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Abstract — Present work includes numerical investigation on bed hydrodynamics and heat
transfer in a pressurized circulating fluidized bed (PCFB) unit. Coal with mean particle diameter
0f 407 um and density of 1350 kg/m? is used as the bed material. Eulerian-Eulerian phase model

with Gidaspow drag model is used for phase interaction where air is considered to be the gas
phase. Mass, Momentum and Energy conservation equations for both the phases are solved by
finite volume method. The flow model is simulated using a well-established commercial software
ANSYS FLUENT-14. All the boundary conditions are applied based on experimental data. A
two-dimensional, double-precision pressure-based, absolute velocity formulation with transient
model solver is used for simulation of both gas and solid phase. The second order upwind scheme
is applied in the spatial discretization method except volume fraction as QUICK. The effect of
input pressure on bed voidage, suspension density, and temperature profile has been studied and
compared with available experimental data.

INTRODUCTION

Pressurized circulating fluidized bed (PCFB) is the third generation fluidized bed which is attracting the
researchers for generation of power in future due to its compactness and high bed-to-wall heat transfer
capability. It has got extensive applications in generation of power as well as in chemical industries. Bed
hydrodynamics, being closely associated with the heat transfer phenomenon, plays an important role in
designing the PCFB.

Shen et al. (1991) experimentally investigated the effects of bed voidage in a PCFB unit. Yates (1996, 1997)
studied the effect of pressure and temperature on gas solid fluidization on Geldart A and B particles and found
that the minimum fluidization velocity, the bubbling velocity and the terminal velocity decreases with increase
in pressure. Similarly Kalita et al. (2013) had reported an increase in suspension density at an elevated pressure
for PCFB. Both Kalita ef al. (2013) and Nag and Gupta (1999) reported an increase in axial bed voidage at the
bottom of the bed and decrease of the same at the top zone with increase in operating pressure. Esmail et.al.
(2015) observed the exit configuration of the riser pressure of a CFB riser working beyond fast fluidization
regimes for three different materials that are cork, coke and the glass beds and they found T shaped voidage
profile at the riser exit and the voidage at the exit is linearly related to the solid flux and density of the gas and
solids. Khurram et al. (2016) investigated the relationship between solid circulation rate and pressure drop of
pressurized circulating fluidized bed riser where they found that the pressure drop increases as the solid
circulation rate or the particle size increases.

Richtberg et al. (2005) conducted some experimental investigations in a 0.19 m diameter and 9 m high pilot
scale PCFB unit in order to characterize the flow patterns. Information obtained is used to develop a correlation
for the prediction of internal solids reflux in a riser reactor as a function of solids/gas density ratios and the
dimensionless superficial gas velocity.

Winkya and Basu (2001) investigated the bed to wall heat transfer in a PCFB with 52.5 mm riser diameter and
2020 mm riser height. They reported that heat transfer coefficient increases with increase in operating pressure
and bed temperature due to the mixed effect of gas convection and radiation. Blaszczuk et a/. (2016) examined
the heat transfer coefficient of the fluidized bed with different particle size and found that for the smaller
particle convection component is dominant whereas radiation component plays significant role in case of larger
particle.

Further various researchers have numerically analyzed different aspects of bed hydrodynamics and heat
transfer for ACFB boiler by implementing turbulence models as described by Peng ez al. (2011, 2011). Benyha
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et al. (2000) simulated the riser section of an ACFB where Syamlal O’Brien model is used as the drag model
and k - £ model as turbulence model. They have successfully estimated the velocity, volume fraction, pressure
and turbulence parameters for each phase. Neri and Gidaspow (2000) as well as Shah et al. (2012) have used
the kinetic theory of granular flow to define the fluid properties of the solid phase through constitutive
equations. They have simulated the riser section to obtain the time averaged data for particle concentrations
and fluxes which confirms the existence of core annulus flow regime. Mahapatro et al. (2014) simulated the
riser using Ansys fluent for the PCFB riser of 2 m in height and 0.054 m in diameter. They have compared
their numerical simulation result with published data for bed hydrodynamics under the pressure range of 1 bar
to 15 bar. However, literature on numerical simulation of a PCFB riser in investigating hydrodynamics is found
to be limited.

In the present investigation, an attempt has been made to investigate the 2-D bed hydrodynamics in a PCFB
riser by using ANSYS FLUENT 14. Riser of height 2 m and diameter 0.054 m is considered in the present
investigation. Air is considered as primary fluid whereas coal with mean particle diameter of 407 um is

considered as secondary fluid. Present simulation considered as operating pressure from 1 bar to 10 bar with
500° C input air temperature. The mass, momentum and energy conservation equations for each phase are
solved using finite volume approach. An Eulerian-Eulerian model is considered for the multi-phase flow
simulation. The simulation is carried out using ANSYS FLUENT 14. Results found in the present simulation
are compared with the published data of Mahapatro et al. (2014).

Simulation conditions

For obtaining numerical results, conservation of mass and momentum equations were used. The conservative
equations were solved by using finite volume approach with the help of ANSYS FLUENT 14. Dispersed
turbulence multiphase model was used with the k - & model. The mass conservation, momentum and energy
equation reported by Shah et al. (2012) for solid and gas phase has been used for the present simulation. The
riser section of a PCFB used in numerical simulation of the multiphase flow is shown in Fig.1. The riser is
0.054 m in diameter and 2 m in height. The boundary conditions are as velocity inlet and pressure outlet as
inlet and outlet respectively whereas for returning of the coal from the down comer, mass flow inlet boundary
condition is considered. Simulation was performed for both the phase’s viz. air and solid. The solid particles
used in the simulation consist of coal with average diameter of 407 um and density of 1350 kg/m®. Simulations
were performed with constant superficial velocity of 6 m/s by varying the operating pressures from 1 bar to 10
bar.

The geometry of riser and the properties of solid and gas considered in the present investigation are
presented in Table 1.

Table 1: Basic Geometry and properties

—

—— Geometry and properties Value
Outlet Riser diameter , D (m) 0.054
Riser height, H (m) 2
d
Particle size, ” (em) 407
k -3
Gas density, pg( e ) 1225
k -3
Solid density, " (k) 1350
il
Initial bad| @ . Hg (pas) 1.000000

Gas viscosity,

. » —
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Fig. 1. Schematic drawing of the simulation model
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Numerical solution methods

For simulation work Ansys design modeler and mesh editor has been used for creation of geometry and
meshing respectively. All the computational variables are presented in Table 2. The 2-D computational domain
consists of 14 grids radially and 230 grids axially. A total number of 3228 cells are used for grid distribution
in this simulation work. All the governing equations are solved by the finite volume approach. Phase coupled
SIMPLE scheme is used in the pressure-velocity coupling for gas solid flow in the algorithm. Second order
upwind scheme is applied in the momentum discretization method except volume fraction is applied as QUICK
scheme. A time step of 0.001s is used with 20 iterations per time step. The simulation is continued till 360 min
real simulation time to reach the steady state condition.

Table 2: Simulation parameters

Simulation parameters Value

Viscous model Turbulent
Under-relaxation parameter

Pressure 0.5

Momentum 0.4

Granular temperature &Volume fraction 0.2

Discretization

Momentum and Granular temperature Second order upwind
Maximum particle volume fraction 0.63

Boundary conditions

Inlet boundary condition was considered to be constant superficial velocity with air temperature of 500°C.
For pressurized the bed operating pressure of the bed is increased from 1 bar to 10 bar for different simulation
conditions. The outlet boundary condition is as pressure outlet with atmospheric pressure at the outlet. For the
return leg, where coal particles returned to the riser are considered as mass flux inlet with constant value by
solving the mass conservation equation. In wall boundary condition Johnson-Johnson is applied conditions
consisting of no-slip condition for the gas phase and specified shear condition for the solid phase were
considered. The quantative data for all the boundary conditions are given in Table 3.

Table 3: Boundary conditions

Type Conditions Value
Inlet Gas superficial velocity (m/s) 6
Solid volume fraction 0.54
Granular temperature 0.01
Mass flux (kg/m’s) 35.65
Outlet Pressure outlet Gauge pressure (Pa) 0
Backflow granular temperature(mzfz) 0.01
Backflow volume fraction 0.01
Wall Specularity coefficient ¢ 0.0005
Particle-particle restitution coefficient e 0.95

Results and Discussion

In the present investigation, the bed hydrodynamics and heat transfer of a PCFB unit is investigated using
a two dimensional geometry of height 2 m in ANSYS FLUENT 14. The variations of Suspension density is
compared with Mahapatro et al. (2014).

Grid independency Test

In order to confirm the CFD results to be independent of mesh size, simulations were performed at three
different mesh sizes viz. 1614 cells, 3228 cells and 6456 cells. The computed pressure drop along the height
of the riser for different cell sizes are plotted in Fig. 2. From the figure, it can be concluded that for the cells
sizes of 3228 and 6456, the correct pressure drop could be predicted. However, the computational time required
for 6456 cells sizes is 1.4 times more than that of 3228 cells. The cells size of 3228 is found suitable for
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providing a reasonably mesh independent result at expense of less computational time. Hence, this mesh size
is considered in the present investigation.

——1614 Cells
——3228 Cells
—— 6456 Cells

Pressure drop(Pa/m)
S
8

0o 02040608 1 12 14 16 18 2
Distance from distributor plate (m)

Fig. 2 Grid independency test

Effect of pressure on bed voidage

The comparison of bed voidage along the height of the PCFB riser at operating pressures of 1 to 10 bar
respectively is shown in Fig. 3. The bed voidage profile is obtained using Gidaspow drag model with a velocity
of air as 6 m/s, coal inventory of 600 g and with particle size of 407um.

It is observed from the figure that the voidage increases along the height of the bed. However, voidage is
observed to be less in the bottom of the bed. It is also observed that bed voidage decreases with increase in
operating pressure. A phase shift is prominent for minimum voidage with increase in bed pressure. This
indicates the dominance of pressure drag over the frictional drag. Bed voidage profile is flatter at high pressure
(8 and 10 bar) same exhibits the typical S profile at relatively low operating pressure (1 to 5 bar).
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Fig. 3 Variation of bed voidage with different pressure for present simulation
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Fig. 4 Radial voidage distribution at different height of the riser
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Figure 4 presents variation of bed voidage with radial distance at different locations of the bed. This plots
are made for axial position 0.5 m, Im and 1.5 m measured from the distributor plate. Voidage profile is
observed to be flat in the core. However voidage decreases near to the wiser wall. This is because of the
increase in solid concentration near the wall.

Effect of pressure on suspension density

Fig. 5 shows suspension density with different system operating pressure from 1 bar to 10 bar along the
height of the riser. The suspension density of the bed ( pm) is defined by (Kunii and Levenspiel, 1991) as
Pus = P,(1—&)+& p,. The suspension density is made as custom field function in ANSYS FLUENT 14, and
after the convergence of code the profile is obtained for different pressure. It is observed that at higher pressure

the suspension density is more at the middle and top part of the riser .It is noticed that suspension density
increases as pressure increases along the height of the PCFB riser.
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Fig. 5 Variation of suspension density at different pressure for present simulation

The present simulation data of suspension density for operating pressure of 3 bar with coal particles as
inventory is compared with Mahapatro et al. (2014) where sand was used as inventory. The suspension density

is comparable with Mahapatro et al.(2014) bur the difference in value is due to the type of inventory used in
both the simulations.

Effect of pressure on temperature profile

The temperature variations along the bed height at a superficial velocity of 6 m/s and at an operating
pressures of 1 bar to 10 bar for 600 g bed inventory with input air temperature at 500° C is shown in Fig. 6. It
has been found that the bed is not isothermal. The maximum temperature is recorded at 0.75 m above the
distributor. Then it tapers off along the height of the riser. It has been observed the bed temperature increases

with higher inlet pressure. Due to the proper mixing of solid particles at higher pressure a uniform variation of
temperature has been observed.

Fig. 6 Variation of Bed temperature at different pressure for present simulation
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CONCLUSIONS

From the present simulation, it can be concluded that the numerical results for suspension density along the
height of the riser at an operating pressure of 3 bar are comparable with the earlier published results. Flatten
S-Shaped bed voidage profile along the height of the riser has been observed. An increase of suspension density
has been found with increase in operating pressure. The bed temperature increases with increase in operating
pressure. The results obtained in the study will be helpful for scale-up and design of a PCFB riser.
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