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Abstract

Gas-solids fluidized beds are widely used in several industrial processes like coal/biomass
gasification and/or combustion, catalytic polymerization, etc. These industrial processes often
involve fluidizing/defluidizing of a mixture of particles that differ in size or density or shape,
e.g., fluidizing of coal/biomass and inerts in the gasification process, and defluidizing of
different-sized polymer particles in catalytic polymerization. Therefore, the performance of
these industrial processes is predominantly influenced by the spatial distribution of solid phases
which is primarily governed by the local bubbling behavior. Depending on the particle
size/density ratios and operating superficial gas velocities (Ug), the bubble carries lesser
dense/bigger size particles with it leading to segregation of higher dense/smaller size particles.
Such different segregation and mixing mechanisms should be predicted accurately by the CFD
models. Such models can be further extended to simulate the industrial-scale fluidized bed
reactors. Since the flow is inherently unsteady the CFD models should be validated with time-

and space-resolved measurements.

In the present work, the dynamics of the binary gas-solids flows with particles differing in
density or size or both in a pseudo-2D rectangular fluidized bed is characterized using high-
speed imaging measurements. The bubbling characteristics were controlled using three
different modes of air injection: uniform, two-jet, and single-jet distributors under the same
Ug. The local individual phase area fraction fluctuations of all three phases (air and two solids)
were measured. These measurements were further used to quantify the effects of particle
size/density ratio, bed composition, mode of air injection, and Ug on the bubbling
characteristics (bubble size distribution and local bubbling frequency) and eventually on the
dynamics of segregation/ mixing. These measurements form a crucial database for the
validation of Eulerian multi-fluid and CFD-DEM models which is the other objective of the

present work.



The multi-fluid Eulerian simulations were performed for binary mixtures varying in size
and/or density ratios, bed composition, Ug, and modes of gas injection. The results show that
the models/parameters (gas-solid drag, solids frictional pressure, and specularity coefficient)
that predicted the bubbling/spouting behavior of corresponding unary gas-solids flows
correctly, predicted the bubbling/spouting behavior and dynamics of segregation of binary gas-
solids flow accurately. Further, the roles of different forces (gas-particle drag, particle-particle
drag, and solids viscosities) on the kinetic energies of the solid phases and ultimately on certain
segregation and mixing mechanisms were quantified. The present work provides a detailed
understanding of the flow physics for different operating parameters i.e., mode of gas injection,
particle size/density ratios, bed composition, and Ug on local spouting/bubbling behavior and
eventually on dynamics of segregation/mixing. Furthermore, in the coal gasification process,
the effect of different local bubbling behaviors on the segregation/mixing of coal and inert solid
phases and ultimately on reaction mechanisms, syngas composition, and syngas quality was

quantified.
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Nomenclature

Notations

Unf minimum fluidization velocity (m/s)
Umb minimum bubbling velocity (m/s)
Usc critical fluidization velocity (m/s)
Uif initial fluidization velocity (m/s)
Uss final fluidization velocity (m/s)
Ug superficial gas velocity (m/s)

dpyr size ratio (-)

dg diameter of particle (m)

dp diameter of bubble (cm)

hy dispersion height of solid (m)

w width of the bed (m)

Ug,injection iNjeCtiON ags velocity (m/s)

H, initial static bed height (m)

H, heterogeneity index (-)

Xflotsam mass fraction of flotsam (-)
Kpri coefficient of friction for long-term particle frictional contacts (-)
Crri coefficient of friction for short-term particle frictional contacts (-)
LTg velocity of gas phase (m/s)

Us, velocity of solid phase (m/s)

Uspw velocity of i" solid phase near the wall (m/s)

P, shared gas phase pressure (pa)

Pt solid phase pressure (Pa)

Ds solids pressure due to kinetic and collisional effects (pa)
P ¢ solids frictional pressure (pa)

esw particle-wall normal restitution coefficient (-)

Ess particle-particle restitution coefficient (-)

Jo,ss radial distribution function (-)

ds diameter of solid phase (m)

Cp drag coefficient (-)

H, heterogeneity index (-)

Ssg mass source term (kg/m?s)

Mw_par molecular weight of char (kg/kmol)

Mwg ; molecular weight of species ‘i” in gas mixture-gas (kg/kmol)
Yy species in gas phase (-)

Ysi species in solid phase (-)

Ry heterogenous reaction rate (kmol/m?3s)

XX



Ry, homogenous reaction rate (kmol/mqs)

T temperature of the gas phase (k)

R universal gas constant (J/kmol.K)

g gravity acceleration (m/s?)

i identity matrix

Lp second order stress tensor (s?)

H, enthalpy of gas phase (J/kg)

Hg, enthalpy of i"" solid phase (J/kg)

H; enthalpy of species ‘1’ (J/kg)

Cp,i specific heat of species ‘i’ (J/kg.K)

AHg; heat of formation (J/kg)

hgs, heat transfer coefficient between gas and it" solid phase (W/m?K)

Jg.i diffusion flux of species ‘i’ (1/m?s)

D; binary mass diffusion coefficient (m?/s)

Nug Nusselt number (-)

Reg Reynolds number of solid phase (-)

Sce Schmidt number (-)

Greek symbols

D sphericity (-)

a? variance (-)

o2 variance of a phase when the bed is completely segregated (-)

7 variance of a phase when the bed is completely mixed (-)

ay, volume fraction of gas-phase (-)

as, volume fraction of i solid phase (-)

as, volume fraction of i solid phase (-)

Qs min minimum frictional packing limit (-)

s max maximum frictional packing limit (-)

Ppr diameter ratio (-)

Py density of gas-phase (kg/m®)

Ps; density of i solid phase (kg/m?)

Ps,i density of species ‘i’ in mixture-solid (kg/kmol)

T4 gas phase stress tensor (pa)

T, i solid phase stress tensor (pa)

Ts,w wall shear stress of i solid phase (pa)

Bgs momentum exchange coefficient between gas phase and solid phase (kg/m?3s)

Bs;s,. momentum exchange coefficient between it solid phase to k' solid phase
(kg/m3s)

Bpec peculiar particle—particle drag coefficient (kg/m3s)

Brya fluid-dynamic particle—particle drag coefficient (kg/m3s)

Brri frictional particle—particle drag coefficient (kg/m?3s)
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Acronyms
CFD
DEM
ECT
TFM
MFM

viscosity of solid phase (pa.s)

viscosity of gas phase (pa.s)

turbulent viscosity of gas phase (pa.s)

collisional viscosity of solid phase (pa.s)

Kinetic viscosity of solid phase (pa.s)

frictional viscosity of solid phase (pa.s)

bulk viscosity of solid phase (pa.s)

thermal conductivity of gas phase (W/m.K)

thermal conductivity of gas phase (W/m.K)

thermal conductivity of species ‘i’ in solid phase (W/m.K)

thermal conductivity of species ‘i’ gas phase (W/m.K)

granular temperature of solid phase (m?/s?)

diffusional coefficient of granular temperature of solid phase (kg/ms)
collisional dissipation of energy of solid phase (kg/ms®)
stoichiometric coefficient (-)

particle-wall tangential restitution coefficient also termed as specularity
coefficient (-)

switch function

turbulent kinetic energy (m?/s?)

rate of dissipation of turbulent kinetic energy (m?/s)

computational fluid dynamics
discrete element method

electrical capacitance tomography
two fluid model

multi fluid model
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