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In this paper a brief review on hydrodynamic characteristic of coal gasification is presented.
Firstly an introduction of hydrodynamics then parameters related to hydrodynamics is
discussed. In the last several decades Coal gasification is an important method to use of coal
resources. The hydrodynamic characteristics have an important role to design of Circulating
fluidized bed gasifiers. Circulating fluidized bed (CFB) gasifiers widely use due to their high
reaction rates and high thermal efficiency. The present study includes some hydrodynamics

properties of coal gasification such as effect of pressure and temperature, solid hold up, solid
circulation rate, gas-solid contact, particle residency time, coal feeding rate and coal feeding
position. During the brief review on hydrodynamics characteristics of coal each section of
CFBs such as riser, cyclone, stand-pipe and loop seal have been considered.

1. INTRODUCTION

The gasification of coal through circulating fluidized bed
gasifier became more important for various industrial
applications such as chemical, power-generation and
petrochemical since last few decades. Commonly, circulating
fluidized beds have a lot of application in the field of
environment and energy industries for the purpose of
gasification of coal. Sulphur capture and low emission of
NOx also an important factor in circulating fluidized bed
gasification process [1-5]. During the coal gasification in
CFB, fuels such as- coal, biomass converts into valuable gas
known as syngas. In gasification the hydrodynamic condition,
is an important factor to the CFB process as it provides high
slip velocity for the gas and the solids [6-7]. The
hydrodynamics behaviour analysis is the key point for
improving the performance and design of CFB. A circulating
fluidized bed system comprises of a riser, a gas solid
separating unit and a down-comer. In this system the mixture
of gas-solid moves upward and passes through the separator
where solid particles get separated from carrier gas and
recycled back to the riser, the gasifier, through the down-
comer [8-10]. Generally, in coal gasification in CFB unit, the
hydrodynamic study of CFB reactor is a very important
aspect while carrying out research since various parameters
of gas-solid movement, gas velocity, solid movement,
solidity, reactor geometry, etc., play a determining role in its
conversion efficiency [11-12]. Different factors during the
coal gasification in CFB such as gas velocity, solid
circulation rate, solids characteristics, volume of solids and
the system geometry provides special hydrodynamic
conditions. In a CFB unit, considering riser section in which
solid particles are fluidized and a cyclone where particles are
disengaged from gas and a return leg for return to the riser.
The behaviour of the particles in fluidized beds depends not
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only on the flow parameters but also strongly upon the
particle characteristics as well. Mostly in circulating fluidized
bed units, particles are fed from the down-comer through a
fluidized angled standpipe in to a fluidized annular region in
the engagement section. Motive air enters the engagement
section through a central pipe. Particles are entrained by the
motive air and are transported upward through the riser to an
annular disengagement section [13]. An aluminium impact
plate at the top of the disengagement section initially
separates the gas-particles mixture. The separated particles
settle into an annular fluidized bed, which empties into the
down-comer via a fluidized angled standpipe. The air exits
the disengagement section and passes through cyclone
separator to remove particles that were not separated in the
disengagement section. The axial hydrodynamics behaviour
for in liquid-solid CFB system studied [14]. They found that
liquid-solid CFB system can be divided in two sections first
is the initial circulating fluidized bed zone and second is fully
developed circulating fluidized bed system zone. Therefore,
during the experiments the fluidization of liquid-solid system
is controlled by the flow rate of liquid substances. The
behaviour of the particles in fluidized beds depends not only
on the flow parameters but strongly upon the particle
characteristics as well. Mostly in circulating fluidized bed
units, Particles are fed from the down comer through a
fluidized angled standpipe into a fluidized annular region in
the engagement section. Motive air enters the engagement
section through a central pipe. Particles are entrained by the
motive air and are transported upward through the riser to an
annular disengagement section. An aluminium impact plate
at the top of the disengagement section initially separates the
gas-particle mixture. The separated particles settle into an
annular fluidized bed, which empties into the down-comer
via a fluidized angled standpipe. The air exits the
disengagement section and passes through cyclone separators



to remove particles that were not separated in the
disengagement section. So during the experiments the
fluidization of liquid-solid system can be controlled by the
liquid flow rate. The hydrodynamics study for binary mixture
of solid in triple bed combined circulating fluidized bed
system experiment has been carried out [15] and explained
about the characteristics with high mass flux. They studied
about the flow behaviour of silica sand with coal char
substitute. This results that most of the particles successfully
circulated without any segregation in the CFBs units. Earlier
stud justified that voidage for dense suspension up flow
conditions are near the wall than in the core [16].
Hydrodynamics of CFB system has an on the reactor design
and it has a great significant in industry. So to find out the
response of system for a circulating fluidized bed unit some
factors affects the system performance for example solids
holdup and solids circulation rate.

2. DISCUSSION
2.1 Gas-solid contact in riser section

Hydrodynamic is an important way to explain the gas—
solid flow behaviour in riser section. Basically riser is an
important part for a CFB system to study about gas-solid
contact during gasification process. Riser is able to pass
different flow regimes and also capable to carry more heat
and mass transfer [17]. In fluidization system solid particles
are transported into a fluid through suspension in a gas or
liquid. Some previous research articles studied on the effect
of riser exit geometry on the hydrodynamic of CFB system.
Outlet geometry of CFB riser mainly affects the particle flow
and solid back-mixing inside the riser section. It was noticed
that in a CFB unit, different flow regimes occur in riser can
be divided in three different regimes based on solid
behaviour: the core, annulus and acceleration zones. The first
region, the core, covers more area of riser where upward flow
of gas and solids takes place. Second is the annulus which
concentrically bound by the wall of the CFB [18-19]. In this
region the gas and solids flow downward. The suspension
density is normally higher in the core region. Third region is
acceleration zone, located at the base of the reactor. For the
analysis of gas-solid contact there are several computational
fluid dynamic (CFD) methods where most of them are
Eulerian-Eulerian (EE) and Lagrangian-Eulerian (LE)
analysis to simulate the gas-solid flow behaviour inside riser
section. CFD-DEM is a coupled approach to simulate the
fluid-particle interaction. Discrete Element Method (DEM)
employed to model the granular particle system and the
Computational Fluid Dynamics is used to simulate the fluid
flow. Now a day’s numerical simulation has become the
primary means to study the flow behaviour characteristics of
fluidized bed system. DEM basically belongs to the
deterministic model of the Euler—Lagrange method, which
can describe the translational and rotational motion of the
particles and also can be considered as a kind of soft sphere
model. 2D and 3D simulation has a vital role in the study of
solid-gas behaviour in the riser section. The grid size has an
important role to establish the flow behaviour of gas-solid
inside the riser section. According to the rule of thumb the
grid size is approximately 10-particle diameter. In any
circulating fluidized bed system the rate of gas-solid contact
depends on the operating conditions and the size of particle

793

used in CFB [44]. Many researchers [20-21] also focused on
numerical study on gas-solid contact during gasification
process. Energy minimization multi scale model (EMMS)
explain about heterogeneous nature of gas-solid fluidization
and calculate the drag using the parameter like solid mass
flux and superficial velocity. Many previous researchers [22-
23] explained about EMMS model. In case if the superficial
velocity of gas is more than the transport velocity then gas-
solid disengagement takes place and gas phase predominance
starts. The EMMS model basically considers the particle
acceleration and also includes the effective interface
reactions and divides the multiphase flow regime in to three
phases: the dense, dilute and the interaction phase. This
model can calculate the drag using the parameter like solid
mass flux and superficial velocity. Therefore, if the
superficial velocity of (U) is more than the transport velocity,
then gas-solid will be dominated by the gas-phase and the
solid particles transported successfully. So in case if the gas
flow rate is weak, particle cannot be suspended by the drag
force. The particle suspension also depends on gas flow
inside the riser section. In case if the gas flow is weak than
the effect of drag force on the particle cannot be taken place.
Some previous investigations [24] used the basic governing
Eqns. (1) & (2) for mass conservation of the gas and solid
phase.
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In Eq. (2) sin-1 0 represent the value of granular
temperature. We can also measure solid flux to determine the
gas solid contact inside the riser section. By using solid flux
measurement apparatus and simulated data compared with
experimental data, we can test the simulation quality as
shown in Figure 1 [24].
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Figure 1. Calculation of solid flux

In case of downcomer it is also an important part to
calculate the gas-solid contact inside CFBs. Basically
downcomer describes the dynamic phenomena of the particle.
The hydrodynamic properties of CFB in the downcomer is
studied and explained by using computational fluid dynamics
[25]. Downcomer is simulated by using Eulerian method with
kinetic theory of granular flow (KTGF). In this measurement,



the mass conservation equation is used as explained in
Equation (1). Earlier studies [26] focus about gas-solid flow
behaviour by using new combustor chamber in a scaled down
cold unit. They have used computational particle fluid
dynamics (CPFD) to analyse the gas-solid flow behaviour.
Basically the numerical simulation approach provides a new
and efficient tool to study the gas-solid hydrodynamics in
circulating fluidized bed system. In this way CPFD is a
method to examine the gas-solid flow in any CFB system.
The commercial Barracuda-CPFD software can be used to
simulate the reactor’s behaviour. This is an advanced math-
based computational particle-fluid dynamics (CPFD) tool
developed for efficient simulation of dense-phase fluidization
in industry-scale units. It is found that the solid volume
fraction inside the central section is lower as compared to
near wall section. Solid concentration also continuously
decreases in the bottom side but the gas-solid mixing in the
bed increases continuously [27]. The discontinued gas-solid
mixing behaviour affects the coal gasification. The gas-solid
flow rate in term of pressure measurement was also studied
in this work. By using two fluid model (TFM) the gas-solid
flow or gas-solid contact inside riser in a CFB can be
calculated. Basically two fluid model (TFM) coupled with
KTFG gives the simulation of fluidization. Two fluid model
describe the gas-solid motion with in a CFB system for both
the gas and solid phase. So before knowing about the solid
phase by using continuum model, study about the collisions
occurring between particles in the particulate phase is
essential. The kinetic theory of granular flow helps to finding
out the gas-solid flow behaviour and can be used to define
the solid phase properties in the two fluid model or gas-solid
phase model and also may be used to compute the solid phase
properties [28]. Kinetic theory of granular flow provides the
certain flow condition, collisions between the particle which
provide the full mechanism for the transport of properties
such as momentum and energy. The main use of kinetic
theory of granular flow is to obtain the transport balance
equation for relevant hydrodynamic moments such as mass,
momentum and energy-density along with some transport
properties such as shear viscosity and thermal conductivity.
Earlier research [29] used kinetic theory of granular flow to
analyse the gas-solid contact behaviour in riser section. It is
found that there is some solid shear viscosity effect on the
flow prediction inside riser section with different solid
circulation rate. Boundary conditions of solid-gas play vital
role to predict the behaviour of solid-gas flow. Figure 2
shows the radial profile of the mean solid volume fraction at
2 m height and explains about the grid resolution along the
height of the riser.
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Figure 2. Effect of different grid resolution
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The gas-solid contact efficiency can be estimated by using
heat transfer measurement method through Eq. (3).
CoepeUg A(Tg1 = Tg2) = hys a(Tg - Tp)AAZ A3)
In the above equation left hand side denotes the driving
force for internal heat transfer in the system for finding out
the gas-solid contact efficiency. Many researchers [30-32]
examined about influence of temperature on hydrodynamic
of CFB. Generally high temperature of coal gasification
process affects some parameter such as minimum fluidization
velocity and minimum fluidization voidage. Normally
density of gas is inversely proportional to its absolute
temperature, so it will decrease with increasing temperature.
Increasing temperature on the other hand leads to dominance
of inertial forces over viscous forces and also causes to
decreasing the gas density. During gasification reaction heat
of combustion is transferred from gas-solid mixture to water
cooled surfaces in the wall. Therefore, it is necessary to know
about influence of temperature on gasification process.
Increase of temperature also increases the reaction rate for
gasification resulting in formation of more combustible gases,
which decreases the yield of char and liquids. Gas-contact
efficiency also has an important role to understand the design
of CFB reactors. It is affected by many parameters such as
superficial gas velocity, solid circulation rate, solidity, etc.
Previous study [33] gives expression for gas contact
efficiency (Eg) as shown in Equation 4.
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Figure 3(a) & 3(b) shows the properties of contact
efficiency inside riser section with respect to solid circulation
rate and solid hold up respectively.
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Figure 3. Contact efficiency in riser section

It is concluded that with increasing solid holdup the
contact efficiency becomes less [34]. Parametric design is
also an important part to analyse the hydrodynamic
behaviour in CFB. Some authors have studied the parametric
design of circulating fluidization bed to predict the
hydrodynamic behaviour inside the riser section. Hence the
statistical model was compared and verified with
experimental data and then the hydrodynamic of CFB is
calculated in terms of solid circulation rate and solid holdup.
Compared with circulating fluidized bed (CFBs)
hydrodynamic studies, solid hold-up and solid circulation



rate have received more attention. In the CFB gasification of
coal, solid-holdup and solid circulation rate still being
commonly treated as the parameters determining the
hydrodynamic of circulating fluidized bed with valve
controlled solid circulation in the riser. Solid-holdup
decreases when it is accelerated by the high velocity gas
stream [35]. As explained above in the gas-solid contact
efficiency also helps to justify the hydrodynamic
characteristic of CFB system. So basically CFB operating
regimes depends on the parameters, such as, solid-holdup,
solid circulation rate and gas-solid contact efficiency. The
gas-solid contact behaviour during coal gasification in
circulating fluidized bed is summarised in Table 1.

Table 1. Gas-solid contact behaviour analysis

Riser
Model height/diameter Pressure Ref.
(m)
CFB unit 20/0.012 0-10 kPa 50
CFB unit 8.85/0.127 116 Pa 4
Cold model of
CFB unit 8.0/0.16 0-5 kPa 46
Cold model
dual fluidized 3/0.025 0-10 kPa 29
bed

2.2 Particle residence time

Basically particle residence time relates the mass flows
outside the riser. Generally in any chemical reactors particle
residence time can be calculated by injecting a tracer at the
inlet and the tracer concentration with the effluent stream. So
the average residence time of solid also can be calculated by
riser outlet condition. Normally the riser exits and cyclone
inlet connected with horizontal pipe. When gas and solids
moving from vertical riser, particle accelerates along the
horizontal pipe along with gas. Previous study on
hydrodynamic of CFB system, it was noticed that, the solid
concentration inside the CFB riser was very low and it was
mainly near to the crossover. In other hand particle residence
time depends on other parameters of CFB for example length
of riser section and superficial gas velocity. In previous
research [36] derived an expression for particle residence
time, riser length divided by the superficial riser gas velocity
normalized by a ratio of solid concentration in the riser outlet
and the riser itself. Particle residence time means when solid
particle passes through riser section, the residence time is a
measure of how much time the particle spends in it. The main
variable affecting the particle residence time in circulating
fluidized bed system is superficial velocity and minimum
fluidization velocities of solids. Increasing the fluidization
velocity decreases the residence time due to the increases in
the bubble velocity. With increasing solid circulation rate, the
residence time decreases exponentially. So the time spent by
the particle in the gasifier strongly depends on the mass turn
over. Equation (5) shows the relation for particle residence
time in the riser section [37].

T, = My _ Pp(1-E)ArsAhyrs  (1-Er)ArsAhy (5)
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In case of gas molecules the residence time in different
reactors like chemical reactor and plug flow reactor can be
determined by injecting a tracer on inlet side and after that as

a function of time the concentration of tracer in the effluent
can be analysed. Riser outlet condition also provide the
particle residence time. Considering riser section, its design
can greatly enhance the reaction characteristics. Riser outlet
condition play vital role to examine the particle residence
time. Some previous studies [38] justified that particle
residence time also depends on riser outlet conditions such as
inner and outer diameter, different postulated mixing zone. It
has been observed that riser section pressure drop
continuously increases with increasing of solid circulation
rate. Further this pressure will be balanced by pressure inside
the circulation loop for capturing the hydrodynamics of riser
as a function of time. The superficial gas velocity of riser
should be greater than upper transport velocity etc. [39].
Some design factors of riser also affect the particle residence
time. The tapered design of riser increases the particle
residence time and helps for uniform distribution of
temperature. These conditions happen because riser cross
sectional area can affect the chemical reactions. For brief
study on the design conditions of riser commercial
computational fluid dynamics (CFD) Fluent can be used.
This is a known factor that riser reactors have complex
hydrodynamics and different riser configuration such as inlet
and outlet structures have an effect on the flow pattern.
Computational fluid dynamics plays important role to
understand the geometry for riser section in any CFB unit.
The riser geometry of any industrial CFB unit can be
simulating by using commercial software ANSYS Fluent.
This type of computational simulation of a multiphase
reacting flow system helps in understanding and analysing
the flow dynamics inside the riser section. With the help of
CFD fluent the gas-particle flow behaviour can be analysed
to examine the design parameter of riser section. In any
circulating fluidized bed system, the riser section is the part
where the most of the reactions occurs. So the computational
fluid dynamics (CFD) helps to design the parametric
geometry of the system by simulation package, FLUENT
6.2.16 that effects the chemical reactions. With different riser
geometry we can explain the hydrodynamic behaviour of the
system and develop the criteria with different reaction
characteristics. There are some experimental results for
different mass flux and time average solid density with
respect to radial position by using EMMS drag model and
Gidaspow drag model as represented in Figure 4 and Figure 5.
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Figure 6. Solid residence time with different gas jet direction

During the gasification of coal in a circulating fluidized
bed the solid residence time in riser section depends on
different operating conditions. Some researchers studies on
residence time for solid particles with positron emission
particle tracking (PEPT) method inside the riser section by
using Geldart B-type bed material. They have used different
riser size such that 0.046, 0.09, 0.16 m ID with 4 m riser
height [40]. Tracer technique is also a newly developed way
to estimate the solid residence time distribution inside riser
section. By using Eulerian-Eulerian model with kinetic
theory of granular flow the particle motion and solid
residence time can be calculated. Calculation of the residence
time by CFD method is used for simulating experimental data
to validate approach. Figure 6 (a, b) can explain solid
residence time with different gas jet position. Figure 6 (a)
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shows that Vertical jet has a long residence time because
there will be better mixing of gas-solid in case of vertical gas
jet position. But in case of hybrid nozzle jet, it has less
particle residence time because hybrid nozzle jet reduces the
back mixing of solid particles so reduces the contact time for
gas-solid phases. Figure 6 (b) shows the slower slopes, which
denotes the recirculation of solid inside the riser section.
Basically the solid back mixing follow this order vertical,
horizontal, hybrid jet as shown in Figure 6 (a) & 6 (b) [41].

The mean and variance of residence time are summarised
in Table 2.

Table 2. The variance of the residence time and mean
residence time

S No. Verticle Horizontal Mixed
injection injection injection
Tm (s) 16.25 14.75 11.45
c? 137.57 121.42 86.61

Residence time of solid and solid circulation rate in a CFB
is called response of the system. In other hand we can state
that circulation rate of solid particle and solid residence time
are the important hydrodynamic properties in any CFB
system which can estimate the performance of reactors.
Primary solid inventory and primary liquid velocity were
investigated for different height 0.15, 0.25, 0.35 m in riser
section. Basically the primary and auxiliary liquid velocity
shows the similar effects. These results reveal that at lower
primary liquid velocity and solid quantity inside the down-
comer cause to increase the average solid residence time
[42]. Dynamics modelling is also an important way to
estimate the hydrodynamic characteristics of circulating
fluidized bed, especially, to calculate the solid residence time
inside riser section. Previous studies [43] focused on a
dynamic model of the riser by using solid mass conservation.
The solid mean residence time inside the riser section can be
calculated by the ratio of riser length and superficial gas
velocity or solid concentration and riser length in the riser
section. The bed material also affects the solid concentration
inside the riser section. The average concentration may be
22 % in the riser section when polyethylene beads, glass
beads, and cork are used in the study. With the solid flow rate
inside the riser section the particle residence time can be
calculated inside the riser section. The mean residence time
can be calculated by the first moment of the residence time
distribution or calculated by riser outlet condition. Outlet
condition of riser such as inner and outer diameter and height
of the riser affect the flow condition of particle. Previous
research article [44] examined about the outlet condition of
the riser section. It seems that the upward velocity of the
particle in the core zone is larger for the large riser. This is
because wall effect has little effect on the larger riser. The
mass flow rate also will be large for larger riser. If the
geometry of the riser is similar and the super velocity and
particle circulation rate are fixed, the distribution of volume
fraction of particle, velocity of gas and solid are different for
different scale risers. The particle velocity and particle
residence time may be calculated with the help of relatively
flat core and an annulus where the particle velocity
continuously increases towards the walls with low flux
condition but when the particle passes through down-comer
the velocity of local particles becomes parabolic. It is
justified by performing some experimental results that the



velocity of particle in down-comer and riser zone will be
different due to their different flow characteristics [45]. From
previous research work [46-47] justified that solid hold up or
particle residence time is calculated by using pressure criteria
of riser zone and down-comer as shown in Eq. (6).

AP
— = &1(Pp1 — po) 2 €2 (Pp2 — P2 (6)

2.3 Pressure drop inside riser

Pressure drop is a main factor in the design and
development of CFB gasifiers. With some experimental
results it was found that pressure drop in any CFB system is
affected by riser air velocity and also velocity inside the L-
valve. Some researchers [48] focused for explaining the
results regarding pressure drop in riser section as shown in
Figure 7.
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During the study it is found that when the riser velocity
increases the pressure drop inside the riser section
continuously decreases. Many previous articles reported that
the pressure profile may be affected with different superficial
gas velocity. If the inlet air velocity in the riser, continuously
increases then the pressure profile could be decreases from
top to bottom of the riser section. Pressure drop inside the
riser decreases since the solid entrainment from riser
increases with the increasing height of bed material. However
in case of cyclone it is found that pressure inside the cyclone
always increases with riser velocity. Pressure drop in loop-
seal always depends on aeration velocity of loop-seal.
Basically pressure drop inside the loop-seal always increases
with the increase in the riser velocity, Un=0.12 m/s, and
Ui=0.145 m/s. The overall pressure drop in a circulating
fluidized bed system is found out and explained about
experimental performance to know about pressure drop with
maximum solid mass flux with some experimental conditions
[49]. Figure 8 shows the pressure distribution inside riser
section with different experimental condition. To evaluate the
pressure fluctuations inside the CFB system a cold test rig
with cross sectional area 1.18 m?and height 8.0 m was made
to study the pressure distribution in circulating fluidized bed
by using computational particle fluid dynamics. Pressure
difference inside the combustion chamber may be measured
by using different pressure transducer. Eulerian—-Lagrangian
model applied for this experiment to simulate the gas-solid
behaviour in circulating fluidized bed system. There are some
differences in simulation and experimental work. Different
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Pressure drop around the bed is found out near about 3000
Pa. The gas-solid flow is similar for both annular combustion
chamber and conventional circulating fluidized bed riser due
to these different pressure variations. A 3D Computational
Particle Fluid Dynamic (CPFD) model is also a better
technique for measurement of pressure drop in a circulating
fluidized bed system. Some previous work [50] explained
about this experimental work in a cold test unit. This model
predicts the pressure along all working section of circulating
fluidized bed system. During the experiment it has seen
understood that pressure of the system continuously
decreases from bottom to top of a circulating fluidized bed.
All experimental and simulation work were performed for
high feed rate. Some experiment [51] was performed in dual
fluidized bed to predict the pressure drop inside the system.
During the experiment they examined that pressure drop is
generally affected by riser velocity. Pressure drop inside the
circulating fluidized bed is also affected by system
temperature.
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Figure 8. Pressure distribution inside riser section

The pressure profile is shown in Figure 9 which reveals
that the pressure fluctuates inside the combustion chamber
with different flow regimes in bottom area.
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Figure 9. Pressure profile inside the combustion chamber

Previous studies [52] confirmed that pressure drop inside
the riser section continuously increases with linear ratio of
solid flux to gas flux. This concept proves the momentum
transfer concept for gas to particle at very high reaction
temperature. When drag force is applied on the particle
surface than the pressure inside the riser section decreases



with decreasing the particle velocity or decreases with
increase in the solid flux.

2.4 Solid-circulation rate

Solid circulation rate plays a vital role to estimate the
hydrodynamic properties of CFB system. It is an important
factor for the stable operation of CFB system. Some
experiments [53] were performed with high solid circulation
rate for analysing the energy balance. The circulation rate for
solid particles in any circulating fluidized bed system can be
measured by using energy and mass balance analysis. Many
previous experimental works justified that for finding out the
better solid circulation, large riser diameter will be more
effective because riser geometry plays an important role on
gasification as explain above. A high head gas blower to
support the dense suspension is also required for obtaining
better solid circulation rate. The parametric design to
estimate the hydrodynamic analysis in solid-liquid circulating
fluidized bed system was studied [54]. In this work the
researchers have presented hydrodynamics as the average
solid circulation rate and solid hold up. The predicted and
experimental data as compared are shown in Figure 10.
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Figure 10. Comparison of experimental and predicted solid
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Figure 11. Gas velocity effect on solid circulation rate

The primary liquid velocity effect and solid inventory
effect has a positive effect on solid circulation as
demonstrated in Figure 10. When solids inventory and
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primary liquid velocity increases, solid circulation rate also
increases. Hence in case of lower liquid velocity, solid
circulation initially increases and then decreases with solid
quantity in the downcomer. Particle velocity inside recycle
chamber was examined in a CFB system [55]. The solid
circulation rate can be controlled by loop in any CFB system.
Inside the riser, velocity of gas also affects the solid
circulation rate. Figure 11 depicts how the riser gas velocity
affects the solid circulation.

During the experiment [56] in a horizontal CFB system,
the particle distribution rate and solid circulation rate inside
horizontal tube are explained. Particle distribution rate
continuously decreases with increasing solid flow rate.
Because the driving force of particle increases with
increasing the solid circulating rate so that force is applied on
particle on upward direction.

Previous studies on the solid circulation flux on internally
circulating fluidized bed system where a single vessel was
divided into two compartments with one as reaction chamber
and another one as heat exchanger chamber. Behaviour of
bed particle and solid circulation were studied by using
kinetic theory of granular flow (KTGF) as explained above.
The pressure difference between the chambers is the main
factor that affects the solid flux. Previous experimental work
also approached the way to explain the mechanism on solid
transport in closed loop CFB system. In this experimental
work solid circulation rate was measured by an external
weighted hooper. With low gas velocity, the circulation rate
continuously decreases. In this experimental work they have
explained that solid circulation flow rate is a function of gas
velocity [57]. For the study on ejector type solid circulation
system in a CFB unit, solid circulation rate and gas flow rate
at different cold flow conditions can be considered. It is seen
in this experiment that the solid column height is controlled
by motive gas flow rate. If the gas flow rate increases than
flow rate decreases. In case of column without solid least
amount of gas recirculates because of the common effect of
ejector. During the experiment it was also observed that flow
rate of solids was constant if the motive gas flow rate is more
than a specific rate.

2.5 Coal feeder position and coal feeding rate

Coal feeding rate is an important factor to stabilise a
Circulating fluidized bed system. With dense discrete phase
model (DDPM) the particle transport and coal feeding rate in
a circulating fluidized bed system can be investigated. It is a
method to justify the coal feeding rate in the CFB system,
which could be investigated through dense discrete phase
model (DDPM). They have also utilized user defined
function (UDFs) to extend the ANSYS FLUENT original
code. It is found that there is no effect of change in the coal
feeder position and feeding rate on pressure distribution,
since the numerically calculated value for pressure and
measured pressure values are approximately same. However
in other hand it has also been observed that on bottom side,
pressure gradient is higher but in top side of combustor it has
lower value. Some previous studies [29] focus on the solid
feeder effect and configuration of riser exit in high density
circulating fluidized bed system. For this experimentation
work on a circulating fluidized bed (0.05m IDx4.5 m H)
were used with particle (bed material) properties, d,=70 um,
ps=1740 kg/m’. The experimental work reveals that with
increasing gas velocity the solid mass flux rate continuously



increases. The maximum solid mass flux was obtained at 3-
5 % range of primary and secondary gas velocity ratio. It was
also found that circulating solid mass flux rate is higher on L-
valve but in J-valve it is not very significant. The high solid
circulation rate also depends on gas flow behaviour in the L-
valve solid feeder and riser exit.

2.6 Temperature-effect

Gas particles heat transfer in CFB system takes place
where the temperature difference between the gas and solid is
very high. The bed heat transfer rates between the gas and
solid particles again shows lower value because there is
smaller difference between the gas and solid particles
temperature [58]. Temperature and pressure basically affect
the gasification process in CFB because it affects the gas
density and gas viscosity. When the temperature of the
system continuously increases during the gasification in
CFBs units, density of gas also affected. Increasing the
temperature of the system causes gas-viscosity to increase
due to lower density because higher gas viscosity at higher
temperature increases the drag on the particles, which
decreases their inertial separation. Bed temperature also
affects the produced gas composition and hence the quality.
Temperature has an effect on the gas composition and carbon
conversion in the gasification reaction. If the temperature of
the CFB system increases continuously, which may cause the
more carbon conversion, because higher temperature leads
the more efficient gasification process. Some previous
research [59] explained that during the gasification in CFB
systems major parameters like gas yield, heating value and
char/tar yield are affected by temperature. Some other
research article explained about effect of temperature on
gasification. The char yield decreases with gasification
temperature [60-61]. Therefore, it is difficult to determine the
effect on gas viscosity by changing system temperature as
density of gas also changes with the changes of system
temperature. Most of the gasification process takes place
within the temperature range of (800-900 °C) where the gas
viscosity increases over this temperature range. The
minimum fluidization velocity (Ums) is also affected by the
system temperature, because temperature decreases the
density of particle (pp). The Eq. (7) predicts that Uns should
decrease with temperature for large particle but in case of
small particle it should decrease with temperature.

Uni=d? (pp— pe) & (7

Rep, mf < 20(small particle), where Rep, mris the particle
Reynolds number at minimum fluidization which is < 20.

The heat transfer rate between the gas and particles
decreases with increasing solid concentration. In circulating
fluidized bed system temperature of bed also play vital role
during gasification. The efficiency of circulating fluidized
bed gasifier also depends on the temperature of bed. It
changes the pollutants (NOx, SOy, etc.) composition in the
emission. Apart from the control of pollutants such as NOx
and SO, there are also other reasons to control the bed
temperature. Other reason means during the gasification, bed
temperature also affects the producer gas composition and
bed temperature seems to improve the release of the gaseous
phase during devolatilization. Therefore the temperature of
bed should be in a certain range [62]. It is understood that
pressure difference on riser section is also affected by
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temperature difference in circulating fluidized bed. With
continuous temperature rising in riser section the pressure
drop decreases. There are few studies on the effect of
pressure drop due to temperature difference inside riser
section in a CFB system [63-64]. For studies on the air/coal
ratio and steam/coal ratio effect on reaction temperature
earlier researchers used the da Xuzhou bituminous type coal
in a CFB system and clarified that the increase in air/coal
ratio increases the gasifier temperature but in case of
steam/coal, bed temperature continuously decreases. The
ratio also affects the CO and H» concentration in the output
gas [65-66].

3. CONCLUSIONS

Existing reported literatures were studied to carry out the
hydrodynamic behaviour analysis for coal gasification in
circulating fluidized bed. All parameters of hydrodynamic
such as pressure, temperature, particle residence time, solid
circulation rate etc. were considered to study the phenomena
of coal gasification. It is observed that the gas-solid contact
efficiency increases with the increase in superficial gas
velocity. The gas-solid contact efficiency is also gets affected
by particle size distribution. In other hand coal feeding rate
and solid circulation rate affects the gasification in CFB
systems. For better solid circulation rate larger riser diameter
and small particle size is a necessary condition. Pressure drop
inside the riser section fully depends on air velocity in riser
and air velocity inside the L-valve. Obviously pressure drop
inside the connecting valve increases which increases the
velocity inside the riser.
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NOMENCLATURE

D Diameter of riser, m.

dy Diameter of particle, m.

Gs Solid circulation rate, kg/m?/s.

U Superficial air velocity in riser, m/s.

Unmf Minimum fluidization velocity.

Pp Particle Density, kg/m?

p Density of gas/solid, kg/m?

&g Voidage.

&s Solid concentration.

% Velocity of solid/gas, m/s

Cpy Specific heat of gas, J/kg/K.

Py Gas density, kg/m?,

A Cross sectional area of bed, m?.

Tg1 Gas temperature on top of riser, <C.

Tg2 Gas temperature of bed section, <C.

hgs Heat transfer coefficient between gas

and solid, W/m?/k.

Ty Average gas temperature, K.

Tp Average temperature for solid, <C.

AZ Height of bed section, m.

T Mean solid residence time in riser, s.

M, Solid inventory in riser, kg.

Ms Solid circulation rate, kg/s.

Pp Particle density, kg/m3.

& Average voidage in riser.

€ Average voidage in the cross over.

Ass Cross-sectional area of riser, m2.

Aco Cross sectional area of the cross over, m?,

hrs Length of riser, m.

Up,co  Mean solid velocity cross over, m/s.

AP Pressure difference, Pa.

L Tube length, m.

Pp1 Particle density of bed material

(silica sand), kg/m3.
Pp2 Particle density of bed material
(nylonshot), kg/m?.

&1 Solid hold up of silica sand.

€ Solid hold up of nylonshot.

g Gravitational acceleration, m/s?.

Qg Average heat flux for gas only.

Qgs Average heat flux for gas and solid.
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