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A novel mini induction heating fluidized bed reactor (IHFBR) is introduced which was developed to carry out screening
tests of high temperature reactions up to 1500°C particularly for solid feedstocks. Despite conventional mini reactors,
this reactor mimics real scenario of solid feeding in industrial reactors: cold feedstock is injected within 1 s from a lift
tube, then particles reach reaction temperature in less than 5 s in a reaction zone. The lift tube (9.5 cm diameter) is
also the gas distributor of the fluidized bed (2.5 c¢cm diameter) so that the bed is completely fluidized with uniform gas
distribution. Beside facilities to perform tests in a fluidized bed, another important feature of this reactor is prediction
of the defluidization state in the bed. Not only reproducible data are generated, but also many tests can be conveniently
carried out, that is, one test per hour. © 2015 American Institute of Chemical Engineers AIChE J, 61: 1507-1523, 2015
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Introduction

Pilot plant reactors offer very important advantages in test-
ing operating conditions such as temperature, pressure, resi-
dence time, catalyst to feed ratio, instrumentation and so on.
However, such units are very costly when used, for example,
for catalyst and feedstock screening tests where many tests are
required to find out effect of new formulations on product
yield under different operating conditions.' Small-scale reac-
tors are, conversely, ideal equipment for such purposes as
with such systems running an operation is not expensive, per-
forming a test does not take significant time, switching from
an operating condition to one another is rather quick and
above all, mass of required catalyst and feedstock is small,
that is, in the order of grams. Therefore, considerable time and
cost is saved through running tests in the small-scale reactors.

There are some challenges in designing and operation of
the small-scale reactors to mimic reaction conditions in the
industrial fluidized bed reactors properly,”® in particular,
when the feedstock is a solid. Some of these challenges
include supply of the required heat, gas residence time, feed-
ing technique and effective gas-solid contact.

In particular, these issues are found in the traditional fixed
bed mini reactors; an example of such fixed bed reactors is
the conventional Thermo Gravimetric Analyzer (TGA).
TGAs are widely used for many applications in which mass
of a solid feedstock is placed inside a crucible; then while
being on a scale, the crucible is heated by an external heater.
Due to flow of gas passing over the top of the crucible, dif-
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fusion of gas into bulk and into grains of the solid feedstock
control rate of interaction between gas and solid.* Also,
since heat is transferred from crucible into the solid feed-
stock, there is a temperature gradient within bulk of the solid
feedstock; that is, temperature in the wall of the crucible is
larger than temperature in its middle. In addition, there is no
means to enhance gas-solid contact by mixing, and achieva-
ble heating rate is limited. The novel fluidized bed TGA
overcomes diffusion limitations in the conventional fixed bed
TGAs,” but there are still heating rate limitations.

There are other fluidized bed test reactors for tests with
the solid feedstock that improve mixing while they have
heating rate limitations. As a matter of the fact, in industrial
high temperature fluidized bed reactors a cold solid feed-
stock is injected to a hot bed. Then, duration of complete
reaction of the feedstock is a function of its composition,
mass and particle-size distribution as well as type of the
reactant gases. In such cases, because mass of the bed inven-
tory is considerably higher than mass of the feedstock, tem-
perature drop is not significant in the bed and particles of
the solid feedstock quickly, that is, within some seconds
reach temperature of the reactor.

Conversely, available mini reactors cannot truly mimic
this phenomenon. Therefore, as soon as a feedstock is
injected: thermal or catalytic reaction starts to proceed and
bed temperature drops while there is a temperature differ-
ence between the bed and the feedstock. As a result, the
obtained data of feed conversion and concentration of prod-
uct gases are erroneous.

This crucial weakness is due to slow heating rate in the
present mini fluidized bed reactors, which use external heat-
ers. In such cases, a significant portion of the radiated heat
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from the external heaters is lost to environment. In addition,
the absorbed part of the radiated heat will be partly consumed
to heat up whole mass of the reactor. As a result, there is a
major response delay by the external heaters, which is some-
times in the order of some minutes.® This is a serious draw-
back, especially, in reactions like gasification and combustion
where kinetics is in the order of seconds or milliseconds.

FB-TGA,” MFBRA,*® CLC fluidized bed,””'* SCTRT,"
and riser simulator'*'® are mini fluidized bed reactors that
are developed for different high temperature reactions with
some features listed in Table 1. Although these reactors pro-
vide convenience to maintain certain operating conditions
such as feed to bed mass ratio, residence time, and effective
gas-solid contact, they all use a type of external heater to
supply the required heat. It is noteworthy that heating rate
limitations in such reactors are not discussed in references.

The induction heating fluidized bed reactor (IHFBR) was
designed to exactly mimic the real scenario in industrial reac-
tors by addressing the heating drawback in the preceding mini
fluidized bed reactors. In this reactor, the required heat is sup-
plied by induction heating mechanism; therefore, the reactor
takes advantage of a high power heat generation inside the
fluidized bed only, which helps solid particles reach the reac-
tion temperature within a few seconds. This successful anal-
ogy is highly supported by a designed lift tube through which
the solid feedstock is instantaneously and precisely fed to the
hot fluidized bed of the reactor within a second while its tem-
perature at the inlet of the bed is very low similar to the cases
in industrial reactors. Performance of feeding is not discussed
in the reactors in Table 1 that were used for solid feedstock
handling; however, it is realized from the published descrip-
tions that there should have been drawbacks with the used
techniques. For instance, solid feed is injected to the annulus
section of the riser simulatorm; therefore, solid volatilization
must occur first before vapors can have contact with the fluid-
ized bed. Solid shooting with a gas through a 3 mm tubing is
another technique that have been used in semi-batch mini flu-
idized bed reactors,®'? but there should be plugging issues
with respect to particle-size distribution of the feedstock.

Another important feature of the lift tube is that in the
absence of a porous or a perforated gas distributor, it is
indeed the gas distributor of the IHFBR; in other words, exit
gas from the lift tube is uniformly distributed in the hot flu-
idized bed. As presented in Table 1, fluidization quality is
not often discussed in the conventional mini fluidized bed
reactors. However, it was important to study quality of fluid-
ization in the IHFBR to ensure uniform solid mixing is not
deteriorated due to operation of the lift tube.

The ITHFBR is a semi batch fluidized bed reactor which
can operate at extremely high temperatures, that is, up to
1500°C. Tests with a solid feedstock such as coal, biomass,
waste, and petroleum coke can be conducted in the reactor if
particles are classified as the Geldarts’ group A or group B
powders. Depending on the tests, different inert, reductive,
and oxidative gases can be used. This reactor can be used
for screening tests and kinetic studies of endothermic and
exothermic reactions such as thermal and catalytic cracking,
pyrolysis, gasification, and combustion.

Riser simulator'*'°
internal impeller achieves gas flow

circulation in the annulus)

External furnace (bed is heated through gas
Not discussed

0.13 (Feed is injected in the annulus)
Fluid bed in an internal basket An

Not discussed
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Table 1. Comparison of Some Mini Fluidized Bed Reactors for High Temperature Reaction Tests
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Not discussed

FB-TGA’
minimized in a bubbling
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Induction Heating

True understanding of induction heating helps design an
induction heating setup properly. Induction heating'’™"" is a
noncontact, clean, repeatable, and fast heating method to
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Figure 1. Schematic of an induction heating setup.
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

heat up an electrically conductive material that is, work
piece placed inside a strong magnetic field which alternates
with a high frequency, f. The magnetic field induces eddy
currents, /, flowing on the work piece; then, given each elec-
trical conductive material has resistivity, r, against eddy cur-
rents, heat is generated, 2.

If a ferromagnetic work piece such as steel and nickel is
heated by induction heating, heat is also generated due to
hysteresis losses: as a matter of the fact, the dipoles of the
ferromagnetic work piece have to get aligned with the poles
of the magnetic field. Therefore, because of the alternative
magnetic field and oscillation of its magnetic poles, the
dipoles of the work piece oscillate accordingly; as a result,
heat is generated due to friction between the dipoles.
Hysteresis heat is generated until the Curie temperature is
passed after which the ferromagnetic work piece is not mag-
netic any longer. Hysteresis loss is usually considered a
minor heat source compared to eddy currents.

During induction heating, heat is mainly generated on the
surface of the work piece, that is, reference depth, d, so its
core remains relatively far less hot which helps eliminate
risk of distorting it; this phenomenon is called skin effect.
Within the reference depth, strength of the induced magnetic
field, equivalent to intensity of eddy currents, is reduced by
86% starting from surface of the work piece. The reference
depth depends on frequency of the electrical current, f, elec-
trical resistivity, r, and relative magnetic permeability, p, of
the work piece as presented in Eq. 1

-
uf

Depending on objective of the induction heating, selection
of the frequency is of great importance for a given work
piece. For instance, reference depth is thinner at very high
frequencies while it is increased when frequency is lowered.
Thus, if a through-heating of the work piece is required,
lower frequencies should be applied in comparison with shal-
low heating where larger frequencies are required.
Frequency in induction heating can vary between 5 and
500 kHz. Diameter of the work piece should be taken into
account to select the right frequency because if diameter was
small enough, eddy currents of either side of the work piece
would impinge on each other and lead to a net zero current,
and therefore, no heating will occur.

d=k k=constant (1)
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It is noteworthy that the length of the work piece which is
placed inside the magnetic field is mainly heated by induc-
tion heating while the remaining part is heated by conduc-
tion heating which is much slower than induction heating;
this advantage provides many applications for induction
heating in hardening, brazing, and welding industries.

A schematic of the induction heating setup is shown in
Figure 1. Essential elements of such unit are a power supply,
a work head, a copper coil, and a work piece. The power
supply generates a strong power by converting the input
direct current to an output alternative current with high
amperage and frequency. The work head acts as a trans-
former and transfers the alternative current from the power
supply onto the copper coil.

The copper coil, inside which the work piece is located, is
a very important part of the induction heating setup and is
designed in different forms for each heating application in
terms of number of turns and structural shapes. Intensity of
magnetic field is the highest inside the coil. Despite the work
piece which should have considerable electrical resistivity,
copper is the main material to build the coil to minimize self
heating the coil, especially because a large alternative current
is passing through it. For the sake of safety of the coil, cool-
ing water must always flow through inside the copper coil to
prevent its melting and formation of soldered or brazed joints.

Thickness of the coil must be larger than its reference
depths to let the electrical current flow, but it must be thin
enough to be able to make the required shape of the coil
conveniently and to accelerate heat transfer to cooling water.

Diameter of the coil must be as close as possible to diam-
eter of the work piece to provide an efficient coupling
between them and increase overall efficiency of the coil.
This is important especially when frequency of the magnetic
field is very high because in this case fluxes of the magnetic
field tend to be close to the coil than to its center.

Temperature of the heated work piece can be measured by
a temperature sensor such as a thermocouple or an infrared
pyrometer. The thermocouple is cheaper and can be easily
attached to the work piece to measure the temperature
directly, but its response time is slow and its attachment to
the work piece can be a challenge. Conversely, the infrared
pyrometer is a fast responsive tool and does not require
attachment to the work piece, but it has to see the hot spot
correctly, otherwise, it can sense a completely wrong
temperature.

Temperature has direct effect on the rate and efficiency of
induction heating. For instance, the reference depth on the
work piece is increased vs temperature; therefore, if its
diameter is not large enough, the work piece could be heated
at low temperatures, but induced current will be stopped
upon reaching a certain temperature. As an example, as it
will be seen later, a type K thermocouple with 1.6 X 10°?
m diameter is used in the IHFBR; investigations on interac-
tion of the thermocouple in the magnetic field revealed that
the thermocouple was heated by induction heating only until
temperatures around 200°C. Bearing this advantage in mind,
the read temperature above 200°C was assumed as the true
temperature of the fluidized bed of the IHFBR.

Apparatus of Induction Heating Fluidized Bed
Reactor

The new induction heating fluidized bed reactor (IHFBR)
is designed for semicontinuous tests of extremely high
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Figure 2. Setup of the Induction Heating Fluidized Bed
Reactor (IHFBR); arbitrary dimensions are
shown to better present the details.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

temperature reactions such as combustion, gasification, and
pyrolysis. Operation flexibility for doing different experi-
mental tests is an outstanding feature of the IHFBR; for
instance, kinetic of chemical reactions and screening tests
can be performed for solid feedstock such as biomass, coal,
waste, and petroleum coke with either oxidative, reductive,
or inert gases.

A schematic of the IHFBR’s setup is presented in Figure
2. This setup is composed of two sections: reaction zone and
lift tube.

The reaction zone is inside an alumina tube with 0.025 m
diameter and 0.3 m length. The alumina tube is used because
it is not electrically conductive, and therefore, it does not
shield against magnetic field of the induction heating; also, it
can safely withstand temperatures up to 1500°C. There are
eight electrically conductive metal rods with 3.2 mm diame-
ter and 0.1 m length inside the alumina tube, which are sym-
metrically placed on top of the lift tube. In fact, these rods
are the work pieces of the induction heating system and they
play the role of heating elements of the reactor. The top
view schematic of the reaction zone presented in Figure 3
clarifies position of the metal rods in the bed, their relative
distance and their distance with internal diameter of the alu-
mina tube and internal diameter of the lift tube.

A 10 kW NORAX power supply generates the required
power for induction heating. A coil with 0.038 m internal
diameter and eight turns made of 6.4 X 103 m O.D. copper
tubing is used to induce electrical current on the surface of
the rods. The alumina tube is actually placed inside the coil.
Depending on application, nonfeedstock solid particles such
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as silica sand are fluidized in the reaction zone. Mass of the
solid particles is chosen so that expanded height of their bed
is as high as length of the rods.

Depending on the required heating rate, the power is
adjusted by a temperature controller and the rods are heated
accordingly, then the generated heat on the surface of the
rods is transferred to the fluidized bed inside-out toward the
reactor wall. A type K thermocouple is used to read temper-
ature of the bed. Since solid particles are being fluidized,
temperature remains uniform in the bed; there is
usually = 10°C variation around the setpoint temperature
which is normal in the fluidized beds. The temperature uni-
formity has been confirmed using two thermocouples on the
top and on the bottom of the bed. It is noteworthy that an
infrared pyrometer was initially used for temperature mea-
surement for the sake of its fast response and noncontact fea-
tures for precise temperature readings at extremely high
temperatures, but there was one failing drawback with it: the
actual hot spot must be seen by the infrared beams; other-
wise, a wrong temperature will be read, especially, when
there is a dark environment because of reactants and
products.

The lift tube that has 0.15 m length and 9.5 X 107% m
internal diameter is designed for precise injection of solid
feedstock into the reaction zone. Figures 4a,b present a sche-
matic of this mechanism: At the beginning of a test, the
solid feedstock is placed in the bottom of the lift tube which
is cold enough to keep the feedstock at a safe place and far
from the reaction zone so that its composition does not
change due to heat. Then, the lift tube is filled with nonfeed-
stock solid particles up to the middle of the reaction zone.
The bed of the nonfeedstock solid particles is fluidized with
an inlet gas from the middle of the lift tube and induction
heating power supply is switched on to heat up the reaction
zone (Figure 4a). Once required reaction temperature is
achieved in the reaction zone, direction of the inlet gas is
switched to an inlet from the bottom of the lift tube to lift
the solid feedstock through the nonfeedstock solid particles
toward the reaction zone in less than a second (Figure 4b)
by taking advantage of higher superficial gas velocity in the

Metal rods

Alumina tube

6T

-ZTE

Lift tube

95

Figure 3. A top view schematic of reaction zone of the
IHFBR; dimensions are in millimeter.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

lift tube than that in the fluidized bed. For instance, when a
bed of sand particles with size distribution of 212 to 250 um
is fluidized at temperature 1000°C at Ume =2.3, superficial
gas velocity in the lift tube and in the fluidized bed was esti-
mated to be 34 and 9 cm/s, respectively.

This mechanism of solid transportation in the lift tube is
achieved by segregation between particles of the solid feed-
stock and the nonfeedstock solid particles. In other words,
density and size distribution of the nonfeedstock particles as
well as gas velocity (the latter is limited by operation
requirements) must be chosen in such a way that the feed-
stock particles move upward through the nonfeedstock par-
ticles in the lift tube and then stay in the fluidized bed of the
reaction zone. Fotovat and Chaouki showed how cylindrical
particles of biomass (size: 6.4 X 12.7 mm?; density: 824 kg/
m?) can be either segregated or floated in a bed of sand par-
ticles (average diameter: 380 pum; density: 2650 kg/m’) as a
function of gas velocity?’.

Proper placement of the solid feedstock in the bottom of
lift tube is very important to lift up all particles of the feed-
stock. Therefore, as highlighted in Figure 4, internal diame-
ter in the lowest section of the lift tube has a conical
geometry in which a bed of nonfeedstock particles is placed
on top of a perforated mesh. This bed plays a distributor role
and helps the inlet gas to lift whole mass of the feedstock.

Design of the lift tube overcomes two major challenges in
solid feeding: storage of a solid feedstock somewhere safe
and cold enough so that its composition remains unchanged
as well as proper and quick technique for solid injection to
the reaction zone at the desired temperature.

One significant feature of the IHFBR is that on the con-
trary to conventional mini fluidized bed reactors, there is no
porous or perforated distributor nor sparger for gas distribu-
tion into the fluidized bed. However, as it will be discussed
later, the lift tube plays role of the gas distributor.
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Storage of the solid feedstock in the lift tube, before injec-
tion, is accomplished due to the fact that induction heating is
a very fast heating mechanism compared with conventional
conduction, convection and radiation heat transfer mecha-
nisms, so the segment of the conductive material which is
inside the magnetic field gets heated much faster than the
segment outside the magnetic field. Therefore, the segment
outside the magnetic field remains cold until conduction heat
transfer transfers heat from the hot segment. Figure 4c illus-
trates an example of temperature profile from bottom of the
lift tube to the reaction zone 5 min after temperature was
stable at 1050°C in the reaction zone.

Another significant importance of the lift tube is its impact
in minimizing the defluidization state in the reaction zone
during heat-up process. For instance, when silica sand par-
ticles reach the sintering temperature, they get softer and
tend to stick together and form agglomerates. Therefore,
they must be fluidizing during heat-up to prevent
agglomeration.

The alumina tube has to be fixed on a metal flange firmly
to avoid gas leakage from the bottom. However, to prevent
the metal flange to be heated by induction heating, it is
located lower than top of the lift tube. As a result, there is a
tiny space between outer wall of the lift tube and internal
wall of the alumina tube, which is filled with nonfeedstock
particles. This stagnant section does not have any effect on
reaction progress.

Depending on application, product gases can be passed
through a condenser to collect condensable products and
then noncondensable products leave the condenser. In addi-
tion, interested product gases can be either collected in a
gas-sampling bag or be sent directly toward gas analyzers.
MKS multigas Fourier Transform Infra Red (FTIR) and
Agilent micro gas chromatography (GC) are used to analyze
the product gases. The designed condenser is an aluminum
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container with 0.025 m internal diameter and 0.08 m length.
Inlet tube of condenser is bent for 45°, so the hot flow of
product gases swirls inside the condenser similar to flow
inside a cyclone; condensable products are collected in the
bottom of condenser and noncondensable gases flow out
through the outlet tube. The condenser is placed inside a con-
tainer containing a mixture of ice and cold water to keep wall
temperature of the condenser at 0°C. In cases hot vapors must
be sent directly to FTIR to determine the gas composition, the
condenser is installed between FTIR and GC.

Performance of the Induction Heating

Pyrolysis of 750 mg of coal with size distribution of 212—
250 pm in a fluidized inventory of 50 g silica sand with sim-
ilar size distribution was conducted to evaluate performance
of the induction heating at temperatures 800, 900, and
1000°C. Figure S5a presents the time at which coal was
injected, the following temperature drop of the bed and
response of the induction heating. Eight stainless steel rods
were used as the heating elements. Although 35-40°C tem-
perature drops were observed, it took only 3-5 s for the bed
to return to the setpoint temperature. This observation of fast
response reveals robust performance of the induction heating
to supply the required heat.
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It is important to note that number of the metal heating
elements has significant impact on performance of the induc-
tion heating. To study effect of this parameter, coal pyrolysis
tests with four stainless steel rods were carried out (Figure
5b) under operating conditions similar to those associated
with Figure 5a. As presented in Figure 5b, cutting off num-
ber of the heating metal rods by half not only caused tem-
perature drops of 50-100°C, but also it caused temperature
recoveries to take between 15 and 20 s. This observation
was simply because there were less metal rods to absorb
energy of the magnetic field and as a consequence there was
less heating source.

In fact, the associated energy of the magnetic field, which
is generated by induction heating, is partly consumed by the
cooling water flowing through the coil, and the metal rods in
the fluidized bed absorb the remaining.

After estimations of the total power supplied by the induc-
tion heating power supply and estimation of the power con-
sumed by cooling water, it was revealed that the metal rods
(eight rods) absorb a net 6.4 kW power after the initial power
is delivered to the coil to compensate temperature drop on
injection of the feedstock. This power is, in turn, transferred to
the bed through radiation and convection heat transfer. This
amount of heat is huge in comparison with conventional exter-
nal heaters that are used to heat up similar inventories in a flu-
idized bed. Maximum power supply by an external heater is
about 2.5 kW.

Regardless of the power quantity, induction heating is a
very fast response system in term of delivering the required
power. Response time of the temperature controller is 85 ms.
Furthermore, the used induction heating mechanism is inter-
nal and all heat is consumed in the bed in contrary to the
cases with external heaters from which a large portion of the
radiated heat heats up mass of the reactor tube located inside
the furnace and a large portion is lost to environment. It has
been observed that it would take 3-5 min to recover 50°C
temperature drop by the external furnaces.

It is noteworthy that initial heating-up and postreaction
cooling-down steps are also very fast by induction heating. For
instance, it takes 45 s for the IHFBR to reach 1000°C from
room temperature while it takes 2 h by a 2.3 kW external fur-
nace. This feature significantly help save time in favor of per-
forming many tests, that is, one complete test per half an hour.

Feedstock Temperature Inside the Lift Tube

It was mentioned earlier that the lift tube facilitates pre-
serving the feedstock away from the reaction zone until the
setpoint reaction temperature is achieved (Figure 4). Besides,
it is significantly important that the feedstock does not
undergo prethermal cracking before getting into the reaction
zone while travelling through the lift tube.

Assuming all the heat is transferred to the feedstock along
the lift tube, temperature increase in mass of the feedstock,
Tt, can be expressed as

dT;
miCp 7; =hA(T,~T¢) 2)

hA
miCp g’

Ty=T,— (Tl—Tfyo)exp (_CZAI) (3)

Setting a =

integration of Eq. 2 results in

Temperature profile in the lift tube vs its length had a
trend of 7T1=180.2In (x;)+75 according to data in Figure 4c;
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integrating this equation, an average lift tube temperature of
400°C was considered. Then, estimations showed that the
lifting time, Az, for a 750 mg mass of coal was about 0.7 s
and heat transfer coefficient®>’ was 76 W/m? K in the 15 cm
long lift tube. As a result, it was estimated that temperature
of coal would be 126°C at the time of entering the reaction
zone which is fluidized at 1050°C. Such a temperature
increase is too low to cause any significant thermal decom-
position on the feedstock.

It is noteworthy that the temperature profile presented in
Figure 4c was obtained after 5 min of operation whereas, in
practice, the feedstock is injected shortly after the reaction
temperature is achieved; in such consequences, temperature
profile in the lift tube is much milder and the feedstock is pre-
served at a lower temperature. In addition, zero heat loss to
sand particles and environment was assumed in Eq. 2. Thus,
the lift tube is proved to be providing a very efficient feeding
technique for direct introduction of the feedstock to the reac-
tion zone similar to that in industrial fluidized bed reactors.

Fluidization Quality in the IHFBR

As highlighted earlier, the lift tube plays role of a gas dis-
tributor in the IHFBR; therefore, it is important to study
whether quality of fluidization is similar to that in the con-
ventional fluidized bed reactors and how bubbles are formed
on top of the lift tube.

To do so, a transparent acrylic tube with dimensions simi-
lar to those of the alumina tube was used with measurement
ports 1-5 along the fluidized bed of the reaction zone and
measurement port 6 located above the fluidized bed. A dif-
ferential pressure transducer was used to measure bed expan-
sion and bed voidage in the segments of the reaction zone
between two ports. An optical fiber probe (OFP) was in
addition used to measure local bed voidage at different axial
and radial locations in the fluidized bed. Different configura-
tions were used by changing location of the OFP and probes
of the pressure transducer. Figure 6 depicts one configuration
of the measurement probes on the setup.
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Fluidization studies were carried out at room temperature
while the heating rods were available inside the reactor.
However, due to diameter of the OFP, one rod was taken off
in order for the probe to face the fluidized bed.

The OFP contained 72 emitting and receiving plastic fiber
strands with 250 pm diameter arranged in an alternative
array; the bundle of the fibers was placed in a tube with 3
and 4.7 mm internal and external diameters, respectively.***>
An LED light source with light intensity set at 360 supplied
the required light. The outlet of receiving fibers was con-
nected to a PV-4A particle velocity analyzer in which varia-
tion of the received light vs time corresponding to real-time
local bed voidage could be obtained in the form of variation
of voltage vs time. Voltage signals had to be tuned to vary
between two extremes corresponding to the empty reactor
(zero solid concentration) and the minimum fluidization
state. Sampling rate of the acquired voltage signals was
adjusted at 400 kHz. Equations 3 and 5, developed by Cui
et al.,*** were used to convert real-time local voltage sig-
nals (local voltage vs time), from the OFP, to real-time local
bed voidage signals, that is, & joc VS time

1_8r',loc _ 0.4u @)
l—ems 1.4—u
where
V=V,
= 5
! Vint =Vo ®

Ve and V, are two voltage extremes corresponding to mini-
mum fluidization state and an empty bed, respectively, that
are set by calibration. V is the real-time local voltage that
varies between Vs and V, when the bed is fluidized. Figures
7a—c in the later section present some examples of real-time
local bed voidage signal.

Equation 6 was used to estimate bed voidage (&) associ-
ated with a bed segment. Pressure drop (AP) in Eq. 6 was
equal to average of recorded real-time pressure drop fluctua-
tions between two ports of the pressure transducer

AP

AH

Fluidization dynamics experiments were carried out with

silica sand of 212-250 pum size distribution, representing

Geldart’s group B powders, and with FCC catalyst particles

of 70-90 pum size distribution, representing Geldart’s group
A powders.

= py(1—=&)+p,e (6)

Fluidization Dynamics in the IHFBR

Having said that internal diameter of the reaction zone
was 2.54 cm, it was understood from the visual investiga-
tions that in case of the Geldart’s group B particles when
superficial gas velocity was three times as much as minimum
fluidization velocity, large bubbles produced slugging condi-
tions in the reactor, so mixing quality was poor. In addition,
high gas velocities would result in solid entrainment.
Therefore, the IHFBR operates at Uim‘ ratios below 3 for the
Geldart’s group B particles. In case of the Geldart’s group A
particles, no slugging was observed at tested Ume ratios up to
7, but solid entrainment was badly observed.

Figures 7a—c depict some real-time local bed voidage sig-
nals in center of the reactor and at different heights, from
the top of the lift tube. Also, Figure 7d presents real-time
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Figure 7. Bed voidage and pressure drop fluctuations of sand particles in the reaction zone of the IHFBR: (a), (b),
and (c) local measurements by the optical fiber probe; (d) pressure drop measurements of the whole

bed.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

pressure drop fluctuations of the whole bed of sand particles
in the reaction zone of the IHFBR.

Such fluctuations in Figure 7 are true indications that par-
ticles were well fluidized in the reaction zone of the IHFBR
as they are similar to the wavy fluctuations in the conven-
tional fluidized bed reactors. These fluctuations also indicate
occurrence of gas-solid mixing and coalescence and break-
age of the bubbles continuously in the IHFBR. It will be dis-
cussed later that such fluctuations were not observed through
OFP measurements on the wall in opposite to the tip of the
lift tube.

Investigation of the Bed Voidage in the IHFBR

To verify uniform bed voidage in the fluidized bed of the
IHFBR, average value of the pressure drop fluctuations asso-
ciated with a segments of the bed, that is, bed between two
ports of the pressure transducer, was used; then, the corre-
sponding bed voidage was estimated using Eq. 6. Time span
of the used pressure drop fluctuations was 30 s. As seen in
Tables 2 and 3, estimated bed voidage values at a given ULf
were found almost similar at different segments for the sand
and the FCC particles.

To confirm reliability of such results, average of the esti-

U

mated bed voidages at a given ;- was used to calculate

average total bed height of the fluidized bed. The obtained
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results, presented in Tables 2 and 3, were in very good
agreement with visual observations of the total bed heights.

To study how bubbles are formed on the top of the lift
tube and how their evolution patterns are followed in the
reaction zone, local bed voidage (&), average value of the
recorded real-time local bed voidage at the associated local
(ér1oc)» Was used. Beforehand, the OFP was placed at differ-
ent radial and axial locations in the reaction zone; then, Eqs.
3 and 5 were used to obtain real-time local bed voidages
over 30 s time span.

The local bed voidages in the fluidized beds of sand and
FCC particles are presented in Figures 8 and 9, respectively,
for different superficial gas velocities in the reaction zone. A
similar axial evolution of the local bed voidage from the top
of the lift tube toward surface of the fluidized bed was
obtained in all cases. In other words, gas concentration at
the tip of the lift tube, where R% =0 and 0.5, was high which
implies formation of large bubbles in that spot. Such large
bubbles were formed due to the fact that internal diameter of
the lift tube was smaller than internal diameter of the reac-
tion zone, so gas velocity was accordingly larger just before
exiting the lift tube. For instance, when gas velocity in the
bed of sand particles was 10 cm/s, it was 70 cm/s at the exit
of the lift tube. Since gas velocity was reduced at the exit of
the lift tube, its associated kinetic energy declined accord-
ingly, and as a result, breakage of the large bubbles occurred
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Table 2. Bed Voidage and Bed Height Estimations of Sand
Particles in the Reaction Zone from Pressure Drop

Measurements
Bed segment on the U —93 U =91 U —19
top of lift tube Une = Une = Une
Lift tube—port 4 0.52 0.52 0.52
Port 4—port 5 0.48 0.48 0.49
Lift tube—port 5 0.50 0.50 0.50
Total bed height, cm 10.8 10.4 10.0

which were distributed across the bed consequently.
Interestingly, it is seen in Figures 8 and 9 that there was uni-
form local bed voidage distribution at axial distances farther
than 1 cm of tip of the lift tube.

Regardless of axial bubble formation-breakage phenom-
enon caused by the lift tube, local bed voidage on the wall
of the reaction zone was less than neighboring internal radial
locals at a given height. This should indicate that concentra-
tion of emulsion phase was higher on the wall while bubble
phase was dominant in the internal radial locals. Then, it can
be concluded that there was a mixing pattern in the reaction
zone of the IHFBR similar to mixing conditions in the con-
ventional fluidized bed reactors.

It is important to specify if there is any defluidized spot in
the bed, in particular near the wall, due to gas distribution
from the lift tube It is seen in Figures 8 and 9 that despite
the cases for £ Ro =0 and 0.5, local bed voidage on the wall,
R— =1, has an increasing trend starting from the point that is
in front of the lift tube ( R =1 and AH =0) until it reaches a
stable local bed voidage at farther axial distances. In fact,
despite the wavy fluctuations of OFP data shown in Figure
7, the OFP signal associate with locals on the wall in front
of the lift tube (=1 and AH =0) was almost a straight
line. This observation indicates that zone was actually a
defluidized zone; such result was expected because when a
bubble is formed at the tip of the lift tube, its diameter can-
not be larger than internal diameter of the lift tube.
Conversely, the OFP signals related to the axial locals on the
wall and above the tip of the lift tube (R% =1 and AH > 0)
presented a fluctuating pattern indicating presence of bubbles
formation and breakage, and therefore, proving such zones
were not defluidized.

According to Figures 8 and 9, the defluidized zone on the
wall was until a height below 0.8 cm distance from the tip
of the lift tube, but it was not possible to find the exact
height by the OFP measurement technique due to limitations
caused by dimensions of the reactor. In spite of this, with
respect to the estimated local bed voidage data for sand par-
ticles at Rﬁ =0, 0.5 ,and 1 within this distance, it was inter-
polated that the local bed voidage would be about 0.47 at a
1 X 1073 m distance from the wall; therefore, it was real-

Table 3. Bed Voidage and Bed Height Estimations of FCC
Particles in the Reaction Zone from Pressure Drop

Measurements
Bed segment on the U —g U —¢7 U —53
top of lift tube Unt Ut " Ut 77
Lift tube—port 4 0.65 0.65 0.67
Port 4—port 5 0.67 0.67 0.66
Lift tube—port 5 0.66 0.66 0.67
Total bed height, cm 11.1 10.7 10.5
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Figure 8. Axial and radial bed voidage evolution in a
bed of sand particles in the reaction zone of
the IHFBR.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

ized that the volume of defluidization zone was almost
negligible.

Influence of Lift Tube on Bed Expansion

As illustrated in Figure 2, the reaction zone and the lift
tube are both filled up with the nonfeedstock particles during
preparation of the setup. It has been observed that after the
solid particles start to fluidize in the reaction zone, some
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particles enter the reaction zone from the lift tube and influ-
ence the bed expansion. Thus, it is important to understand
how much this contribution is to the total bed height of the
reaction zone.

To investigate this occurrence, two series of experiments
with silica sand and FCC catalyst particles were carried out
where pressure drop of the bed between ports 1 and 6 in
Figure 6 was estimated vs superficial air velocity.
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Figure 10 illustrates variations of AP vs superficial air
velocity and ratio of U for both sand and FCC particles.
Maximum pressure drop was estimated according to initial
mass of the particles in the reaction zone at fixed bed
condition.

Having said that estimated minimum fluidization of the
used sand particles was 4.4 cm/s, it is seen in Figure 10a
that when minimum fluidization state was reached, AP ratio
was 1.86 that is in contrary to the expected value of unlty in
a conventional fluidized bed reactor. In other words, estima-
tions showed that 43% of mass of sand in the lift tube was
added to the reaction zone at minimum fluidization condi-
tion. From another point of view, the t5— ratio was around
unity when U— was about 0.6 implying contribution of solids
in the lift tube to the bed expansion even before minimum
fluidization state. Interestingly, sand particles kept entering
the reaction zone at superficial air velocities above Upy.
Similar trend was observed with FCC catalyst particles as
shown in Figure 10b for superficial air velocities around and
above Uy.

It is realized from such results that when the reaction zone
is well fluidized, there is a diluter concentration of solids in
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Figure 10. Influence of the lift tube on bed expansion
in the reaction zone of the IHFBR (a) sand
(b) FCC; blue color presents U and red color
presents u%,

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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the lift tube that helps it to have a better performance when
inlet gas is switched to bottom of the lift tube to lift the
feedstock toward the reaction zone. If there was a very dense
concentration of the nonfeedstock solids in the lift tube,
upward movement, and segregation of the feedstock particles
would have been very poor due to insufficient moving space.

High Temperature Screening Tests
Operating conditions of the IHFBR

Superficial Gas Velocity. The IHFBR operates at bub-
bling regime. Figure 10 presents superficial gas velocities
corresponding to each U during operation at room temper-
ature with either sand (212 250 pm) or FCC particles.

Having flow rate of the inlet fluidizing gas fixed, it has
been observed that intensity of particles mixing is promoted
at higher temperatures. In other words, minimum fluidization
velocity decreases vs an increase in temperature. Therefore,
in case it is required to maintain a bubbling bed with similar
intensity of fluidization, for instance /= =2.5, at any temper-
ature, flow rate of the inlet gas should' decrease accordingly.
Pressure drop measurements with a differential pressure
transducer showed that minimum fluidization velocity of the
bed of sand with size distribution of 212-250 pm was
reduced by a factor of (U0+0.6)% up to temperature at
1000°C. According to the discussion in the preceding sec-
tion, minimum fluidization velocity was found when Af,: -
was 1.86. Pressure drop measurements were carried out
while the rods were kept in the fluidized bed.

Temperature. Design of the reactor (high temperature
resistance of the alumina tube and the heating element rods)
provides potential of operation until 1500°C. In case
extremely high temperature reactions (1200—1500°C) should
be investigated while catalytic effect is not a concern, such
as in a combustion environment, platinum rods made of a
platinum alloy, 90% platinum, and 10% iridium are used. In
other cases in which platinum has catalytic effect such as
pyrolysis and gasification reactions, metal rods made of
Inconel or stainless steel can be used.

Particles Size and Type. The ITHFBR can be fluidized
with nonfeedstock solid particles such as inert sand, olivine,
and catalyst particles with size distributions up to 350 pm;
this limitation is governed by geometry of the reactor. The
IHFBR was designed for screening tests of reactions contain-
ing solid reactants with a wide range of high temperatures.
To do so, depending on the application, type and particle-
size distribution of the nonfeedstock solid particles of the
fluidized bed must be well chosen. For instance, a bed of
sand particles with size distributions of 105-212 pm was
completely defluidized in the reactor at 800°C in the absence
of any reaction, but there was no defluidization state when
sand particles with size distribution of 212-250 um was
used. As another example, the latter was defluidized at
1100°C, but when alumina particles with similar size distri-
butions were used, defluidization state was not observed at
similar ULM condition.

These defluidization observations indicate significant pres-
ence of the interparticles forces which govern quality of flu-
idization at high temperatures. In such cases, inter particle
forces were even stronger than hydrodynamics forces,?>*?
and the defluidization state occurred because solid particles
reached the sintering temperature and became soft. As a mat-
ter of the fact, sintering temperature of the solids is 0.4-0.9
times as much as their melting temperature. Sintering tem-
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perature of the solids with smaller size distributions is lower
than that of similar solids with larger size distributions.*

Back-Mixing of Feedstock Particles. During early stage
development of the reactor, back-mixing of the feedstock
particles was a concern, so it was well checked with several
tests of coal combustion: after a test, the particles in the
reaction zone were removed; then solids remaining in the lift
tube were examined and no trace of coal particles, that is, no
back-mixing was observed. This could be due to the follow-
ing reasons:

When solid feedstock is injected to the bed, reaction takes
place and particles instantly become smaller, so their tend-
ency to stay in bed is highly increased. Furthermore, diame-
ter of the lift tube is almost 2.7 times smaller than diameter
of the fluidized bed, and consequently, gas velocity at the
exit of the lift tube is 7.3 times larger. These two effects
help keep solid feedstock in the fluidized bed.

In situ emissions reduction in coal fired boilers

Coal combustion is the most common heat supply process
for electricity generation in the power plants in countries
such as the United States and China. Conversely, there are
serious environmental problems associated with the emis-
sions from such coal fired boilers: since coal contains ele-
ments such as sulphur, nitrogen, and mercury, they are
released to atmosphere in different forms that are definitely
detrimental to environment and humans’ life. For instance,
release of gases such as SO,, SO;, NO, and NO, leads in
formation of acidic rains as a result of contact with humid-
ity. Concentration of these emissions in the outlet of coal
fired boilers is usually larger than the permitted limits. As an
example, concentration of SO, and NO, from coal combus-
tors before gas cleaning is 200-2000 and 800 ppm,
respectively.*”

In some countries, there are legislations to control concen-
tration of emissions and to keep it below the standard levels.
For example, according to the National Ambient Air Quality
Standards (NAAQS) set by the Environmental Protection
Agency (EPA) in the US, concentration of the released SO,
and NO, must be below 100 and 75 ppb, respectively.®!

As a matter of the fact, there are 557 power plants in the
Units States as of 2010°? that must take the EPA standards
into account. Although there are gas-cleaning technologies
such as scrubbing and absorption, installation and operation
of such technologies will impose huge capital and utility
costs to these existing power plants.

In situ emissions reduction is an alternative to minimize
or cutoff release of such toxic gases to atmosphere through
addition of economical alkali (Na or K) or earth alkali (Ca)
bearing sorbents to coal before feeding into the combus-
tor.>* For example, if Ca(OH), was mixed with coal, it
would decompose at high temperatures to CaO and H,O;
then CaO would react with SO, and SO; according to reac-
tions 1 and 2 inside the boiler to form solid CaS (malting
point: 2525°C) and Ca(SO), (melting point: 1460°C) that
would be precipitated in the downstream separation steps
after the boiler

3
CaO+S0,; — CaS(s)+ 502 (Reaction 1)

CaO+S0; — Ca(SOy)(s) (Reaction 2)
Likewise, if Na,CO3z was mixed with coal, SO, would be
captured according to Reaction 3
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Na,CO3+S0, + %02 — NaySO4(s)+CO,  (Reaction 3)

To enhance impact of the in situ emissions reduction
method, a ReEngineered Feedstock™ (ReEFTM) composed
of combustible components of municipal waste such as hard
plastic, soft plastic, and fiber including a sorbent has been
developed by the Accordant Energy™.3%37 Since nitrogen
and sulphur content of ReEF™ is very low and almost neg-
ligible, this feedstock is designed to be cofired with coal to
decrease coal consumption in favor of reduction of NO, and
SO, emissions. Also, since ReEF™ contains chlorine, mer-
cury content of coal can be captured in the form of mercury
chloride.

Despite promising features of the coal + sorbent combus-
tion and coal cofiring with feedstocks such as ReEFTM, the
process must be optimized with the most suitable sorbent,
ReEF™ formulation and mass ratio between coal, sorbent
and reEF™ so that the desired level of emissions can be
achieved. From another perspective, coal fired boilers are
classified as fluidized bed coal fired boilers and pulverized
coal fired boilers; each of these combustors should operate at
different temperatures with different particle-size distribution
of coal, sorbent and ReEF™. Therefore, there is a large
array of screening tests to investigate an optimized operating
condition for the in situ emissions reduction for either coal
fired boiler. Conversely, utilization of a large scale setup to
be used as a pulverized or fluidized bed coal fired boiler to
carry out such screening tests is definitely costly, time tak-
ing, and labor demanding.

Another critical challenge in utilization of sorbents in coal
firing, in particular, in fluidized beds is occurrence of the
defluidization state when an alkali bearing sorbent is used
that will be discussed in a later section. In opposite, interest-
ingly, higher emissions reduction is achieved when an alkali
bearing sorbent is used in comparison with influence of an
earth alkali bearing sorbent. Therefore, prediction of the
defluidization state must be taken into account to find pro-
cess operating conditions at which the defluidization state
does not happen at the presence of an alkali bearing sorbent.
Occurrence of the defluidization state in a large scale fluid-
ized bed causes a lot of operation delays due to overhaul,
reactor cleaning, and bed material loading.

Fast heating rate, quick and accurate solid feeding tech-
nique, its durability at extremely high temperatures and its
convenient and rapid operation make the IHFBR overcome
atop mentioned challenges in screening tests for in situ emis-
sions reduction during coal combustion or coal co-
combustion. In addition, as it will be discussed in a later sec-
tion, this novel reactor is an ideal setup to predict the
defluidization state very quickly. Therefore, the IHFBR facil-
itates performing a large set of screening tests while consid-
erable amount of time and cost, that is, cost of material,
operation, and equipment, can be saved.

In Situ SO, Reduction Tests in the IHFBR

Representative experimental data of coal + sorbent com-
bustion tests is presented to illustrate performance of the
IHFBR to detect influence of a sorbent in SO, reduction,
and to explain the applied feed preparation technique that
led to generation of reproducible data.

A sample of coal, containing 1.3 wt % sulphur, was pre-
pared with particle-size distribution of 212-250 pm. Runs
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were carried out with coal and mixtures of coal + sorbent.
Mass ratio of sorbent and coal were adjusted so that alkali
or earth alkali to sulphur molar ratio, with general ratio for-
mula of Ca+TM, varied among 1, 2, and 3. Since mineral
sorbents included very fine particles (15 pm average size),
true feeding of whole mixture of coal and sorbent was not
possible through the lift tube. Therefore, the following pro-
cedure was followed to coat sorbent powders on coal
particles:

e Sorbent was dissolved in de-ionized water;

e The solution was added to coal;

e The resulting slurry was placed in oven over the night

at 105°C;

e Dried residue was gently crushed.

To do a test, a 750 mg mass of coal or mixture of coal
and sorbent was placed in the bottom of the lift tube and
then the reactor was filled up with sand of 212-250 pum size
distribution. The Reaction zone of the IHFBR was fluidized
with air from middle of the lift tube until temperature
reached 900°C. Then, air was switched to oxygen and then
the inlet gas was switched to the bottom of the lift tube to
lift the feedstock to the reaction zone. The MKS multigas
FTIR analyzed the product gases, which were collected in a
gas-sampling bag within 90 s. Each run was repeated for
three times to test reproducibility of data.

A typical FTIR acquisition signal from a gas-sampling
bag is presented in Figure 11 where production of CO,, SO,,
and SOj is compared in the absence and in the presence of a

calcium bearing sorbent X, (01+T1\m/2 =3). It should be noted

that product gases collected in the bag were sucked toward
FTIR by a low vacuum pressure until a well representative
concentration, that is, stable concentration of the gases was
acquired.

It is realized from Figure 11 that a significant reduction in
SO, generation was obtained when sorbent X; was added to
coal particles while production of CO,, main combustion
product gas, was similar. Given the fact that sorbent X; was
adhered to coal and it was not added at a level before which
SO, was generated, such result indicate that Reactions 1 and
2 occurred instantaneously to convert SOy to solids.

Reduction in SO, and SO;3 vs Ca%Na/z ratios obtained from
coal combustion at 900°C assisted with sorbents X;, X,, and
mixture of sorbents X, and X5 is presented in Table 4.
Sorbents X; and X, contained calcium while sorbent X3 con-
tained sodium. The reported reduction yields are associated
with difference between generation of SO, when coal was
fed in the absence of any sorbent and generation of SO,
when a mixture of coal and sorbent was fed. The data are
average values obtained from three consecutive experiments
at similar conditions.

Results prove that addition of sorbents containing alkali
and earth alkali elements was very effective to lower genera-
tion of SO,. Larger C“TN‘/Z ratio resulted in higher reduction
in SO,. Both sorbents X; and X, contained calcium hydrox-
ide, but sorbent X; demonstrated more promising effects.
This difference should be related to different molecular
structure of the sorbents, which would come into affect
when the mineral underwent thermal decomposition.

According to data of sorbents X, and X5 in Table 4,
sodium was more effective than calcium in SO, reduction
particularly at lower SN2 ragios.

Low values of the standard deviation data in Table 4 indi-
cate reliable performance of the IHFBR to generate
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reproducible results. It is also realized that the applied tech-
nique to adhere fine powders of sorbents to coal was reason-
ably efficient.

Defluidization prediction by IHF BR

There are several phenomena that cause the defluidization
state to occur in a fluidized bed reactor. As discussed before,
one important phenomenon is sintering temperature of the
nonfeedstock particles.

It has been reported that in the fluidized bed reactors
where a solid fuel such as biomass or coal was fed to a gas-
ification or combustion reactor, the defluidization state
occurred in the reactor although the nonfeedstock particles
were far from their sintering temperature.m‘49 This phe-
nomenon is due to either the inorganic content of the feed-

stock which under normal operating conditions can
accumulate as a sticky layer that coats the bed material
(coating-induced agglomeration) or the alkali components
(containing either Na or K) of the feedstock that combine
with the bed material forming low temperature melting
eutectics at the surface (melt-induced agglomeration). For
instance, when there is a sodium bearing component in the
feedstock in a bed of silica sand at typical gasification or
combustion temperature, silica can react with sodium and
form the low-melting silicate Na,O-3SiO, on the surface of
the silica sand particles.

In both cases of coating-induced and melt-induced
agglomeration, the nonfeedstock particles tend to stick
together and form agglomerates that progressively grow to
the point where they lose their fluidizability.

Table 4. Reduction in Production of SO, and SO; due to Presence of Sorbents X;, X, and X3 in Coal Combustion; Standard
Deviations are Reported in Parentheses

Coal + sorbent X,

Coal + sorbent X,

Coal + sorbents X,+X3

Ca+TNa/2 SO, reduction, % SOj; reduction, % SO, reduction, % SOj5 reduction, % SO, reduction, % SO; reduction, %
1 80 (2.2) 48 (0.3) 63 (4.9) 59 (0.5) 85 (1.2) 73 (0.7)

89 (5.7) 89 (0.4) 87 (4.2) 70 (0.7) 87 (1.7) 82 (0.3)
3 96 (2.4) 86 (0.8) 91 (0.5) 83 (0.4) 92 (3.3) 97 (0.4)
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Figure 12. Agglomerated sand particles in the reaction
zone of the IHFBR after combustion of coal
with a sodium bearing sorbent.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

To control and avoid occurrence of the defluidization
state, it is crucial to predict agglomeration in the fluidized
bed reactors to develop a map or range of operating condi-
tions far from the defluidization state. Important operating
conditions in this sort of map could be temperature, gas
velocity, mass ratio between coal and alkali bearing sorbent
and particle-size distribution of materials. As discussed ear-
lier, development of such a map in a large scale fluidized
bed reactor would be time, energy, and labor demanding.

It has been discovered that the IHFBR is an ideal system
to detect the defluidization state; therefore, it facilitates
investigation of formerly discussed map of operation condi-
tions in terms of time, cost, and labor. An example of the
defluidized state in the IHFBR is shown in Figure 12 where
a mass of coal coated with sodium bearing sorbent had been
fed to a fluidized bed of silica sand particles at 900°C.

It is worth mentioning that in the tests where samples of
coal and coal coated with calcium bearing sorbents were fed
to a bed of sand particles in the IHFBR, in opposite to the
case of sodium bearing sorbents, no defluidization was
observed during the operation at 900°C, and as expected, the
nonfeedstock particles did not tend to stick to the internal
rods which is an indication that rods were not much hotter
than the bed. These observations were in good agreement
with the report by Latifi et al.® that in the fluidized beds
where there were internal heating rods, radial temperature
profile (between internal rods and sand particles) was very
low.

Identification of the defluidization state is achieved in the
IHFBR by monitoring temperature profile in its reaction
zone: since temperature is supposed to be uniform in the flu-
idized bed, temperatures read by thermocouple must be simi-
lar to setpoint temperature. If thermocouple read a
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Published on behalf of the AIChE

temperature below the setpoint, the temperature controller
would actuate induction heating power supply to apply more
power to compensate the temperature drop. Having said that
induction heating supplies heat internally on the contrary to
conventional external heaters, if the bed was at defluidization
state, heat would not be transferred uniformly from surface
of the metal rods to the bed and would accumulate locally
while induction heating would keep delivering power. As a
result, temperature would increase.

To develop the observation in Figure 12, temperature pro-
files during coal combustion with sorbents X, and X5 at tem-
perature of 900°C are illustrated in Figure 13 where Ca and
Na with different mass ratios over sulphur content of coal
were tested. As presented in Figure 13, after reactor was
heated up to setpoint temperature, bed temperature varied
around the setpoint indicating heat was uniformly trans-
ferred. However, when feed was injected to the reactor, dif-
ferent scenarios were observed with respect to presence of
additives in the feed (arrows show the moment coal was
injected):

When calcium bearing sorbent X, was added to coal, tem-
perature profile stayed around setpoint temcperature of 900°C
after feed was injected to the bed for all %11/2 ratios indi-
cating that the bed was uniformly fluidized and no agglomer-
ation occurred. The observations in Figure 13 were verified
at the end of the tests: after heating was shut off and reactor
cooled down, no agglomeration was visible despite a thin
layer of solids sticked to the rods.

Presence of sodium resulted in a different behavior of
temperature profile when an equivalent mixture of sorbents
X5, containing Ca, and Xj, containing Na, were added to
coal. A seen in Figure 13, around 40 s after the feed was
injected into the reaction zone, bed temperature started to
increase indicating development of agglomerates. The tem-
perature increase is attributed to presence of sodium in sor-
bent X3 because no defluidization was observed when
sorbent X, was used only (Figure 13, left hand side).

As expected, larger presence of sodium, which corre-
sponds to larger ratio of Ca+§ a/ 2 caused significantly higher
temperature increase indicating more severe defluidization
state.

Results in Figure 13 coincide with reports in literature.
This unique feature of the IHFBR makes minimize concern
over the defluidization state prediction in large scale fluid-
ized bed reactors.

Further Applications of IHFBR for Kinetics
Studies

The IHFBR enables one to perform a wide range of other
thermal and catalytic reactions such as pyrolysis and gasifi-
cation of the solid feedstocks. Since wall of the reaction
zone is made of alumina and platinum rods could be used,
even extremely high temperature reactions such as pulver-
ized coal combustion at 1500°C can be carried out.

Despite unique feature of the lift tube, the IHFBR has
potential to be used also as a fluidized bed TGA for screen-
ing tests and kinetics studies. In conventional TGAs, depend-
ing on the composition of the solid feedstock, heating rates
from 5°C/min to 200°C/min are used for thermal decomposi-
tion. The induction heating mechanism lets perform reaction
tests in which heating rates from 10°C/min to 100°C/s are
interested to be investigated. In such cases, the lift tube does
not need to be necessarily used because the solid feedstock
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Figure 13. Defluidization monitoring in the reaction zone of the IHFBR: temperature profile during coal combustion
assisted with Left: calcium bearing sorbent X, and Right: equal mass of calcium bearing sorbent X, and
sodium bearing sorbent X3; arrows show the time when feed was injected.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

can be placed on top of the lift tube and mixed with non-
feedstock particles of the fluidized bed. Further investigation
is in progress to use the IHFBR as a fluidized bed TGA by
precise measurement of the total outlet flow rate.

Conclusion

The Induction Heating Fluidized Bed Reactor (IHFBR)
operates similar to conventional fluidized bed reactors in
which the lift tube plays role of the gas distributor uncon-
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ventionally. Bed material in the fluidized bed can vary
between the Geldart’s group A and group B powders; how-
ever, proper type and size distribution must be specified for
a target reaction to avoid having significant particles entrain-
ment and particles agglomeration.

The IHFBR can be used for screening and kinetics studies
of high temperature reactions such as pyrolysis, gasification,
and combustion of solid feedstocks up to 1500°C. This reac-
tor addresses two serious limitations in conventional mini
fluidized bed reactors: a very fast heating rate and precise
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solid feedstock feeding; as a result, it mimics the exact sce-
nario of feeding cold feedstock to an industrial reactor. The
cold feedstock is injected to the fluidized bed through the lift
tube within 1 s so that its temperature at the inlet to the
reaction zone is reasonably low and no prethermal decompo-
sition occurs on. After the feedstock is injected to the bed,
solid particles reach reaction temperature within 3 to 5 s due
to the used induction heating mechanism.

Investigation of fluidization quality revealed that although
gas from the lift tube with 0.95 cm diameter enters the reaction
zone with 2.5 cm diameter, a fluidized bed similar to conven-
tional fluidized beds with a uniform gas holdup is achieved in
the IHFBR and there is no defluidized spot in the bed.

Coal combustion tests with the IHFBR resulted in repro-
ducible and expected data. More importantly, this mini reac-
tor is an ideal system to predict defluidization state. Besides,
preheating and postreaction cooling-down steps are very fast
since an induction heating system is used. Putting all these
features together, a complete reaction test within an hour is
accomplished while low mass of the feedstock is required,
that is, less than 1 g. Therefore, considerable amount of cost
is saved and many tests within a short period of time can be
carried out.
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Notation
A = heat transfer area in the lift tube, m?
Cp¢ = heat capacity of the feedstock, J/mol K
= reference depth, m
f = frequency of an alternative electrical current
h = heat transfer coefficient in the lift tube, W/m? K
AH = bed height above the lift tube, m
= Eddy currents induced on a work piece in a magnetic field, A
mg = mass of the feedstock, kg
AP = pressure drop within a bed segment, Pa
APy = weight of the initial bed inventory before solids enter the bed
from the lift tube, Pa
r = electrical resistivity, Q
R = radial distance from center of the reaction zone, m
Ro = radios of the reaction zone, m
At = lifting time in the lift tube, s
Ty = temperature of the fluidized bed at room temperature, K
= temperature of the fluidized bed, K
Tt = temperature of the feedstock, K
Tt = initial temperature of the feedstock, K
T, = temperature inside the lift tube, K
u : = an arbitrary parameter to simplify Eq. 3
U = superficial gas velocity, m/s
Uy = superficial gas velocity at room temperature, m/s
Un¢ = minimum fluidization gas velocity, m/s
V = real-time voltage measured by the OFP, V
Vo = calibrated voltage for the OFP measurements corresponding to
an empty reactor, V
Vme = calibrated voltage for the OFP measurements corresponding to
minimum fluidization state, V
x; = length of the lift tube, m
sorbent i
bed voidage associated with a bed segment estimated using
pressure transducer data
eloc = local bed voidage (average of the recorded real-time local bed
voidage at the associated local)
emf = bed voidage at minimum fluidization state
&rloc = real-time local bed voidage estimated by OFP data

1522 DOI 10.1002/aic

1 = relative magnetic permeability, m
pp = density of particles, kg/m®
py = density of gas, kg/m®
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