu [26] model at solid volume fractions lower than 0.2. Ergun’s model was experimentally
determined from the pressure drop of fixed liquid-solid beds at packed conditions while Wen

and Yu’s model was correlated from the experiments of particle settling over wide ranges of

8
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volume fractions. The bulk viscosity A, is obtained from the total stress tensor by Lun et al.
[13] with an additional term on the right hand side of equation 21 that accounts for the

particles’ inelasticity.

The solids pressure (equation 7), 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. The solids shear viscosity u is written as consisting of two
parts, collisional and kinetic part. The collisional part (equation 23) is obtained by Lun et al.
[13] which is the same expression as obtained by the work of Gidaspow [24]. The kinetic part
is originally obtained by Lun et al. [18]. However, Gidaspow [24] argued that a correctional
factor of 1/[n(2 —n)] in Lun’s expression is insignificant for a coefficient of restitution of

0.9, with less than a 0.3% difference. Hence, the Kinetic part is as shown in equation 24.

The standard k-e turbulence model is used for the gas phase turbulence and standard wall
functions are used. For the Eulerian granular model, a ‘per-phase’ turbulence modelling was
applied, where a set of separate k-e turbulence equations was solved for each phase.
Equations 25 and 26 show the standard k — e turbulence model applied to the solid phase

where the interphase turbulence interaction is included.

2.3 Meshing and convergence

A blocking strategy is applied to the full-scale industrial pipeline to obtain an unstructured
hexahedral mesh. Due to the large domain size, it is fairly computationally expensive even
during the mesh generation stage. In this study the cells are now sized at about 0.004 x 0.004
x 0.008m. Earlier, a mesh dependency test [12] was conducted on three different sized

meshes with the same numerical model. It was found that two of the finer meshes did not
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differ while the coarser mesh only differs a little from the other two. Based on this, the
coarser mesh is applied in this study due to its massive computational resource advantage as
there are much lesser cells. The number of cells that span the pipe diameter is 74 and no
other treatment is applied for the bends. Inaccuracy is projected to be acceptable based on the
mesh dependency test, as well as given the massive computational domain of the full-scale
pipeline. Figure 3 shows the hexahedral mesh generated. The mesh requires about 400 CPU
hours for each steady-state simulation. Together with the applied time-step size, the mesh
requires 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.

2.4 Problem description

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 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 for atmospheric
pressure (i.e. OPa gauge). Material properties of ordinary Portland cement are obtained from
[27]. The material density is defined as 3,200kg/m® and the particle diameter as 21um. 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 solid phase, similar to
an earlier study by the authors [12] where it produced good agreements with real-world
observations. 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.
Next, the conveying characteristics of the pneumatic conveying system under different

conveying conditions are investigated. Conveying pressure is reduced in steps from 1.8bars

10
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to 1.5bars to look into the impact on cement conveying in situations where the air pressure
provided by the unloading system may not be as high. Also, JPPL is not be able to increase
conveying pressures beyond 1.8bars as the air movers are located on the ships themselves.
For each different conveying pressure, the inlet solids volume fraction is also varied (0.05,
0.10, 0.15 and 0.20). This will vary the solids loading ratio (SLR) to about 21.4, 45.1, 71.7
and 101.5 respectively. SLR is the ratio, by mass, of the cement to the air at the inlet. The
value of SLR remains fairly constant along the pipeline and is, therefore, a measure favoured
by the industry partner. All other parameters remain constant. For the steady-state simulations,
an arbitrary solids volume fraction of 0.1 is applied to the whole domain as an additional

initial condition which would improve convergence behaviour.

Lastly, a transient simulation is performed to gain insight into the cement flow characteristics
within the pipe. The flow conditions are identical to the first steady-state case. The time step
size was set to 1 x 10™s. The time step size is selected based on the condition that vAt < Ax.
The fully-developed numerical solution from a single-phase gas flow is applied to the domain
as an initial condition prior to all the simulations. However, the solids are introduced at the
inlet as a uniform distribution. This was done as a numerical means to save computational

time and improve convergence behaviour.

3 Results and discussion

3.1 Steady-state simulations

3.1.1 Effects of pipeline inlet pressure

Figure 4 plots the pressure against the pipe physical distance, where total 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

11



©CO~NOOOTA~AWNPE

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 Om and the outlet is 156.2m, with the grey columns indicating the
90° bend locations. The bends are numbered one to five for easy reference. Results show that
there is a distinctly higher pressure drop along each of the pipe bend 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 three consists of a horizontal-to-horizontal (HH) bend
and the pressure drop along this pipe bend is lesser. The other four pipe bends are either a
horizontal-to-vertical (HV) or vertical-to-horizontal (VH) bend. This behaviour is
qualitatively similar to the conclusion drawn previously by Ibrahim et al. [4] where they had
performed a numerical study on single bends for gas-particle flows in different bend
orientation using the Lagrangian approach. They had concluded that pressure drop is greatly
affected by the orientation of the bend. 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 1 presents the pipe bend pressure drop data in numerical form. In the last
column, the pressure drop of bend 2 is divided by the square of the local mean velocity of the
flow. The results suggest that pressure drop is a function of the velocity squared, where the
mean velocity is obtained through the software post-processor’s surface integral function.
The pressure drop is also more pronounced when it is a vertical pipe section (between bends
one and two, and between bends four and five) due to the additional driving force needed to

overcome gravitational effects acting on the material being conveyed.

12



©CO~NOOOTA~AWNPE

Table 1 Numerical details of pressure drop per unit length along pipe bends

Conveying Bend 1 Bend 2 Bend 3 Bend 4 Bend 5 Ap
Pressure1 - (Hv) (VH) (HH) (HV) (VH) ve

1.8 bars 2948 Pa 2930 Pa 2051 Pa 2968 Pa 2846 Pa 6.67
1.7 bars 2842 Pa 2804 Pa 1951 Pa 2858 Pa 2804 Pa 6.60
1.6 bars 2729 Pa 2681 Pa 1849 Pa 2751 Pa 2663 Pa 6.59
1.5 bars 2648 Pa 2594 Pa 1718 Pa 2640 Pa 2600 Pa 6.60

Theoretically, the magnitude of the pressure drop across the bends can be calculated.
Chambers and Marcus [28] 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 [29-31] had used the model to success. Later
models, such as that proposed by Pan [10] and Pan and Wypych [32], provided derivations
and experiments were used to determine the exponents in their formulation. Table 2 shows
the models used to calculate the pressure drop across various pipe sections and the respective

definitions of newly introduced terms are included in the same table.

Figure 5 shows the comparison between pressure drop calculated from the empirical
formulations against the present numerical simulation results. The pipe bend data is from
bend 2 and the vertical and horizontal pipe section from the upstream and downstream
section of bend 2 respectively. 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 the present case, the pipe roughness is accounted for by the

specularity coefficient used in the numerical simulations that determine the shear forces

13
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Table 2 Empirical relations used for calculation of the pressure drop across various pipe sections

2

. . B PgVy
Horizontal pipe Ap = (14 + SLR X A;) oF L,
Ay = 1325[1 { b4 5'74}]_2
9= 2242 [M37d T Re0?
d\** 1
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s s \a,) SLRO3Fr
. : Vg
Vertical pipe Ap = SLR X pgglvv—
S
2
Bends Ap = B(1+ SLR)py ", B = 0.5

where [, and L, are the length of the respective pipe,

€, IS the absolute pipe roughness,
2

v
Froude number Fr = ;;d ,

particle Froude number Fr, = 49ds(ps=pg)/(3Capy)

gds
24 3Re
Cqg=—(1+—b) and
Rep 16
v d
Re, = YsPg%s
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associated with the solid phase at the wall. For a wall roughness height that is comparable to
the particle diameter, the specularity coefficient will be large [33]. However, this value is not
easily determined with an explicit expression but has to be compared against experiments
[34]. However, a value of 0.6 that had been used in accordance with an earlier study by the
authors as mentioned previously, which had been observed to work satisfactory. Nevertheless,
the specularity coefficient has no effect on the gas phase and can be regarded as a smooth
wall when the gas phase is concerned. Hence, it is seen that the pressure drop is lesser within

the simulation results.
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3.1.2 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 [35]. It is also an important parameter to
consider when designing pneumatic conveying pipelines [36, 37]. Figure 6 represents the
ratio of pressure drop per metre of pipe bend against pressure drop per metre of straight pipe.
It compares the pressure drop across bend 2 with pressure drop across the long straight
horizontal pipe section further downstream of bend 2. This ratio is observed to be a little
higher than three for conveying pressure of 1.5 bars. This means that for every metre of pipe
bend (measured along the pipe axis), 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. The ratio is
also expected to be dependent on the 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 [38] for gas-liquid flows, where their results

also show a monotonically increasing ratio. However, it should be noted that the current
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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.

3.1.3 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 7 presents the air and cement flowrate at the outlet (left and right
axis, respectively). As the maximum capacity of the dust collector at the outlet is 12,000 m*/h,
the horizontal dashed line at the left denotes this limit. With the air and cement flowrate
plotted on the same graph, it is possible to ascertain if the dust collector can handle the
conveying operation at a certain conveying pressure and SLR. Also, it is possible to read off
the maximum conveying capacity (tph) of the pipeline. For example, with each outlet air
flowrate and SLR, one can then move up or down to the cement outlet flowrate at the
corresponding conveying pressure and estimate the cement conveying rate on the right axis.
Apart from applying this data directly to operational situations, the data here provides a
glimpse of the conveying characteristics that might be typical of 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 than the air flow rate). Therefore, it will

not be the most efficient way to simply increase the inlet SLR, where the power requirements
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for the conveying system can increase 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. 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. It is also a demonstration that the FAD
model is adequate in the current study and can predict conveying rates that matches data
provided by the industry. Arguably, the results from steady-state simulations are extremely
handy only in terms of practical design or 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.

3.2 Unsteady state simulations

3.2.1 Particle rope

Results of unsteady-state simulations presented here will illustrate the intricate details of the
solids flow behaviour within the pipe. The transient simulation results that were averaged
over the last 10 seconds of the simulated flow time produce reasonable agreements with the

steady state results. For example, the pressure drop per metre across the vertical pipe section
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(as compared to steady state simulation) is 2119Pa (1919Pa), across the bend is 2790Pa
(2923Pa) and across horizontal pipe section is 963Pa (866Pa). Also, the cement flow

throughput is 471tph (461tph).

Figure 8 shows the iso-surface plot of 0.2 cement volume fraction at pipe bend number two
which is a VH bend. Cross-sectional views of volume fraction plots are also included in the
figure. 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 geometry 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 3.2.2). Figure 9(a) illustrates
the bend positions in which the plots from later figures are extracted from, while Fig. 9(b)
illustrates how the position of the particle rope within the bend will be quantified later. For a
better understanding, Figure 10-12 shows the cross-sectional contour plots of cement volume

fraction.

Figure 10 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 is
formed by the first bend. With the very short downstream section of the first bend, the

particle rope does not disperse and enters the second bend with the structure of the particle
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rope being more or less preserved. In Figure 11, after the particle rope enters the bend,
inertial forces and secondary flows start to alter its position. After 30°, the particle rope is
seen to start dispersing due to secondary flow structures. At the same time, 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 12) 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 in contrast to
the findings of [5] where the particles spiral around the pipe walls. This is largely due to the
structure of the secondary flows which will be cover in more detail later. 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 apparent when presented in the three-
dimensional view (Figure 8). 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 of the 0.2 volume fraction contour, as
measured from the pipe wall. By assigning the top of the pipe as 0°, the solid line plot in
Figure 13 shows the location of the rope. An illistration is shown previously on Figure 9(b).
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 (d) downstream.

The particle rope is seen to enter the pipe bend at an angle of about 90° formed due to the
upstream HV 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
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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 13) starting at O d 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 and is a topic where future work can be done in greater detail.

3.2.2 Secondary flows

Secondary flow structures of a fluid inside a simple pipe bend are well documented in the
literature. 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 [39]. A snapshot
of secondary flow structure in the current flow case is shown in Figure 14. 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 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 15, where the secondary flow structures in the upstream section are 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. They are, however, not

fully dissipated and the velocity profile of the fluid does not approach that of a uniform
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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 16, which shows the secondary flows within the VH pipe bend, reveals a 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 distinctly visible at the 60° location.

Thereafter, it merges with the stronger pair to produce a disorganized secondary flow pattern.

On the other hand, Figure 17(a) shows the secondary flow structure 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 reasons as to
why the particle rope does not complete a revolution around the wall of the pipe (see Figure 8
and 12(a)). Also, by comparing the secondary flow structures with the volume fraction
contour plots, particularly for 10 d — 30 d, the left-to-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 20 d — 30 d 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 50 d, 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 presented herein only represents a
small subset of the data obtained from the numerical simulations. While additional data are
available, including them will render the current paper too long and less readable.

Nevertheless, the current data from one of the bend that is presented here expands on the
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limited knowledge associated with a combination of pipe bends. Apart from the work of
Schallert and Levy [5], 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 which is a situation that is

commonly found in industry implementations of pneumatic conveying.

3.2.3 Comparisons between different bends

Figure 18 shows the volume fraction plot at the 0°, 45° and 90° marks of bend 1 where the
outside wall of the bend is at the top. The particles enter the bend as a rather uniform
distribution and inertial effects causes a particle rope to form on the outside wall. This
mechanism is well documented in literature. On the other hand, Fig.19 shows the four other
bends, numbers 2 to 5, being a VH, HH, HV and VH bend respectively. The outside of the
bend is on the top and the plots are also taken at the 0°, 45° and 90° marks. Immediately, it
can be observed that the positions of the particle rope are different in each case and is greatly
dependent on the orientation of the pipe bend. Less apparent is its dependence on the
upstream conditions of the bend. For example, bends 2 and 5 are both VH bends which are
preceded by HV bends of the same orientation. However, there is significantly less roping in
bend 5 as compared to bend 2. This is due to the length of the pipe connecting the two bends
in which a longer connecting length for bend 5 facilitated the dispersion of the particle rope.
Furthermore, it is affected by the outlet shortly downstream of the bend. The entry to bend 3
shows a relatively settled layer of particles along the bottom of the pipe due to the extended
length of the horizontal pipe upstream of the bend. Upon entering the bend, they slosh
towards the outside of the bend and collapse back to the bottom of the pipe. In bend 4, the
particle rope does not show much transformation throughout the bend because the rope enters

the bend on the outside wall of the bend. Thus, the particle rope follows through the bend
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along the outside wall. Therefore, it is seen that the pathway of the particle rope strongly

depends on both the orientation and conditions upstream of the bend.

4 Conclusions

An Eulerian granular model is 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 are obtained from JPPL, indicating an
appropriate application of the numerical model. Subsequently, the conveying pressures and
inlet loading are varied to observe the relationships between the parameters and conveying
output capacity. The relationship between output and both inlet pressure and loading is 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 are then performed on a selected flow configuration where a
combination of different pipe bends is present, similar to an operational pneumatic conveying
pipe. 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 stays 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, an 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 various transient results, the preceding flow observations are partly due to
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the secondary flow structures, on top of gravitational effects. Lastly, further investigations on
the selection of the specularity coefficient in the numerical model and the viscous effects on

the sloshing dynamics of the particle rope after the bend are recommended.
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Appendix
Equations of the Eulerian granular model

The mass conservation equation of the gas phase is:
a d
a(“ypg) + V- (agp474) = 0
and the momentum conservation of the gas phase is:
d _ . — R
ot (agpgvg) + V- (agpgvgvy) = —agVp + VT4 + agpyg
where 7 is:

= — —T 2 =
Ty = ag,ug(va + Vy, ) +ay (_5”9) Vvl

The mass conservation equation of the solid phase is:

a —>
& (asps) +V- (aspsvs) =0

and the momentum conservation of the solid phase is:

a — —— = - - r=und
a (aspsvg) + V- (aspsvsv5) = —asVp + V- Tg + agpsg + Ftd,s + Rgs

where T, is:

= — —sT 2 —7T
Ts = asys(VvS + Vg ) + ag (AS - §ys) Vvl

The pressure tensor pq is:
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ps = aspsOg + Zps(l + ess)a:?go,ss@s

where O is granular temperature, ey is coefficient of restitution for collision and gg ss is

the radial distribution function.

The granular temperature is proportional to the particles’ fluctuation:

0. = —1
Uu,u
s 3 “usts

and the transport equation for granular temperature is:

3 a - T = -
E [& (psase)s) +V- (psasvses)] = (_psl + Ts): Vvg+ V- (k(é)svgs) — Yo, + ¢gs

where the diffusion coefficient kgs is:

_ 15dspsas/0sm

12 16
O 7 4(41-33n) [1 + 5 (40 = 3)asgoss + 75 (41 = 33m)nasGoss

with #=0.5(1+es) and the collisional dissipation of energy yes is:

12(1 - eszs)go SS 2 3
= = paZ@?
YGS ds\/ﬁ PsUs s

and ¢4s=-3Kys0s is the energy exchange between the phases.

The radial distribution function go s is:

A
Yoss = 1-
Asmax

where asmax 1S the packing limit of the solids phase.

17-1
3
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The turbulent dispersion force ﬁtd,s in equation 5 is:

o D (Va, Vag
Ftd,s - CTDng O'_ 0(_ - o (13)
gs g S

where Crp is a modifiable constant, Ky, is the interphase momentum exchange
coefficient, gy is the turbulent Prandtl number and the dispersion scalar Dy is estimated

by:

_ Hes

Ps (14)

The momentum exchange between phases or, interphase momentum exchange term, R

obeys the following constrain that:

_

Ry = —Rys (15)

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

Reg = Ksg(% ~ ;) (16)

where K is an interphase momentum exchange coefficient.

The gas-solid exchange coefficient Ky is:

§ dsa’gpglﬁs — 69' Q.. 265

Ksg =7 Co I ; (17)
when a, > 0.8. d is the particle diameter and the drag function Cj, is:
24 0.687
6= o e, |1+ 0.15(agRe)" | (18)

with Reg being the relative Reynolds number:
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_ pgdsws - ﬁg|

Reg (19)
Hg
For when a; < 0.8,
a5’ Pgs|Vs — Uy
Keg = 150 =9 + 1,75~ 2 9. (20)
(ngs ds
The bulk viscosity Ay is:
1
g (21)

8 ) 0 1
As = §a5 PsdsJo,ss (?) X 2 (1+ es)

The solids shear viscosity u is written as consisting of three parts, collisional, kinetic and
frictional part:

Us = Us,col T Us kin (22)

The collisional part is:

1
4 0O.\2
Us col = gaspsds.go,ss(1 + ess) (?S) Us (23)
and the kinetic part is:
5 1 8 2
Us kin = %psdsv O, 0,55 [1 + ggo,ssasn] (24)

The standard k-¢ turbulence model was used for the gas phase turbulence:

32



©CO~NOOOTA~AWNPE

a —_—
a (aspsks) +V- (aspsUsks)

U,
=V (as (#S * G_ks) Vk5> + asGys — asps€s + Kgs(Coskg — Csgks)  (25)
— .ut,g — e :utS
— Kys(U, = U3) —L-Va, + K (U, — Us) - —=v
os(Ug = Us) a0, ag + Kgs(Ug — Us) ao,

a —_
a (aspses) +V- (aspsUses)
=V (as (us + b) Ves)
O¢
€s
+ k. CiesGr s — Coresps€s
s

—

+ C3¢ (Kgs(cgskg - Csyks) - KgS(U_g) -

— sy M
Ky (U5~ 0) 20, )

sYs
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*Highlights (for review)

e An Eulerian model is applied to a full-scale industrial pneumatic conveying system.
e Steady-state simulation matches both bulk flow data and theoretical calculations.

e Direct simulations of an industrial scale system will become increasingly feasible.

e Transient sloshing behaviour of cement mimic that of an under-damped system.

e Secondary flow patterns play a part in determining flow behaviour of cement.
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Particle rope dispersing within pipe
bend and sloshing motion observed
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Figure 12(a)

Figure 12(b)

Pneumatic pipeline geometry, straight pipe sections are orthogonal to each
other.

Pipeline dimensions (pipe diameter not drawn to scale). Also shown is the
length of the straight pipe sections in terms of multiples of pipe diameter (d).
Hexahedral mesh generated.

Pressure drop along the pipeline for different conveying pressures.

Pressure drop comparison between calculated values and numerical simulation
for bend 2, vertical pipe section upstream of bend 2 and horizontal pipe section
downstream of bend 2.

Pressure drop ratio of bend 2 to horizontal straight pipe downstream of bend 2
for various conveying pressures simulated

Pipeline conveying characteristics for different solids loading ratio.

Iso-surface plot of 0.2 cement volume fraction at bend number two.

Ilustration of (a) bend positions and (b) rope position.

Cement volume fraction plot upstream of the bend at various multiple of pipe
diameter (d) leading up to the bend as indicated. Top side being the outside of
the upcoming bend and -1d being nearer to the entrance of the bend.

Cement volume fraction plot within the bend at various locations within the
bend as indicated. Top side being the outside of the bend and 0° being the
entrance of the bend.

Cement volume fraction plot downstream of the bend at 0d to 30d as indicated.
Bottom side being the bottom of the pipe and 0d being the exit of the bend.
Cement volume fraction plot downstream of the bend at 35d to 100d as

indicated. Bottom side being the bottom of the pipe.
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Figure 14

Figure 15

Figure 16

Figure 17(a)

Figure 17(b)

Figure 18

Figure 19

Angular position of particle rope (solid line) and a fitted underdamped curve
(dashed line).

Secondary flow structure within the bend of a (a) single bend [Image source:
[29]] and (b) combination of bends [current case]. Inside of the bend is on the
right.

Secondary flow structures upstream of the bend at various multiple of pipe
diameter (d) leading up to the bend as indicated. Top side being the outside of
the upcoming bend and -1d being nearer to the entrance of the bend.
Secondary flow structures within the bend at various locations within the bend
as indicated. Top side being the outside of the bend and 0° being the entrance
of the bend.

Secondary flow structures downstream of the bend at 0d to 30d as indicated.
Bottom side being the bottom of the pipe and 0d being the exit of the bend.
Secondary flow structures downstream of the bend at 35d to 100d as indicated.
Bottom side being the bottom of the pipe.

Volume fraction plot for bend 1 at the 0°, 45° and 90° marks. Top side being
the outside of the bend.

Volume fraction plot for bends 2 to 5 at the 0°, 45° and 90° marks. Top side

being the outside of the respective bends.
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