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HIGHLIGHTS

« Phase fraction, bubble properties were compared in the charged and uncharged system.
« Jet region, bubble generation region and free space were found in the simulation.

« Interphase heat transfer coefficient was gained by corrected gas throughflow.

« Charged system had weaker particle fluctuation velocity and more chaotic behavior.
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In many industrial processes, electrostatic charges are inevitable and affect the hydrodynamic behavior
and heat transfer ability of chemical equipment. A comprehensive study of the electrostatic effect on bub-
ble behavior, particle fluctuation velocity and heat transfer coefficient in the fluidized bed with a central
jet has been evaluated in this paper by Eulerian-Eulerian two-fluid model coupled with electrostatic
model and energy model. The simulated voidage profiles at different positions, bubble detachment time
and initial bubble diameter are compared with experimental results from the literature without charge.
The bubble behaviors including bubble frequency and bubble numbers, combined with particle fluctua-
tion parameters are analyzed in both charged and uncharged system. The electrostatic effect on two kinds
of heat transfer coefficients is quantitatively compared, namely bubble to emulsion phase heat transfers
based on the gas throughflow velocity and gas-solid local heat transfer coefficient. Simulation results
show that electrostatic charges decrease bubble numbers and granular temperature, whereas the aver-
aged heat transfer coefficients are enhanced. Overall, the electrostatic effect on the hydrodynamic and

heat transfer characteristics can be revealed.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Gas-solid fluidized beds are capable of handling huge particle
volumes and thus possess exceptionally high heat transfer and
mixing efficiency finding a wide range of applications including
petroleum processing, environmental protection, food processing
and pharmaceutical production etc. Gas-solid suspensions exhibit
randomness and structural instability due to the existence of bub-
ble agitation, particle motion and gas-solid interaction resulting in
a typical nonlinear transient system. The time-averaged parame-
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ters, such as voidage, pressure fluctuation, bubble properties are
mostly reported in the study of fluidized beds (Jung et al., 2006;
Patil et al., 2005; van der Schaaf et al., 2002). In addition, these
parameters can also reveal the dynamic behavior, flow structure
and heat and mass transfer abilities (Acosta-Iborra et al., 2011;
Patil et al., 2014; Zi et al., 2017).

However, the electrostatic phenomenon is inevitable in many
industrial fluidization processes, such as ethylene polymerization,
due to particle-particle and particle-wall collision and friction.
The excessive accumulation of charges on the surface of the insu-
lating particles will result in wall sheeting, particle agglomeration,
or even shutdown of the plant (Sun and Yan, 2017). Moreover, elec-
trostatic and hydrodynamic effects are interdependent. Charged
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Nomenclature

List of symbols
A, B, P, Q parameters in parameterized Syamlal O’Brien

Cp drag coefficient

(GiCy) laminar particle stress

Cik instantaneous velocity of particle k

D electric displacement

D, equivalent bubble diameter

E electric field intensity

fo bubble frequency

g gravitational acceleration

2o radial distribution function

h local heat transfer coefficient

Hpe interphase heat transfer coefficient

H,, H;  enthalpy of the solid phase and gas phase
Ip second invariant of the deviatoric stress tensor
K effective thermal conductivity

P induced polarization

Py frictional pressure

Ds solid pressure

Qbe gas interchange

m specific charge

qv charge density based on bulk volume of solid
Qm charge density based on mass of solid

Re; particle Reynolds number

Nu Nusselt number

u,, u;  velocity of the solid phase and gas phase

Upp, Upy horizontal and vertical bubble velocity

Ugh, Ug, horizontal and vertical gas velocity

Upx, Upy  Particle velocity in x-direction and y-direction
U throughflow velocity

U* corrected velocity

Viet jet velocity

Vrs terminal velocity correlation for the solid phase
s, g volume fraction of the solid phase and gas phase
Pes momentum exchange coefficient

Ps, pg  density of fluid of solid phase and gas phase
Ye electric susceptibility

€m relative permittivity

@ electrostatic potential

s angle of internal friction

Olaminar  laminar granular temperature

T stress tensor

(ON granular temperature

kos diffusion coefficient for granular energy

Yos collisional dissipation of energy

Ks, kg thermal conductivity of solid and gas phase
Us, g shear viscosity of solid and gas phase

sy Mg bulk viscosity of solid and gas phase

particles influence the bubble size and particle velocity, and ulti-
mately the performance of the equipment in relation to heat and
mass transfer ability. Conversely, changes in hydrodynamic prop-
erties i.e. the bubble size, particle velocity and phase fraction dis-
tribution, etc., also affect the electrostatic potential distribution
of the fluidized bed. Using induction probes, Chen et al. (2006)
detected the charge distribution around a rising single bubble. By
comparing the predicted values from simulations and values from
three theoretical models, they found that the charge density inside
the bubble was zero and the particles were predominantly nega-
tively charged in the bubble wake in comparison to the emulsion
phase. Rokkam et al. (2010) introduced the electrostatic models
in the CFD simulation for the first time, in which they studied
entrainment of fine powder and charged particles. They pointed
out that when the catalyst was negatively charged, the amount
of entrainment decreased, which was in accordance with the
experimental results. Hassani et al. (2013) investigated the effect
of the electrostatic forces on bubble and particle motions and
inferred that when the particles were unipolar charged, the bubble
size and the axial diffusion coefficient of the particles decreased.
Applying CFD to study the effect of electrostatic charges on hydro-
dynamics, thereby predicting the heat transfer, mass transfer and
fluctuation characteristics will be useful for the regulation of flu-
idized bed.

The bubble shape in a three-dimensional fluidized bed is diffi-
cult to characterized and pressure signal analysis is mostly applied
as an intermediate way to capture the bubble size, which includes
the standard deviation and incoherent analysis of pressure fluctu-
ations. The two-dimensional fluidized bed, because of its simple
structure, easy observation, is widely used in both experiment
and numerical simulations. Bouillard et al. (1991) compared the
experimental and simulation results for a fast bubble and calcu-
lated the pressure profile around it based on Davidson model
(Davidson and Harrison, 1963). Nieuwland et al. (1996a) then used
a combination of experiment and numerical simulation to predict
bubble growth and detachment time. Different researchers have
studied the effects of the bubble on heat transfer (Lungu et al.,

2015), electrostatics (Sun and Yan, 2016), modified computational
model (Chang et al., 2016) and even scale-up effect (Knowlton
et al., 2005). However, for the fluidized bed with continuous gas
jet, experiments and simulations have mainly focused on phase
distribution, bubble parameters, and pressure signal analysis.
Studies of the electrostatic effect on interphase heat transfer, local
heat transfer and particle fluctuation are, as yet, rather scarce.

In this work, the gas phase fraction distribution and its fluctua-
tion at different positions with various specific charges are studied.
Simulation results are compared with the experimental data from
the literature to validate the hydrodynamic model (Kuipers et al.,
1992; Nieuwland et al., 1996b). Distribution of bubble diameter
along the bed height and the total number of bubbles with and
without charges are calculated. The gas exchange rate and inter-
change coefficient, as the extension of the two-phase theory, is fur-
ther investigated. The effect of electrostatics on the gas exchange
rate, which is an important parameter for calculating the inter-
phase heat transfer coefficient is discussed. Moreover, other than
interphase heat transfer coefficient, the local heat transfer coeffi-
cient, and particle fluctuation parameters are analyzed. The results
indicate that the electrostatic effect on the time-averaged
parameters and the spatial distribution of those parameters is
significant.

2. Equations of the model

Two basic approaches namely Eulerian-Eulerian (granular flow
models) and Eulerian-Lagrangian (discrete particle models) are
commonly used to model gas-solid flows and solve the problems
of different scales. In the Eulerian-Eulerian approach, also known
as the two-fluid model, each phase is considered to be completely
interpenetrating with other phases with its own set of conserva-
tion and constitutive equations. Since the solid phase does not
have a state equation in the continuum medium assumption of
the two-fluid model (TFM), a series of closure equations are needed
to describe the momentum exchange inside the particle phase,
such as the radial distribution function, kinetic viscosity, bulk
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