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Abstract

An experimental investigation has been made to study the effect of pressure and other relevant operating parameters
on bed hydrodynamics and bed-to-wall heat transfer in a pressurized circulating fluidized bed (PCFB) riser column of
37.5 mm internal diameter and 1940 mm height. The experiments have been conducted with and without bed material
for the consideration of frictional pressure drop due to gas density at elevated pressures. The pressure drop measured
without sand particles is assumed as the pressure drop due to gas density for the calculation of bed voidage and
suspension density profiles. The specially designed heat transfer probe is used to measure the bed-to-wall heat transfer
coefficient. The experimental results have been compared with the published literature and good agreement has been
observed. The axial bed voidage is less in the bottom zone of the riser column and is increasing along the height of the
bed. With the increase in system pressure, the bed voidage is found to be increasing in the bottom zone and decreasing
in the top zone. The heat transfer coefficient increases with the increase in system pressure as well as with the gas
superficial velocity. The heat transfer coefficient is also observed to be increasing with the increase in average suspension

density. © 2002 Published by Elsevier Science Ltd.

1. Introduction

The pressurized circulating fluidized bed (PCFB)
combustion technology is outstanding in its fuel flexi-
bility, compact furnace size, environmental compat-
ibility, efficient combustion and good heat transfer
characteristics, and therefore, it has become a subject of
worldwide attention as a new technique for coal fired
steam generation as well as for combined cycle power
generation. This technology-applied boilers are still at
testing level and a few pilot plants have been installed in
the world so far. The results from these pilot plants are
encouraging and forecasting PCFB as a promising
technology which is likely to be used for future power
plants with coal-based combined cycle. The design of
such a boiler is largely based on knowledge of bed hy-
drodynamics and heat transfer.
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At atmospheric condition, the bed hydrodynamics
and heat transfer have been reviewed by many investi-
gators [1-5]. The effect of pressure and temperature
on fluidized beds is critically reviewed by Yates [6]. The
cminimum fluidization velocity, the bubbling velocity
and the terminal velocity were found to be decreasing
with the increase of operating pressure. But very few
published papers are available on hydrodynamics and
heat transfer in a CFB operated at elevated pressures.
Plasynski et al. [7] studied the variation of the pressure
gradient in a 26 mm diameter tube with glass beads
and coal as the bed material and nitrogen as the flui-
dizing gas for different operating pressures. Reddy and
Knowlton [8] also investigated the effect of operating
pressure on CFB riser hydrodynamics in a 300 mm di-
ameter tube and obtained results exactly contradictory
to those obtained by Plasynski et al. [7]. The difference
between the results obtained by them is due to higher
gas pressure drop in the smaller tube compared to that
in the larger diameter tube. Tsukada et al. [9] reported
the effect of pressure on transport velocity in a CFB and
observed that the core diameter at transport velocity is
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Nomenclature

dy average diameter of sand particles, um

g acceleration due to gravity, m/s?

H distance between the two pressure tappings,

m
bed-to-wall heat transfer coefficient, W/m? K
bed inventory, kg

thermal conductivity of inconel, W/m K
height of the heat transfer probe, m
operating pressure, bar

TN R~

(0] heat transfer rate, W

T; bed temperature, °C

Ty wall temperature, °C

u gas superficial velocity, m/s

Ap measured pressure drop, mm of H,O
04 bulk density of the sand, kg/m?

Py density of gas, kg/m?

Peus average suspension density, kg/m?

€ bed voidage

80% of the bed diameter and the thickness of the an-
nulus is slightly decreasing with the operating pressure.

Shen et al. [14] investigated the bed-to-wall heat
transfer in a CFB at high pressures. Wirth [15,16] and
Molerus [17,18] carried out some experiments in a PCFB
and the results were presented in terms of dimensionless

numbers. After observing the published literature there
is still large dearth of information regarding the bed
hydrodynamics and the heat transfer in a CFB at ele-
vated pressures. In the present investigation an attempt
has been made to furnish more experimental data in this
regard.
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Fig. 1. Schematic diagram of the experimental setup (PCFB).
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2. Experimental setup

A schematic diagram of the experimental setup is
shown in Fig. 1. The PCFB riser column is made of
inconel, of 37.5 mm internal diameter and 1940 mm
height. The compressed air is passed through a filter first
to remove the traces of moisture and oil before it is
drawn into a common manifold. The manifold branches
into a number of air supply lines amongst which three
lines go to the riser column viz., primary air, secondary
air and L valve air (aeration air). Each of the air lines is
provided with a set of a control valve and a rotameter.
The primary air enters through an annular ring on the
side wall of the column. The diameter of the column
being small, the quality of the fluidization is not affected
substantially due to the side entrance of the primary air.
On the other hand, the absence of the distributor plate
allows an unrestricted path of quick drainage of the
entire bed material from the column. The riser is con-
nected with two cyclones in series, both of which are
joined to a single return leg. One L-valve is provided
at the bottom of this common return leg to supply the
aeration air so as to maintain the re-circulation of the
bed material.

Seven pressure tappings are provided at different
heights of the riser column to measure the pressure

drops. Cigarette filters are used at the pressure tapping
ends to minimize the pressure fluctuations and to avoid
the escape of sand particles from the column. Pressure
drops are measured with a differential pressure trans-
ducer which is calibrated and compared with the cali-
bration curve supplied by the manufacturer. Each air
line is provided with a separate flow control valve and
a rotameter to control and to measure the air flow rate.
All the rotameters, the flow control valves and the dif-
ferential pressure transducer are fixed to a single control
panel board.

The heat transfer probe is located at a height of
1500 mm above the primary air entrance level of the
riser column. The internal diameter, outer diameter and
height of the heat transfer probe are 37.5, 100 and 100
mm, respectively. Nine thermocouples are embedded
into the heat transfer probe at three different radial and
axial locations (Fig. 2) to measure the radial and the
axial temperature variations in the heat transfer probe.
Two thermocouples, one above the heat transfer probe
and the other below it are provided to measure the bed
temperatures. Another thermocouple is provided in the
wall to measure the wall temperature. Chromel-alumel
thermocouples are used to measure all these temper-
atures. The riser column, the return leg and the cy-
clones are housed in an electrically heated and properly
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Fig. 2. Schematic diagram of the heat transfer probe.
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insulated chamber. 10 plate heaters of rating 1350 W
each are located in different zones of the chamber for
uniform heating throughout the bed so as to avoid dif-
ferential thermal expansion in various regions of the
setup. A controller which acts as a thermostat is pro-
vided to maintain the desired chamber temperature.

Experiments have been carried out for different
pressures ranging from 2 to 6 bar for different velocities
ranging from 0.25 to 1.25 m/s, for different bed inven-
tories 1.00, 1.25 and 1.50 kg and for different furnace
temperatures 400, 450 and 500 °C. Local sand of average
particle size 264 um is used as the bed material. Oper-
ating pressure and primary velocity are controlled using
pressure regulator, flow control valve and needle valve
located between the heat exchanger and the bag filter.
The amount of aeration air is negligible compared to the
primary air, and the air velocity is not substantially af-
fected by the aeration air.

3. Results and discussion

As explained by Reddy and Knowlton [8], the pres-
sure drop due to gas density is inversely proportional to
the diameter raised to the power of 1.25. In the present
experiments, the diameter of the tube is small and
this pressure drop is high. The measured pressure drop
across the test section consists of the frictional pressure
drop due to gas density and the weight of the bed. To
consider the frictional pressure drop, the experiments
have been conducted with and without sand particles.
The pressure drop measured without sand particles is
assumed as the frictional pressure drop and it is sub-
tracted from the pressure drop measured with sand
particles for calculating the voidage profiles and the
average suspension density.

The bed voidage is calculated by

Ap
pgH’

Voidage(e) = 1 (1)

where (Ap) is the pressure drop difference with and
without sand particles.

The average cross-sectional suspension density is
calculated by

Average suspension density(pg,)
= (1 _g)ps+6pg7 (2)

where p, is the gas density and it is estimated for dif-
ferent pressures by assuming the ideal gas equation.

The bed-to-wall heat transfer coefficient is estimated
from the measured bed temperature, wall temperature
and the temperatures in the heat transfer probe by en-
ergy balance between bed-to-wall convection and con-
duction heat transfer in the probe.

Bed-to-wall heat transfer due to convection is given
as

Q = 2TC}’1Lh[Tb — Tw} (3)
Heat transfer in the heat transfer probe is given as
 2nKL(T, — Ty)

Y In(n /) “)
T, = W7 (5)
Q:Q1+Q32+Q3. 6)

The bed-to-wall heat transfer coefficient is found out by
equating Egs. (3) and (6).

Fig. 3 shows the variation of average cross-sectional
bed voidage along the height of the bed for a given ve-
locity and for different operating pressures. It is ob-
served that the bed voidage is low in the bottom region
of the bed and it is high in the top region. As the pres-
sure increases, the bed voidage is increasing in the bot-
tom region and decreasing in the top region. At low
pressures the solids are concentrated at the bottom re-
gion and the drag force is less on the solid particles,
resulting in less voidage. With increase in the pressure,
the carryover of the solid particles from the lower region
of the bed increased due to increase in drag force which
results in increased particle concentration at the top
region.

Fig. 4 depicts the variation of average cross-sectional
bed voidage along the height of the bed for different gas
superficial velocities for a particular pressure. It is found
that the bed voidage is low at the bottom section for the
lower velocity and increases towards the riser exit. At
lower gas superficial velocity, the solid concentration is
maximum at the bottom region and it increases with the
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Fig. 3. Effect of operating pressure on bed voidage along the
height (I = 1.0 kg, up = 1.00 m/s).
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Fig. 5. Effect of bed inventory on bed voidage along the height
(p = 4 bar, uy = 1.00 m/s).

increase in gas superficial velocity. With the rise in pri-
mary air velocity, more solids are lifted up due to more
drag force resulting in the increase in bed voidage in the
bottom portion and decrease in the top region.

The effect of bed inventory on bed voidage profile
along the riser height for a specific pressure and for a
particular velocity is shown in Fig. 5. It is to be noted
that the bed voidage along the height of the bed is
decreasing with the increase in bed inventory. The con-
centration of sand particles is more in the riser col-
umn for the higher bed inventory and hence, the bed
voidage.

The variation of bed voidage at the height of 1545
mm above the primary level with the operating pressure
is shown in Fig. 6. The bed voidage is found to be de-
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Fig. 6. Effect of operating pressure on bed voidage at the height
of 1545 mm above the primary air level (I = 1.0 kg).
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Fig. 7. Effect of operating pressure on bed voidage at the height
of 232.5 mm above the primary air level (/ = 1.0 kg).

creasing with increase in operating pressure and also
with gas superficial velocity. At 232.5 mm above the
primary air level, the bed voidage is found to be de-
creasing with the system pressure which is shown in
Fig. 7. At high pressure, more drag force is acting on the
bed material in the bottom zone with the bed material
being lifted to the top zone, which results in less voidage
at the top zone.

Figs. 8-10 show the variation of the average sus-
pension density along the height of the bed for different
values of pressures, for different values of gas superficial
velocities and for different bed inventories. The average
suspension density profile along the height of the bed
shows two different zones, viz., a dense phase bottom
zone and a dilute phase top zone. The suspension
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density in the bottom zone is decreasing and is increas-
ing in the top zone with the increase in the operating
pressure. With the increase in gas superficial velocity, the
suspension density decreases in the bottom zone and
increases in the top zone, so that the bed is becoming
uniform along the height of the bed. An increase in bed
inventory also improves the suspension density at all
sections in the riser column.

Fig. 11 shows the effect of pressure on bed-to-wall
heat transfer coefficient for different velocities. It is found
that the heat transfer coefficient increases monotoni-
cally with increase in the operating pressure as well
as with the increase in gas superficial velocity. At
elevated pressure, the gas phase convective heat transfer
is more due to high density of gas. This enhances the
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Fig. 10. Effect of bed inventory on average suspension density
along the height of the bed (p = 4 bar, uy = 1.00 m/s).
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Fig. 11. Effect of operating pressure on heat transfer coefficient
for different gas superficial velocities (/ = 1.0 kg, 7; = 450 °C).

heat transfer rate and hence, the heat transfer coeffi-
cient.

Fig. 12 demonstrates the variation of heat transfer
coefficient with gas superficial velocity for different
pressures. It is observed that the heat transfer coefficient
increases with the increase in velocity. This may be due
to enhanced turbulence at higher velocity which in turn
causes intermixing between the solids and gas—solid
suspension. Hence, high heat transfer coefficient ensues
at higher velocities.

Figs. 13 and 14 depict the change in heat transfer
coefficient with varying average suspension density as
observed with the earlier works [10,11,13,17]. It is no-
ticed that the heat transfer coefficient increases with the
increasing cross-sectional average suspension density.
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This is as expected because thermal capacity of solids
is much higher for higher values of average suspension
density. Inspite of different operating conditions and
different operating equipment being used in these stud-
ies, the present data with the suspension density is fairly
comparable with published results. The effect of bed
temperature on heat transfer coefficient in the PCFB
riser is shown in Fig. 15, which shows heat transfer co-
efficient increasing with the bed temperature. This may
be due to higher thermal conductivity of gas and higher
radiative component at higher temperatures. Fig. 16
shows the variation of local heat transfer coefficient
along the height of the probe for different pressures. The
local heat transfer coefficient significantly increases with
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the increase in pressure and not much with the increas-
ing height.

4. Conclusion

The axial bed voidage along the height of the bed is
observed to be less in the bottom zone and is high in the
top zone. It is also observed that the bed voidage in-
creases in the bottom zone and decreases in the top zone
with increase in operating pressure. The heat transfer
coeflicient is found to be increasing with the increase in
operating pressure as well as increase in gas superficial
velocity. It also increases monotonically with increasing
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bed temperature. The data show trends similar to those
in published literature.
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