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Abstract. In this work we investigate numerically the pneumatic transport in a horizontal tube. Our modelling is
implemented using the open-source code MFIX. For the code, the gas and solid phases are treated as inter-penetrating
continua in an Eulerian framework Then, the locally-averaged (continuum) mass, momentum and energy balance, are
solved using a modified version of the SIMPLE method. Here, we explore the effect of different parameters from
hydrodynamics on the pneumatic transport results: drag relationship between the two phases, method of solution for the
solids granular energy, solids stress models, gas-phase turbulence, collisional and frictional coefficients. Towards
validation of our modelling, the results are compared with a set of pneumatic transport experimental correlation data
from the literature. The degree of accordance points to the better hydrodynamic model to be used.
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1. INTRODUCTION

Pneumatic conveying has increasingly been used in industries to transport bulk materials from one place to another.
Proper knowledge of gas and solid flow behaviors can bring significant benefits to energy efficiency, product quality, and
pipeline stability. Various theoretical and experimental efforts have been made to study the behaviors of gas and particles
for dilute-phase pneumatic conveying, leading to different theoretical and semi-theoretical correlations for the calculation
of pressure drop. Recently, the approach of computational fluid dynamics (CFD) has been widely accepted as an effective
tool to study pneumatic conveying and other particle—fluid systems (Tsuji, 2007; Zhu et al., 2007, 2008; Van Der Hoef
et al., 2008). Different CFD models have been developed and used to study various aspects in pneumatic conveying, as
recently discussed by Kuang et al. (2008, 2009, 2011). One of the commonly used approaches in CFD to pneumatic
conveying modeling is the Eulerian/Eulerian method, with two-fluid continuum models to represent the gas and solid
phases as two interpenetrating continua.

In horizontal pneumatic transport of granular solids, the flow features are very complicated because of the action of
gravitational forces perpendicular to the flow direction (Owen, 1969). The solids distribution over the cross section of the
conveying pipe is substantially influenced by gravitational forces, gas-phase turbulence, collision between particles, and
collision between particles and the wall (Huber and Sommer-feld, 1994; Lun and Liu, 1997; Tsuji and Morikawa, 1982)
when particles are transported in a horizontal tube by a turbulent gas stream.

In face of the previous shortcomings, the ability to predict the flow behaviors of both gas and solid phases during a
typical pneumatic conveying operation or the modes in which the transportation would take place remains limited. Using
recently featured characteristics of a state of art CFD code in the area (MFIX- Multiphase Flow with Interphase
eXchanges), this paper presents a two-dimensional numerical study of horizontal pneumatic conveyer operating in the
dilute region.
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2. FUNDAMENTALS

The mathematical model is based on the assumption that the phases can be mathematically described as
interpenetrating continua; the point variables are averaged over a region that is large compared with the particle spacing
but much smaller than the flow domain (see Anderson, 1967). A short summary of the equations solved by the numerical
code in this study are presented next. Refer to Pannala, ef al., (2011), Benyahia et al. (2006) and Syamlal et al. (1993) for
more detailment.

The continuity equations for the fluid and solid phase are given by:
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In the previous equations €, €, Pr, Ps, ;f and ;/s are the volumetric fraction, density and velocity field for the fluid
and solids phases.
The momentum equations for the fluid and solid phases are given by:
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St Ss are the stress tensors for the fluid and solid phase. It is assumed Newtonian behavior for the fluid and solid
phases, i.e.,
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In the above equation P, A, u are the pressure, bulk and dynamic viscosity, respectively.

In addition, the solid phase behavior is divided between a plastic regime (also named as slow shearing frictional
regime) and a viscous regime (also named as rapidly shearing regime). The constitutive relations for the plastic regime
are related to the soil mechanics theory. Here they are represented as:

pE:f1(8*’8f) uf=fz(8*,8f,¢) (6)

In the above equation g is the packed bed void fraction and @ is the angle of internal friction. A detailing of

functions f; to fo can be obtained in Benyahia (2008). On the other hand, the viscous regime behavior for the solid phase
is ruled by two gas kinetic theory related parameters (e, ®).
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The solid stress model outlined by Egs. (6) and (7) will be quoted here as the standard model. In the MFIX code, for
monodisperse system of particles in the viscous regime, different correlations following the works of Cao and Ahmadi
(1995), Iddir & Arastoopour (2005), Lun et al (1984), Simonin (1996) are available. Additionally, a general formulation
for the solids phase stress tensor that admits a transition between the two regimes is given by:
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According to Pannala ef al.(2009), two different formulations for the weighting parameter “¢” can be employed:

Tanh M
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In the above equation the void fraction range Jd and the shape factor v are smaller values less than unity. It must be
emphasized that when Jdgoes to zero and @gequals to unity, the “switch” model as proposed by Syamlal ez al. (1993) based
on the Schaeffer (1987) can be recovered.

On the other hand, the Srivastava and Sundaresan (2003), also called “Princeton model”, can be placed on the basis
of Eq. (9)

Also in equations (4) and (5) ifs is the momentum interaction term between the solid and fluid phases, given by
I =—¢&,VP, - B(V,-7,) (10)

There is a number of correlations for the drag coefficient 5 (Egs. 11 to 16). The first of the correlations for the drag
coefficient is based on Wen and Yu (1966) work. The Gidaspow drag coefficient is a combination between the Wen Yu
correlation and the correlation from Ergun (1952). The Gidaspow blended drag correlation allows controlling the
transition from the Wen and Yu, and Ergun based correlations. In this correlation the } blending function was originally
proposed by Lathowers and Bellan (2000) and the value of parameter C controls the degree of transition. From Eq. (14),
the correlation proposed by Syamlal and O’Brien (1993) carries the advantage of adjustable parameters C; and d; for
different minimum fluidization conditions. The correlations given in Eq. (15) and Eq. (16) are based on Lattice-Boltzmann
simulations. For detailments of these last drag correlations refer to the works by Benyahia et al. (2006) and Wang et al.
(2010).
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For closing the model, a transport equation for the granular energy ® provides a way of determine the pressure and
viscosity for the solid phase during the viscous regime. Equation (5) is a transport equation for the granular energy 0. Its
solution provides a way of determine the pressure and viscosity for the solid phase during the viscous regime. The terms
Ks Y and ¢ are the granular energy conductivity, dissipation and exchange, respectively.
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In the algebraic approach, instead solving the full equation (6), the granular energy is obtained by equating the first
term on the right hand side with the dissipation term.

The models where equations in the form of Eqs (5) to (8) and (17) are solved are kinetic theory models. In the MFIX
code there is number of kinetic models implemented: ITA_NONEP (Iddir and Arastoopour, 2005), LUN_1984 (Lun et al.,
1984), AHMADI (Cao and Ahmadi, 1995), SIMONIN (Simonin, 1996).

Following the approach of Benyahia et al (2007) for dilute systems, in this study is compared the influence of three
wall boundary condition (BC) for the particulate solids: Johnson and Jackson, Jenkins, and free slips for solids with a
specified granular energy of zero at wall. The Johnson and Jackson wall BC for solids velocity and granular temperature,
presented in Eq. (19), uses a specularity coefficient ¢ that describes the roughness of the wall; a value of zero refers to
perfectly diffuse collisions. The Jenkins BC, described in Eq. (20), depends on the value of particle-wall restitution
coefficient e, and friction coefficient |s*. For the forms of functions fs to fi; and values of the parameters described
previously, refer to the work of Benyahia et al. (2007).
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In this work, the CFD results were compared against the correlation by Konno and Saito (1969), and adapted according
to Klinzing et al. (2010), as presented in Equations (21) to (24):
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In the previous equations AP is the pressure loss in Pa, H is the tube length in m, fi is the gas friction factor. v and €
are the characteristics gas superficial velocity (m/s) and voidage, respectively. D is the tube diameter (m) and g is the
gravity accelerations value (9.81 m/s?). In Egs (22) to (24) are presented the corresponding equations for obtaining the
remaining terms in Eq. (21). Also, in Eq. (24), m_ represents the solids loading, in kg/s.
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3. METHODOLOGY

MFIX (Multiphase Flow with Interphase eXchanges) is an open source CFD code developed at the National Energy
Technology Laboratory (NETL) for describing the hydrodynamics, heat transfer and chemical reactions in fluid-solids
systems. It has been extensively used for describing bubbling and circulating fluidized beds, spouted beds and gasifiers.
MFIX calculations give transient data on the three-dimensional distribution of pressure, velocity, temperature, and species
mass fractions.

The numerical runs were based on a cylindrical two-dimensional coordinate system as depicted in Fig. 1. The grid
employed, obtained after mesh refinement studies, represents a trade off between computational cost, and the degree of
accuracy required to compare results with the chosen literature correlation.

In this work, the parameters for controlling the numerical solution (e.g., under-relaxation, sweep direction, linear
equation solvers, number of iterations, residual tolerances) were kept as their default values. Also, for setting up the
mathematical model, when not otherwise specified the code default values were used.

For generating the numerical results and comparison with experimental results, we employed the parameters given in
Table 1, referred here as baseline simulation, correspondent to a typical dilute pneumatic conveying situation. Moreover,
for the baseline simulation we employed the Syamlal-O Brien drag model, the standard solid stress model, and slip and
non-slip condition for solid and gas phase, correspondingly. The previous set of models will be referred in the results
section as baseline simulation models.

Table 1. Baseline geometry and physical parameters for CFD simulation

H=10m D=0.1m
H1=0.3m te=2.0 10° kg/m s
H2=0.2m pr= 1.2 kg/m’

m_=0.28 kg/s dp =250 pm
grid: 10 x 1000 ps =2000 kg/m®

V =10, 20, 30 m/s
Simulation time: 20 s

H
e H2 |
H1

. SOLIDS INLET ! |

|
7
GAS
BT g OUTLET
=~
|
SOLIDS INLET

Figure 1. Geometry and mesh for numerical simulation

4. RESULTS AND DISCUSSION

Next, the results from CFD simulations will be presented in terms of friction coefficient f (= 2APD/pv*H) and Re
(defined in the Eq. 22) corresponding to the three velocities in Table 1 (Re; = 64182; Re, = 128364; Res; = 192547). In
Fig. 2 is presented the results corresponding to the influence of the drag correlation. In Fig. 3 is presented the influence
of the kinetic theory model for the solids phase stress representation. In Fig. 4 is presented the influence of the wall
boundary condition on the results.

Analysis of Fig. 2 shows that the predicted f values are mildly influenced by the drag correlation in the range of
Reynolds investigated. Figure also displays around 6% deviation between the values predicted using different drag models
for the lowest Reynolds investigated. This behavior is consistent, as expected that for low Reynold's number,
corresponding for smaller gas velocities, the effect of interaction between gas-solid is more pronounced, i.e., the system
is less diluted.

Analysis of Fig. 3 shows the influence of the kinetic theory model for describing the solids stresses for the particulate
phase. As it can be seen, the kinetic theory model significantly influences the predicted f, with 30 % difference between
the algebraic and Simonin model. This difference can be explained in terms of similarity of the algebraic model to a zero-
equation single-phase turbulence model, and the kinetic models to a one-equation single-phase turbulence model. In this
way when the partial differential equation for the granular energy is solved with any of the kinetic theory models is
expected the capture of further spatial and temporal details of the flow.
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Figure 3. Effect of different solids stress kinetic theory model
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Figure 4. Effect of different solids boundary conditions
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From Fig. 4, the type of solids BC in the wall impacts less (20 difference) than the kinetic theory model, although its
effect is more significant than the influence of the drag correlations. Similarly to be outlined, from Fig. 2, there is a
decrease under the influence for high Reynold's number, as a more dilute flow with gas dominated regime is approached.

Finally, the curves' trends in the Reynolds number are similar to the behavior predicted by Konno-Saito correlation.
On the other hand, the predicted values, except those of the algebraic model for solids stresses, are higher than Konno
and Saito's correlation. The results suggest that a best agreement can be reached using an appropriate choice of drag
correlation, kinetic theory model and solids boundary condition. It must be pointed that this best degree of accordance
must be chased inside the domain of the Konno-Saito experimental work, specifically, values below 20 m/s and 0.05 m,
for gas velocities and tube diameter, respectively.

5. CONCLUSIONS

In this work was studied with the help of a state of art CFD code, pressure drop aspects of the dilute horizontal transport
pneumatic conveying of solids. The results points that the influence of drag correlation is greater for low Reynolds
number. The kinetic theory model impacts more the results. The influence of BC, could be accessed, and is higher in a
more dilute (low Reynolds number). It must be pointed, a further exploring of the validation procedure along with a
experimental rig assembly is in progress.
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