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ABSTRACT
Solid-liquid slurry flows in horizontal pipes are seen in many engineering fields like chemical industry, power plant,
aerospace industry, marine etc.Pipeline slurry flow of fine solid particles at high concentration is numerically simulated
using Mixture and Eulerian two-phase models. Both the models are availablein the CFD software package FLUENT. A
uniform (structured) three-dimensional grid is chosen to discretize the entire computational domain, and a
controlvolume finite difference method was used to solve the governing equations. Thesimulated results are compared
with the experimental data collected in42 mm diameter horizontal pipe.Experiments aredone on mixture offly ash (FA)
and bottom ash (BA) slurry (4:1 ratio) with mean diameter of 85µm for flow velocity up to 3.3m/s and concentrations in
the range 50-70% by weight for each velocity.The modelling results by both the models for pressure drop per 100 m
length of pipe in the flow of water are found to be in good agreement with experimental data. Eulerian model gives fairly
accurate predictions of pressure drop at all efflux concentrations and flow velocities.
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INTRODUCTION
Solid-liquid two-phase flows are widely encountered in many industrial engineering, chemical and fossil
energy processes. In many of these processes solid concentration more than 50% by weight are encountered.
The experimental investigation of dense slurry flow is far from completion due to the restriction of
experimental apparatus. On the other hand reliable numerical simulation for the slurry flow has not been
available yet because of the enormous complexity and a lack of experimental support. There is a need for
more efficient methods of transportation of slurry like coal-water, coal-oil, ash-water for power plants,
metallized liquid fuel for rocketry application, ores from the mines etc. A better understanding of the
mechanism of such slurry transportation is the first way to reach the goal.The flow of slurry is very complex.
It has been the endeavour of researchers around the world to develop accurate models for concentration
distribution and pressure drop in slurry pipeline. Thesemodels may be used to determine the parameters of
direct importance (mixture and solid flow rates and pressure drop) and the secondary effects such as wall
abrasion and particle degradation.

Researchers[1-4] over the years have investigated dense phase conveying of solid liquid mixture in both
horizontal and vertical pipelines and have found that dense phase flow is feasible at reasonably low velocities
with overall pressure drop being low. Researchers [5-11] found that at solid concentration above 40% by
weight, ash slurries behave like non-settling homogenous slurry and the pipe flow can be maintained in
laminar regime at comparatively lower velocities. From the literature survey, it shows that the applications of
the currently existing numerical model is still very limited and it calls for more physical insight of the model.
Industrial applications involve many homogeneous slurry pipe flows, the objective of this study is to provide a
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more physically-clear numerical model for such slurry flows with solid concentration more than 50% by
weight.Number of experimental investigations have been carried out to determine pressure gradients, volume
fraction distributions, and less frequently, velocity profiles of slurry flows in horizontal pipes. The dispersed
phase is usually sand, but spherical glass beads, ash, coal and solid nitrogen particles have also been
considered. The gaps in the present statusin India on understanding of solid-liquid flow and the importance of
Indian coal ash transportation have prompted the present study into the following aspects of solid-liquid
flow,Due to incomplete understanding of complex solid-liquid flow phenomena in slurry flow through at high
concentration, there is no well-established method available topredict the hydraulic parameters at low and
high concentration simultaneously, The understanding of the flow mechanism of multi-sized particulate
slurries is limited. CFD based approach for investigating the variety of multiphase fluid flow problems in
closed conduits and open channel are being increasingly used. One advantage with CFD-based approach is
that three dimensional solid–liquid two phase flow problems under a wide range of flow conditions and
sediment characteristics may be evaluated rapidly, which is almost impossible experimentally.
In the present study, CFD base approach is used to obtain pressure drops, which is modelled using Mixture
and Eulerian models in 42 mm diameter horizontal pipe on mixture of fly ash (FA) and bottom ash (BA)
slurry (4:1 ratio) with specific gravity of 2.010, mean diameter of 85 µm, for flow velocity up to 3.3 m/s and
overall concentration in the range 50-70% by weight for each velocity. The computations are done
considering particles as mono-dispersed. Three-dimensional modelling results for pressure drops are
compared with the experimental data.

MATHEMATICAL MODEL
An appropriate mathematical model for the problem has to be selected keeping in view
the objective of the simulation and physics of the problem. Slurry flow through pipeline is a
multi-phase (solid-liquid two-phase) flow. The use of a specific multiphase model (the discrete
phase, mixture, Eulerian model) to characterize momentum transfer depends on the volume
fraction of solid particles and on the fulfilment of the requirements which enable the selection
of a given model. In practice, slurry flow through pipeline is not a dilute system, therefore the
discrete phase model cannot be used to simulate its flow, but both the Mixture model and the
Eulerian model are appropriate in this case. Further, out of two versions of Eulerian model,
granular version will be appropriate in the present case. The reason for choosing the granular
in favour of the simpler non-granular multi-fluid model is that the non-granular model does not
include models for taking friction and collisions between particles into account which is
believed to be of importance in the slurry flow. The non-granular model also lack possibilitiesto set a
maximum packing limit which makes it less suitable for modelling flows with
particulate secondary phase in the present case. Lun et al. and Gidaspow et al. [12-13] proposed such amodel
for gas–solid flows. Slurry flow may be considered as gas–solid (pneumatic) flow byreplacing the gas phase
by water and maximum packing concentration by static settled
concentration. Furthermore, few forces acting on solid phase may be prominent in case of slurry flow, which
may be neglected in case of pneumatic flow and vice versa.In the present study slurry pipeline is modelled
using granular- Eulerian and Mixture models as described below:

Eulerian model
Eulerian multiphase model does not distinguish between fluid-fluid and fluid-solid (granular) multiphase
flows. Eulerian model assumes that the slurry flow consists of solid ‘‘s’’ and fluid ‘‘f’’ phases, which are
separate, yet they form interpenetrating continua, so that + = 1.0, where and are the volumetric
concentrations of fluid and solid phase, respectively. The laws for the conservation of mass and momentum
are satisfied by each phase individually.

Governing equations:

Continuity equation. ∇ ∙ ⃗ = 0 Where t is either s or f.
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Momentum equations. For fluid phase:∇ ∙ ⃗ ⃗ = − ∇ + ∇ ̿ + ⃗ + ⃗ − ⃗ + ⃗ ∙ ∇ ⃗ − ⃗ ∙ ∇ ⃗+ ⃗ − ⃗ × (∇ × ⃗ )
For solid phase:∇ ∙ ( ⃗ ⃗ ) = − ∇ − ∇ + ∇ ̿ + ⃗ + ⃗ − ⃗ + ⃗ ∙ ∇ ⃗ − ⃗ ∙ ∇ ⃗+ ⃗ − ⃗ × (∇ × ⃗ )
Mixture model
The Mixture model uses a single-fluid approach. The Mixture model solves the momentum, continuity, and
energy equations for the mixture, the volume fraction equations for the secondary phases, and algebraic
expressions for the relative velocities. The Mixture model allows the phases to move at different velocities,
using the concept of slip velocities. In Mixture model, the phases can also be assumed to move at the same
velocity, and the Mixture model is then reduced to a homogeneous multiphase model.

Governing equations

Continuity equation ∇ ∙ ( ⃗ ) = 0
Mass average velocity is given by: ⃗ = ∑ ⃗ = ⃗ + ⃗+
Mixture density is given by: = ∑
where subscripts k represents f (fluid) or s (solid), and m represents mixture.

Momentum equation∇ ∙ ( ⃗ ⃗ ) = −∇ + ∇ ∙ [ (∇ ⃗ + ∇ ⃗ )] + ⃗ + ∇ ∙ + ⃗ ⃗
Where is the mixture viscosity given by: = +
Wall function
In the region near the wall, the gradient of quantities is high and requires fine grids. The boundary layer
meshes for circular pipeline has been created using the structured mesh available in ICEM-CFD. This implied
that all the first row boundary layer elements were equal in size to each other. The boundary layer was made
up of first layer being 0.2 mm deep. In the present study, the standard wall function is used. The wall function
helps in more precise calculation of near-wall shear stresses for both liquid and solid phases in Eulerian model
and for mixture in Mixture model.

NUMERICAL SOLUTION:
Geometry:

The computational grids for the 3 m long, 42 mm internal diameter horizontal pipe consists of approx. 3.66
hex-elements (Fig. 1) per m of slurry pipeline. The length of pipe is sufficiently long (i.e., more than 50 times
of D, where D is the pipe diameter) for fully developed flow. The presence of fully developed flow is
confirmed by studying the computational results for pressure drop along the slurry pipeline. It is observed that
pressure profile becomes linear, thus making pressure drop constant, within a distance of 0.5 to 0.8 m from the
inlet indicating the onset of fully developed flow. The computed pressure drops presented in the present study
are those calculated in the last 1 m near outlet.The cross-sectional mesh for slurry pipeline is considered the
same to the optimum cross-sectional mesh of pipe for the single-phase flow. The grid was generated using
ICEM CFD, which is compatible with ANSYS Fluent. A boundary layer is also generated, with a distance of
the cell adjacent to the wall is 0.2 mmwith a growth factor of 1.2, was employed on the wall to improve the
performance of the wall function and to fulfill the requirement of as 30, where is the dimensionless wall
distance for the cell adjacent to the wall.
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Fig 2 : Geometry of Problem Domain

Mesh Independent Study:

Mesh or grid independence study is carried to determine the optimum mesh where a
fairly accurate solution for the problem is found at the expense of least computational resources. In other
words, given a level of accuracy for the solution, the mesh used is good enough to achieve that accuracy at the
expense of minimum possible computational power. Using an optimum mesh, the accuracy of the results are
good enough to capture all the necessary flowfeatures, their gradients and so forth.In present case we done a
mesh independent study by calculating the pressure drop in a pipe with different meshes which having 2.87
lakhs, 3.66 lakhs, 4.32 lakhs per meter of pipe length. Starting with coarse to fine mesh, the element size is
decreasing andcheck the pressure drop. We chose a mesh with approx. 3.66 lakhs elements per meter of pipe
length.

Boundary Conditions:

There are three faces bounding the calculation domain: the inlet, the wall and the outlet. Flat velocity and
volume fraction of liquid and solid phases were introduced at the inlet condition of this pipe, i.e., = = ,
where is the mean flow velocity.The fully developed flow obtained at the outlet is used as the final results
for concentration profiles in the present study. No slip was used to model liquid and solid velocity at the wall
and wall functions were used.

Solution strategy and convergence:

A second order upwind discretization scheme was used for the momentum equation while a first order upwind
discretization was used for volume fraction, turbulent kinetic and turbulent dissipation energy. These schemes
ensured, in general, satisfactory accuracy, stability and convergence. The convergence criterion is based on
the residual value of the calculated variables, i.e., mass, velocity components, turbulent kinetic energies,
turbulent energy dissipation rate and volume fraction. In the present calculations, the threshold values were set
to a 0.001 times the initial residual value of each variable. In pressure–velocity coupling, the phase coupled
SIMPLE algorithm was used, which is an extension of the SIMPLE algorithm to multiphase flows. Where
SIMPLE algorithm is used here for simple water flow through pipe.

RESULTS AND CONCLUSIONS:
Pressure drop predictions by both Eulerian and Mixture two phase models for flow of water as given by Fig.
1, show good agreement with the experimental data. Comparison between measured and predicted pressure
drops are presented in Fig. 1 at different concentrations, namely, 50%, 60% and 70%, by weight respectively.
From these figures, it is observed that Mixture model fails to predict pressure drops correctly. The amount of
error increases rapidly with the concentration. However, Eulerian model gives fairly accurate predictions for
pressure drop at all the efflux concentrations and flow velocities considered in the present study.Following
conclusions have been drawn on the basis of present study:

 Mixture model fails to predict pressure drops correctly. The amount of error increases rapidly with the
slurry concentration.
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 Eulerian model gives fairly accurate predictions for pressure drop at all the efflux concentrations and flow
velocities.

 As velocity increases the pressure drop is also increases at a particular solid concentration.
 At higher solid concentration the pressure drop is also high for same velocity.
 Mixture of FA and BA (4:1) slurries can be transported at higher concentrations.

Solid Concentration 0% (by weight)

Solid Concentration 50% (by weight)

Solid Concentration60% (by weight)
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Solid Concentration 70% (by weight)

Fig 2 : Comparison of experimental and predicted pressure drops by Eulerian and Mixture Models at different
solid concentration
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