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The authors conducted pressure drop numerical simulations of multiphase
gas-solid flow characteristics, within a fly ash pneumatic conveying system,
in 620 MW thermal power plant. The objective of this study is to verify the
OpenFOAM model by comparing the numerical results with pressure
measurements taken along the considered pipeline. The numerical model is
developed on the base of extensive experimental research of high-capacity
long-distance pneumatic conveying system for Kolubara lignite fly ash. The
numerical simulations of pneumatic conveying were performed using the
Euler-Euler approach in OpenFOAM, that is twoPhaseEulerFoam solver, for
the air mass flow rate of 5500 Nm3/h, the fly ash mass flow rate 77 t/h. The
calculation input air pressure at the pipeline outlet was assumed to be as
measured approximately 234 kPa, the air-ash mixture temperature was
373,15K, the mean ash particle diameter of 0.128 um, and physical density of
ash 2100 kg/m?. Numerical mesh is generated as an O-grid for the first two
pipeline sections, first with a length of 90 m, a diameter of 0.2604 m, and an
inclination of 1.885 degree, and the second with a length of 102 m, a diameter
of 0.3097 m, and an inclination of 2.163 degree, while every mesh cell is
substantially larger than the diameter of the ash particle. The applied Euler-
Euler approach enables a comprehensive investigation of the complex
dynamics involved in pneumatic conveying, considering the two-phase nature
of the system and providing valuable insights into the particle behavior,
pressure drop, and other key parameters. The comparison of the experimental
and numerical model simulations data show good agreement regarding
pressure drop. Although Euler-Euler model is complex in terms of necessary
closure models, it might prove itself as reliable for simulated conditions in

future studies.
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1. Introduction

Coal-fired power plays tremendously important role ensuring almost 40% of global electricity
[1]. By far the most common fuel used to produce electricity in the Western Balkans is lignite, which is
accounted for 55% of the region's total gross power output in 2021 (44.931 GWh) [2]. The primary fuel
used in Serbian thermal power plants (TPPs) is lignite, with a share of 62% in electricity production in
2021 [2].

Fly ash stands out as the primary byproduct from the combustion of pulverized coal in TPP.
Pneumatic conveying systems are preferred solution for swiftly evacuating substantial amounts of fly
ash over extensive distances. Designing these systems poses challenges, operational difficulties in daily
use are common, and frequent fly ash transport delays may result in TPP shutdowns [3-6]. The
efficiency of fly ash pneumatic conveying system hinges entirely on the its characteristics, and there are
extreme variations even within the same batch [7]. Comprehensive understanding of the material
properties for pneumatic transport is crucial to avoid operational problems [3, 5, 8]. On the other hand,
simple data on basic material properties will not be strong enough for determining minimum transport
speeds, pressure drops, etc., particularly when pneumatic transport is being used over long distances and
in large-diameter pipes.

The computational approach to pneumatic conveying provides constant progress in this particular
field, it enables optimization between investment and operational costs. However, a deeper
understanding of the fundamental physical characteristics of the process is required for practical use of
this advancement [8]. Existing models and correlations reveal difficulties in application due to poorly
defined conditions, constraints, or complex parameters that are challenging or impossible to determine.
Gas-solid multiphase flow modeling is rather complex, and the nature of fly ash provides additional
issues regarding this task. The variability in fly ash properties within the same plant adds to the
complexity of the modeling process [8]. Considering that experimental work can serve as a crucial
reality check for computational models, providing model validation with real experimental data is of the
highest importance [9]. In addition to experimental measurements, CFD modeling may be a useful tool
to acquire an extensive understanding of the fly ash pneumatic conveying.

Besides CFD, the studies [3, 4, 10] conducted extensive experimental research and theoretical
analysis on fly ash long-distance pneumatic conveying issues. Numerical simulations of pneumatic
conveying in pipes (up to 10 m length) using a two-phase model are in good agreement with
experimental data [11-14]. However, numerical studies of the pneumatic transport of solids through long
inclined pipes using a two-phase model are scarce.

The main goal of this study is to conduct numerical simulations of the pneumatic conveying of
lignite fly ash through stepped diameter, inclined, high-capacity long duct, based on real operating
conditions in a 620 MW TPP unit. Euler-Euler approach was applied to establish numerical model in
OpenFOAM, and twoPhaseEulerFoam solver was used to conduct simulations. The model validation
involved comparing the simulations results with experimental data of pressure measurements along the
pipeline.

2. Challenges in modelling of pneumatic conveying of fly ash

Since the early 20th century, pneumatic conveying of bulk solid materials has been utilized on
a large scale in industry [15]. For more than 100 years pneumatic conveying has attracted significant



attention amongst engineers and others interested in cost-effective, yet simple handling of bulk solid
materials [16], due to numerous advantages over conventional methods. Nonetheless, the use of
pneumatic conveying in a vast variety of industrial applications is still affected by numerous problems
[17, 18].

Fly ash from TPP along with transport air generates a two-phase mixture, and gas-solid
multiphase flow modelling is very challenging, while the nature of fly ash leads to even more problems
for the modelling work. Analyzing gas-solid flows requires perception of the behavior of particles in a
gas medium, identifying the regimes of the flow and appropriate models, and at the end selecting and
applying adequate models for each regime [4, 15, 19-21]. There are two basic modes of pneumatic
conveying: dilute (lean) phase and dense phase [22]. Nevertheless, there is still questionable and
uncertain boundary between these two phases, and demanding issue for an engineer to decide between
the dense and dilute phase. Besides dilute and dense regimes, one of the common is also a fluidized
regime. The inability to precisely understand particle behavior in each regime, and how material
properties affect the conveying flow regime within the pipeline is one of the biggest challenges to
accurately predict the performance of pneumatic conveying systems [22]. The very same reason makes
extremely challenging to apply existing models as a consequence of imperfectly defined conditions,
limitations and presence of complex parameters demanding to determine.

Computational fluid dynamics (CFD) modeling has become a powerful tool in past few decades
for delivering both qualitative and quantitative insight into complex gas—solid flows, owing primarily
to rapid advancements in computer hardware and numerical algorithms [23]. The paper [15] discusses
a wide range of aspects and numerous CFD studies that have been conducted along with different model
approaches for various geometries and solid materials. Flow regimes such as dispersed, stratified, dune
flow, slug and plug flows, with wide range of solid loadings, horizontal pipe flows, vertical upward
flows and flows in horizontal-to-vertical bends/elbows, particle diameters in range from micrometers to
millimeters, and particle density 500-4000 kg/m3.

There are a several types of CFD models for predicting gas-solid flow, and mainly, two
approaches are used, the Eulerian—Eulerian method for granular flows and the Eulerian—Lagrangian
method [24].

The Euler-Lagrangian method includes Lagrangian discrete phase model, dense discrete phase
model incorporated with the Kinetic theory of granular flow, CFD-discrete element method and
computational particle fluid dynamics numerical scheme incorporated with the multiphase-particle-in-
cell. Additionally, enhanced conventional models, among them ANSYS Fluent's dense discrete phase
model incorporates the discrete element technique. Considering particle-particle interactions and the
numerical techniques for solving the equations vary depending on the model for both approaches [15].
Each model has advantages as well as limitations of its own, thus the most appropriate model should be
used based on the main factors to consider.

Euler-Euler approach typically requires less computational resources than Euler-Lagrangian
methods [23], yet having significant limitations of this approach is considering variations in particle
properties, such as wide particle size distributions, density diversification, and sphericity considerations.
At the same time, despite greater demands in computational resources, the Eulerian-Lagrangian
approach may consider flows with a range of particle sizes, shapes, and velocities [24].

The most important challenge in modelling fly ash pneumatic transport is random changing of
the properties of the fly ash. This includes a very wide range of the fly ash particle size distribution,



non-spherical in shape of the fly ash particle, the size and shape of the fly ash particles can be changed
while conveying due to degradability, and the most important fly ash properties are different from batch
to batch [3-5, 10], even within the single batch of the same material. Modelling a wide particle size
distribution is a major challenge due to different timescales associated with different sizes. Dividing the
full-size distribution to different particle distribution classes and carrying out simulations for narrow
ranges of distributions would be an initial suggestion. In Eulerian-Lagrangian approaches, the mesh size
needs to be larger than the particle size [25-27]. At the same time, the size of the computational cells
should be small enough to capture the fluid pattern accurately [15]. Studies related to non-spherical
particles (ellipsoids, discs, cylinders and other irregular shapes) address the effect of non-sphericity on
drag force and relevant modifications for drag coefficients, importance of considering wall-roughness
effect and rotational motion of non-spherical particles compared to spherical particles and applicability
of the multi-sphere discrete element method [15, 25, 28-31]. Previous attrition and abrasion studies can
be useful for modeling degradation of particles during pneumatic conveying [15]. CFD approach was
used to determine stress conditions to predict attrition level [32, 33], or comminution functions were
implemented into in CFD-DEM model [34, 35]. Another challenge would be a lack of full-size rig or
large-scale industry system numerical simulations. This is understandable because simulating huge
pneumatic conveying, instead of focusing only on a section of the whole system, is computationally
demanding, particularly with Eulerian-Lagrangian approach. Defining boundary conditions, especially
at the inlets of certain simulated sections is a huge challenge, and experimental setups should be well-
defined and verified, if the results are to be compared [15].

CFD approaches to gas/solid flow systems and fluidization are developing into sophisticated
instruments for process design of these kinds of systems. The current models can forecast the following
phenomena: bubble formation and flow behavior in a bubbling fluidized bed; core annular flow; cluster
formation; and the descent of the clusters at the wall of the riser section of the circulating fluidized bed
[36]. There are still numerous research possibilities in investigating of reducing the constraints of the
CFD in fly ash pneumatic conveying simulations, such as optimizing the governing and constitutive
equations to include multiple particle, surface and phase interactions. To make the codes useful,
computing time must be reduced while solving grid independent and stable three-dimensional equations
for complex geometries. The accurate predictions using CFD codes fully depend on detailed information
on an exact description of inlet and outlet geometries, proper measurement techniques, data on the
boundary of the gas/solid flow system, such as particle collision with the boundary, and particle slip
velocity and fluctuation for the different flow regimes [36].

Despite advancements in computational capability and advanced tools, the complexity of
gas/particle flow systems, realistic simulations and accurate experimental data are crucial for improving
efficiency in gas/particle flow systems [36]. Increasingly, more attention has been directed to combined
experimental and numerical investigation of multiphase flow characteristics, where simulation results
turn to be reasonable, with promising performance within a broad solids loading ratio, but further work
is necessary to make it more reliable [37].

Development of a universal model considering all essential and complex physics involved in
gas-solids flows aspects is challenging and a step-wise approach [15]. Achievement of this
understanding involves the development of experimental measurement techniques, experimentally
verified multiphase flow equations and numerical simulation tools [36].



3. Numerical model

To simulate pneumatic transport of solids in pipes, two large groups of numerical models are
available, discrete element model (DEM) and two-phase model. DEM studies [38, 39] are usually
conducted for relatively smaller pipe lengths and a reasonable number of particles.

In this model, particles are represented as discrete objects. The soft-sphere model allows the
calculation of inter-particle collisions [40]. However, in this study, because of the long duct length and
large number of particles, it is computationally expensive to conduct numerical simulations using DEM.
Therefore, it is decided to investigate the pneumatic conveying of solids in long ducts using a two-phase
model.

Numerical simulations are conducted and analyzed for such a flow configuration using the
OpenFOAM two-fluid model. The numerical simulations input data are based on experimental data
obtained from studies [3, 4]. The results are obtained for the air mass flow rate 5500 Nm?/h and the ash
mass flow rate 77 t/h. The calculation input air pressure at the pipeline outlet is assumed to be as
measured approximately 234 kPa, the air-ash mixture temperature was 373,15 K, the mean ash particle
diameter 128 pum and physical density of ash of 2100 kg/m3.

Figure 1. Sketch of a typical O-grid mesh used in numerical simulations

Numerical mesh (Fig. 1) is generated as an O-grid for the first two sections of inclined telescopic
pipeline 1 from studies [3, 4]. First section has length of 90 m, diameter of 0.2604 m, and an inclination
of 1.885 degree, the second has length of 102 m, diameter of 0.3097 m, and an inclination of 2.163
degree, while every mesh cell is substantially larger than the diameter of the ash particle. Number of
mesh cells is 20000 in first section and 33120 in second section.

The numerical simulations of pneumatic conveying were performed using the Euler-Euler
approach in OpenFOAM, that is twoPhaseEulerFoam solver.

3.1. Governing equations

To conduct numerical simulations of ash pneumatic conveying, the Euler-Euler two-phase model
has been used. In this approach, both gas and solid phases are represented as continuums, and the
corresponding equations are solved in the Eulerian frame. In numerical simulations, solver
twoPhaseEulerFoam has been used, from OpenFOAM v1706.



The continuity and momentum equations for the gas phase are, respectively [41]:
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while these equations for solid phase are:
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where £, p,, Uy, Uug, T,, P,are phase fraction, density, velocity, stress tensor and pressure of gas

and similarly, corresponding quantities for solid phase are denoted with subscript ’s”. Momentum
interaction between phases is taken into account through the force density term f, . This term is defined
as [41]:
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where £ is drag coefficient. In this study, the drag coefficient is taken according to Gidaspow [42]:

Ergun [43] correlation is used if &y < 0.8:
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Solid phase stress tensor has the general form as for the case of Newtonian fluid:
T 2
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In two-phase fluid model, the effect of inter-particle collisions is included through solid’s pressure P
and solid’s shear and bulk viscosity # and A, respectively. According to the kinetic theory of granular
flows, these quantities depend on the granular temperature, © = <C-C> , Where C represents particle
fluctuation velocity.

The governing equation for granular temperature is [45, 46]:

g[@t (£,0,0)+V-(£,0,0U,)|=1,:Vu,~V-q-D,-D, (11)

The first term on RHS represents the production of granular temperature. The second term represents
diffusion of granular temperature [47], where flux of fluctuating energy is:

q=-kVoO (12)

and k is conductivity of granular temperature. In this work, this conductivity is [42]:
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where e is coefficient of restitution and radial distribution function is from Sinclair and Jackson [48]:
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Dissipation of energy due to inelastic interparticle collisions is [42]:
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The rate of energy dissipation D, results from the work of fluctuating force exerted by gas on particles
[46]. This term is modeled as:
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Solids phase pressure and solid phase bulk velocity are given as [47]:
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Solid phase shear velocity is calculated as in [42]:
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3.2. Boundary and initial conditions

To reduce computational costs, the flow is analyzed section by section. The computational domain
is an inclined pipe with a constant diameter. Phase volume fractions and phase velocities are specified
as fixed values at the bottom of the pipe inlet section. The Neumann boundary condition is used at the
pipe outlet for all variables, except for pressure. Pressure is specified as a fixed value at the pipe outlet.
The flow is considered isothermal, with a temperature of 373K. At the pipe wall, the no-slip boundary
condition is used for both phases.

4. Experimental data and validation of numerical simulations

The numerical simulations validation is based on experimental data from studies [3, 4], conducted
to quantify pressure changes along fly ash pneumatic conveying pipelines within considered thermal
power plant, from the blow tanks to the silo. Pipelines are telescopic and inclined, with length of
approximately 600 m, Fig. 2. The lengths of pipe sections are as follows 90 m, 102 m, 293 m and 40 m,
diameters 0.2604 m, 0.3097 m, 0.3396 m and 0.3888 m, and the inclinations 1.885, 2.163, 6.073 and
1.469 degrees. This study used data for the first two sections of pipeline 1 given in [3, 4]. In addition to
pressure measurements, studies [3, 4] also analyzed other operating parameters of the considered TPP.
The electric power at the generator is 606.4-622.6 MW, the lignite consumption 756-786 t/h, air flow
5500 Nm?/h, the actual mass flow of ash through pipeline is 77 t/h, density of fly ash 1800-2400 kg/m?,
the mean ash particle diameter 115-141 um, and the average value of air pressure at the inlet cross
section for pipeline 1 is 303 kPa [3, 4].



silo
Ash storage tank

3
ML11
ML10
ML e
mL7
ML6 | ' | |
s gﬂ g_ gﬂ b
& - I & &
' low tan tan low tan
— D

Figure 2. Lignite ash transport pipeline at the thermal power plant [3, 4]

The approach used to validate model was to determine the degree to which the numerical model
predicted the pressure drop on approximately 200 m fly-ash pneumatic conveying through stepped-
diameter telescopic pipeline from considered thermal power plant to the silo. The exact same dataset
was used to successfully verify numerical simulations of fly ash long-distance pneumatic conveying in
FORTRAN, based on the experimental conditions within the discussed thermal power plant [3, 4, 10].
The results of the model calculations, together with experimental data underwent to the least-squares
method statistical analysis.

5. Results and Discussions

Numerical simulations, of pressure changes for pneumatic transport of fly-ash in a long duct, are
carried out based on the experimental conditions. The applied Euler-Euler approach offers an in-depth
examination of the complex dynamics involved in pneumatic. Considering the two-phase nature of the
system, it may provide important understanding of particle behavior, pressure drop, and other important
aspects of pneumatic conveying.

Creating a mesh for Euler-Euler simulations in OpenFOAM can be a complex process. It involves
defining the computational domain, generating a suitable mesh structure, and ensuring proper boundary
conditions for both the gas and solid phases. Careful consideration is required to accurately represent
the geometry and capture the relevant flow physics in pneumatic conveying systems.

The numerical model of two-phase flow is difficult to solve from a numerical point of view, with
complex closure models. In long pipes, errors due to these closure models accumulate, and this can
create numerical instability. Thus, only first two sections of pipeline 1 from [3, 4] were in focus of this
study. The results of numerical simulations are presented in Fig. 3 and Fig. 4.
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Figure 3. OpenFOAM numerical simulations results for pipeline section 1
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Figure 4. OpenFOAM numerical simulations results for pipeline section 2

On the basis of experimental studies of the operation on fly ash pneumatic transport, the results
of the OpenFOAM pressure drop numerical simulation for pipeline 1 from [3, 4] are plotted against the
experimental data and given in graphically, Fig. 5.
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Figure 5. Measured pressure amplitudes and calculated pressure changes along the transport

pipeline number 1 for Kolubara fly ash pneumatic conveying

The scatter in Fig. 5 indicates good agreement between the OpenFOAM numerical simulation
results and the experimental data. The pressure values predicted using the OpenFOAM numerical model
were found to slightly underestimate the experimental pressure values. The mean squared deviation
between model output and data in validation dataset is determined to be 5.67%, although the correlation
ratio was 63.97%. The reason might the fact that this study included only the drag force. Lift forces that
cause particle redispersion in the pipe section are neglected. Considering that the true value of the
restitution coefficient is unknown, its value was defined as e = 0.8. Accordingly, even a small
discrepancy in this value, with respect to a large pipe length, can have a large impact on the numerical
results.

Given that the phenomena in pneumatic transport are very diverse and complex [10], these finding
should be considered very good. Therefore, this model may be considered acceptable for prediction of
the fly ash pneumatic conveying capacity and pressure drop for the investigated pipeline. In future
studies, the shadow-wall effect [49] for particle-wall interaction could be incorporated. This effect
increases particle wall-normal velocity component and prevents particle deposition on the pipe wall.
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6. Conclusion

Two large groups of numerical models are available to simulate pneumatic transport of solids in
pipes, discrete element model and two-phase model. Long duct length, large number of particles and
expensive computationally have led to using a two-phase model in this study. This was an especially
interesting decision, since numerical studies of the pneumatic transport of solids through long inclined
pipes using a two-phase model are scarce.

Numerical simulations of multiphase gas-solid flow, within a fly ash pneumatic conveying
system, in 620 MW thermal power plant, are conducted and analyzed for such a flow configuration
using the Euler-Euler approach and twoPhaseEulerFoam in OpenFOAM.

The main goal of this study is to conduct numerical simulations of the pneumatic conveying of
lignite fly ash through stepped diameter, inclined, high-capacity long duct, based on real operating
conditions in a 620 MW TPP unit. Also, the objective of this research is to verify the developed model
by comparing the numerical results with experimental data of pressure measurements along the pipeline.

The numerical simulations input data are based on existing experimental data, and the results are
obtained for the air mass flow rate 5500 Nm?h and the ash mass flow rate 77 t/h. Numerical mesh is
generated as an O-grid for the two inclined telescopic pipeline sections, where every mesh cell is
substantially larger than the diameter of the ash particle. First section has length of 90 m, diameter of
0.2604 m, and an inclination of 1.885 degree, the second has length of 102 m, diameter of 0.3097 m,
and an inclination of 2.163 degree

This study found good agreement between the OpenFOAM numerical simulation results and the
experimental data. The pressure values predicted using the OpenFOAM numerical model were found to
slightly underestimate the experimental pressure values. The mean squared deviation between model
output and data in validation dataset is determined to be 5.67% with correlation ratio 63.97%. The reason
might be the fact that this study included only the drag force. Lift forces that cause particle redispersion
in the pipe section are neglected. Considering that the true value of the restitution coefficient is unknown,
its value was defined as e = 0.8. Accordingly, even a small discrepancy in this value, with respect to a
large pipe length, can have a large impact on the numerical results.

Given that the phenomena in pneumatic transport are very diverse and complex, these finding
should be considered very good, while this model may be considered acceptable for the analyzed
conditions. The Euler-Euler model can be used in numerical simulations of dense pneumatic flows. The
connection between length of pneumatic transport system and accuracy of conducted numerical
computations could be further investigated. Experimental investigations are necessary in order to enable
improvement of accuracy and stability of existing numerical models. At this point, Euler-Euler
numerical simulations for calculation of pneumatic conveying need calibration and should be combined
with experiments. Despite being complex in terms of required closure models, Euler-Euler model might
be reliable for simulated conditions in future research. In future studies, the shadow-wall effect for
particle-wall interaction could be incorporated.

It is expected that enormous progress will be achieved in resolving the issues with high-capacity
and long-distance pneumatic conveying systems in the decades that follow. Thus, well-validated
methodologies are a must, and one of the most reliable is comparisons to experimental data. That opens
a new challenge in finding and establishing collaboration with experienced experimentalist and
conducting extensive experiments that can be very challenging and demanding tasks. The alternative
would be to use publicly available experimental data.
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