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A significant defluidization occurs when carrying out reactions involving a decrease
in gas volume in a fluidized catalyst bed. The cause of this phenomenon is a decrease
in the gas velocity in the emulsion phase below the minimum fluidization velocity. Flu-
idization quality is improved by a staged gas feed when hydrogenation of CO2 is car-
ried out. To evaluate the experimental results, two parameters are introduced; gas-vol-
ume reduction rate and gas-volume ratio. Fluidization quality and defluidization zone
are indicated as a map using these parameters. The vertical distributions of these pa-
rameters are calculated using a reactor model to obtain operating lines. The calcula-
tion shows that fluidization quality can be improved by operating the reactor by avoid-
ing the operating lines of the defluidization zone in the map. For this purpose, it is
required to control the gas-volume ratio at a level near unity and maintain the gas-
volume reduction rate below 0.01/s. VVC 2010 American Institute of Chemical Engineers
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Introduction

Many industrial gas phase reactions involve a volume
change that influences their conversion and selectivity. The
effects of volume change on conversion in fluidized bed re-
actor models have been reported by some researchers.1–6 In
addition, volume change can influence the hydrodynamic
behavior of fluidized beds. Abba et al.6 have pointed out the
possibility of defluidization as a consequence of volume
reduction, and in fact a large decrease in fluidization quality
has been reported for hydrogenations of CO2 in a fluidized
catalyst bed.2 The pressure fluctuation increased and large

numbers of catalyst particles were occasionally entrained
from the bed without being trapped by a cyclone in the free-
board. From the signal pattern of pressure fluctuations meas-
ured at the bed bottom, the presence of channeling and slug-
ging was also inferred.

Recently, using glass reactors, phenomena occurring in the
bed have been directly observed7,8 during hydrogenation of
CO2. The emulsion phase was defluidized and a packed bed
was formed and then lifted through the column like a mov-
ing piston. This part then collapsed from its bottom, causing
large pressure fluctuations. Sometimes, however, it was lifted
without breakup and large numbers of catalyst particles were
entrained from the bed.

In the emulsion phase, the gas decreases when the gas is
consumed by reactions and the gas consumed is not com-
pletely compensated for by gas flow from bubbles. In this
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case, the gas drag force becomes too small to balance the
gravitational and buoyancy forces acting on the particles in
the emulsion phase. Consequently, a part of the bed cannot
be fluidized, thus causing defluidization.

This indicates that the fluidized bed is intrinsically inad-
equate for reactions involving a decrease in gas volume.
This has not been properly recognized in the half century
since the fluid bed catalytic cracker was firs constructed.
Because cracking reaction is accompanied by volume
increase, good fluidization is easily established. In the appli-
cation of fluidized beds to other reactions, however, many
engineers have depended on symptomatic treatments to deal
with incomprehensible phenomena.

In addition, some process developments probably ended in
failure when the reactions involved a large decrease in gas
volume. Fischer-Tropsch synthesis, the production of liquid
hydrocarbons from CO and H2, is one such reaction that
involves a decrease in gas volume. The mole number of this
reaction reduces to half of the initial mole number when the
conversion is high. The process developed using fluidized
catalyst beds in Brownsville (TX, USA) in the latter 1940s
and early 1950s had never been in industrial operation.9 The
engineers observed defluidization of sticky solids and made
strenuous efforts to avoid this problem.

In reactions involving a decrease in gas volume, the vol-
ume decreases faster with an increasing rate. That is, defluid-
ization is greater for higher reaction rates. However, how-
ever, the influence of the reaction rates is insignificant when
the extent of the reduction is small. The extent of the reduc-
tion is affected by the stoichiometric relation of the reaction
and the content of inert gas in the feed. Go et al.10 have
reported that the total flow, which was 60% inert gas, was
needed to avoid defluidization and maintain the stable fluid-
ization state in the oxidation stage of two-step oxychlorina-
tion of ethylene.

For the hydrogenation of CO2, defluidization can be
avoided with a two-staged feed of CO2 gas.11 This occurs
because the concentration of CO2 decreases, especially
near the bottom inlet, and the gas-volume reduction rate
remains below the critical value throughout the bed. In
addition, the gas-volume ratio is controlled at a level near
unity, lessening the influence of a gas-volume decrease.
Fluidization quality is further improved by increasing the
height of the secondary gas inlet. The relationship between
the gas-volume reduction rate and gas-volume ratio is
given as a map, which shows that good fluidization can be
maintained by avoiding the operating lines of the defluid-
ization zone in the map.

To design the reactor that provides good fluidization, it is
essential to understand the mechanism of poor fluidization
and predict the necessary condition for good fluidization.
Thus, it is important to quantitatively analyze the tendency
described above. In this study, we analyze the experimental
data published elsewhere11 based on the vertical distribution
of the parameters. In the previous study,8 the gas-volume
reduction rate and ratio were obtained at the reactor inlet.
We calculate the vertical distribution of these parameters by
simulation using experimental conversions, compare these
results with the observed fluidization quality, and then dis-
cuss the criteria needed to maintain good fluidization condi-
tions.

Index for Evaluation

A previous study8,12 proposed two important parameters
for reactions involving a decrease in the gas volume: the
gas-volume reduction rate and gas-volume ratio. When a
large amount of inert gas is added to the reactant, the gas-
volume reduction is small even if the reaction proceeds to
completion. The same effect is obtained using an excess of
one of the reactants. In these cases, fluidization quality
is only marginally affected by the gas-volume reduction
rate; therefore, the gas-volume ratio is the more important
parameter.

When the reaction,

aAþ bB ! cCþ dD; (1)

is carried out at constant pressure and temperature, the relative
gas volume changes with the conversion xA:

gx ¼ 1þ eAxA; (2)

where eA is the expansion factor and dA is the expansion per
mole of the reference component A. They are defined as

eA ¼ yA0dA; (3)

dA ¼ ð�a� bþ cþ dÞ=a: (4)

The parameter gx is the relative gas volume based on the
gas volume at the reactor inlet. When conversion is 100%,
gx is minimized and the following equation is obtained:

g ¼ 1þ eA: (5)

The minimum volume ratio based on the gas volume at xA
becomes

g� ¼ 1þ eA
1þ eAxA

: (6)

We call this parameter the gas-volume ratio.
Figure 1 shows the relationship between conversion and

the gas-volume ratio for the methanation of CO2:

CO2 þ 4H2 ! CH4 þ 2H2O (7)

When this reaction is carried out from a feed of stoichio-
metric composition and CO2 is the key component (A com-
ponent in Eq. 1), yA0 is 0.2 and dA is –2; consequently, eA is
–0.4. Therefore, from Eq. 5, g* at xA¼0 is 0.6. Thus, when
inert gases are not present, after all reactants convert to
products at constant pressure and temperature, the gas vol-
ume decreases to 60% of the initial reactant volume. As con-
version increases, g* also increases, reaching unity when the
conversion reaches 100%.

Differentiating Eq. 2 with respect to time, we obtain the
gas-volume reduction rate –rv based on the initial gas vol-
ume:

� rV ¼ �eA
dxA
dt

(8)
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This parameter, used in a previous study,8 is proportional
to the reaction rate; therefore, the gas-volume reduction rate
based on the volume at conversion xA becomes

� r�V ¼ �eA
1þ eAxA

dxA
dt

: (9)

This parameter is based on a bed volume composed of
bubble and emulsion phases. Considering the bubble gas
holdup eb and the voidage in the emulsion phase efe, we
obtain the gas-volume ratio based on the gas volume in the
emulsion phase as

� r�Ve ¼
�r�V

ð1� ebÞefe : (10)

This equation is based on the assumption that there is no
radial distribution of reactant concentration in the emulsion
phase. In the present study, we use the value obtained from
Eq. 9, although the value based on the emulsion-phase vol-
ume is two to three times larger. As the vertical distribution
of eb and efe are difficult to measure in the present study, Eq.
10 is used for the analysis. In addition, the reaction mainly
proceeds around bubbles in the emulsion phase when the
reaction rate is high. Therefore, even Eq. 10 cannot correctly
evaluate the gas-volume reduction rate, and Eq. 9 is suffi-
cient to describe the phenomena.

Experimental

The experimental setup employed a glass column as a re-
actor to allow observation of the internal walls of the reac-
tor. The inner diameter and length of the column were

50 mm and 1.5 m, respectively. A transparent electrical re-
sistance material was coated on the outer surface of the col-
umn to serve an electrical heater. The average diameter of
catalyst particles was 56 lm and the bed density was 600 kg
m�3. The catalyst support material was porous c-alumina.
The metal loading was 20 wt % for Ni and 10 wt % for
La2O3.

The initial settled bed height was 0.4 m. The feed gas
consisted of H2 and CO2 and did not contain any inert com-
ponents. The superficial gas velocity at the reactor inlet was
0.05 m s–1 with all gases supplied from the bottom. CO2

was fed from both the bottom and a secondary gas nozzle,
while H2 was fed only from the bottom. Glass beads 700 lm
in diameter were packed in the bottom of the column and
the fluidizing gas was distributed by this glass bead bed. The
secondary inlet was made of stainless steel with 3-mm outer
diameter—its height was varied. The ratio of H2 to total
CO2 in the feed to the reactor was stoichiometric. The
experiments details are described elsewhere.8,11

The reaction rate was measured in a fixed bed micro-
reactor, 6.0 mm diameter. The expression for the reaction
rate was based on the previously proposed equation:13

r ¼ kP
1=2
H2

P
1=3
CO2

ð1þ KH2
P
1=2
H2

þ KCO2
P
1=2
CO2

þ KH2OPH2OÞ2
: (11)

The temperature dependence of the rate constant and equi-
librium constants in Eq. 11 are described by Arrhenius equa-
tions:

k ¼ ka expð�E=RTÞ; (12)

K ¼ Ka expð�DH=RTÞ: (13)

The effective activation energy, E, and the effective en-
thalpy of adsorption, DH, were obtained from the experimen-
tal results, as shown in Table 1. The constants in Eq. 11
were determined using these values for each temperature.
Only the value of ka was determined from the analysis of the
results in fluidized beds. Figure 2 shows the relationship
between conversion and the gas-volume reduction rate at
473 K. The gas-volume reduction rate was normalized by
the rate at the reactor inlet. As shown in the figure, the gas-
volume reduction rate decreased sharply with increasing con-
version. When the conversion was 0.5, the gas-volume
reduction rate was 35% of that at the reactor inlet.

Results and Discussion

Evaluation of the fluidization quality

Time series schematic pictures of defluidization have been
presented in previous papers.8,12 When carrying out the

Table 1. Apparent Energy of Activation and Enthalpy of Adsorption

ka (mol kg Pa�5/6 s�1) KH2 (Pa
�1/2) KCO2 (Pa

�1/2) KH2O (Pa�1)
3.98 � 10�1 3.08 � 10�8 8.41 � 10�7 2.14 � 10�7

E (J mol�1) DHH2 (J mol�1) DHCO2 (J mol�1) DHH2O (J mol�1)
5.45 � 104 –4.61 � 104 –3.67 � 104 –2.39 � 104

Figure 1. Relationship between CO2 conversion and
gas-volume ratio.
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reaction in a fluidized bed, the bed divided into two sections
at a height of around 200 mm. The length of the upper
defluidized section was about 150 mm. Its voidage was
smaller than that of the settled bed and it was lifted through
the column by the gas flow. The lower part was fluidized af-
ter the separation. Under these conditions, the gas supply
from the bubble phase could not compensate for the gas con-
sumption in the emulsion phase.

If the force balance on particles is lost due to a decrease
in gas velocity in the emulsion phase, the voidage in the
emulsion phase reduces and the apparent viscosity of the
phase increases. As a result, gases cannot rise as bubbles
and form channels. When the gas-volume reduction rate
increases further, the emulsion phase contracts and even
channels cannot be formed. Consequently, the defluidized
part formed a fixed bed and was lifted through the column
like a moving piston.

On the basis of direct observation, we classified the fluid-
ization quality into three regions: A (good fluidization), B
(poor fluidization), and C (defluidization). Channeling was
observed in region B and defluidization in region C.

Map of the fluidization quality

Figure 3 shows a plot of the relationship between the gas-
volume reduction rate and gas-volume ratio for all experi-
mental runs, along with the fluidization quality. A similar
map was shown using values at the reactor inlet in a previ-
ous paper.8 In the present study, however, the averaged val-
ues through the bed were plotted. Defluidization was
observed in the runs shown by closed circles. It was easy to
generate defluidization with a high gas-volume reduction
rate; when the gas-volume reduction ratio was above 0.9,
however, defluidization could be avoided even if the gas-vol-
ume reduction rate was high. The figure shows that defluid-
ization occurred when the gas-volume reduction rate
exceeded 0.01/s and the gas-volume ratio was below 0.9.

Good fluidization was observed in the runs indicated by
the open circles. Good fluidization quality could be achieved
by maintaining the gas-volume reduction rate below 0.01/s

throughout the bed. The gas-volume reduction rate can be
decreased by decreasing the reaction rate; however, is not
desirable for industrial reactors because it produces low con-
version.

Effect of temperature

The reaction rate and gas-volume reduction rate increase
with temperature. When the reactant gases were fed only
from the bottom, and the temperature was raised to 483 K,
channeling was observed. In addition, the defluidized part of
the bed sometimes formed a packed bed that was lifted
through the column. This moving part gradually collapsed
from the bottom at this temperature. Although the fluidiza-
tion quality was basically poor under these conditions, the
phenomenon occurred only intermittently once or twice dur-
ing a period of 100 s. When the temperature was raised to
493 K, defluidization occurred frequently but the moving
part did not collapse. In this case, the gas supply was
stopped to prevent particle entrainment from the reactor.

Figure 4 shows the vertical change in the gas-volume
reduction rate, �r*v, when all reactants were fed from the
bottom. The overall reaction rate was calculated using a sim-
ple piston-flow reactor model. The vertical change was
determined from the experimental conversion value. There-
fore, the values at z/Lf ¼ 0 and z/Lf ¼ 1 were directly
obtained. Because no fluidized bed model can estimate the
vertical concentrations correctly, we used a piston-flow reac-
tor model. Thus, the lines in this figure might not exactly
correspond to the vertical profile of concentrations in the
emulsion and bubble phases. However, the concentrations at
both the inlet and outlet of the reactor were measured val-
ues, and the actual distribution curve for the concentration
will be concave. Therefore, the calculated line connecting
the two end points is a sufficient approximation.

Good fluidization was observed at 463 K. In this case, the
gas-volume reduction rate was below 0.01/s throughout the
bed. In contrast, defluidization was sometimes observed at

Figure 2. Relationship between CO2 conversion and
gas-volume reduction rate at 473 K.

Figure 3. Effect of gas-volume reduction rate and gas-
volume ratio on fluidization quality when
reaction gases were supplied from only the
bottom.
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483 K. At this temperature, the reduction rate exceeded
0.01/s throughout the bed, suggesting that the possibility of
formation of defluidization increases with an increase in the
length of the region having a gas-volume reduction rate in
excess of 0.01/s.

Figure 5 shows operating lines constructed according to
the relationship between the gas-volume reduction rate and
gas-volume ratio. The gas-volume reduction rate decreases
with increasing bed height, while the gas-volume ratio
increases with bed height. Because the gas-volume reduction
rate is 0/s and gas-volume ratio is unity when the conversion
is 100%, the curve postpones toward this point. The right
and left ends of each operating line indicates the experimen-
tal values at the reactor inlet and outlet, respectively. This
line is independent of the axial distribution of concentration,
and depends on the end values. The lines in Figure 5 are

outside of the defluidization zone and show that defluidiza-
tion can be avoided by decreasing the temperature. However,
at low temperature, conversion is low at this bed height and
gas velocity.

Effect of the secondary-inlet height

One of the reactants, CO2, was fed from both the bottom
and a secondary gas nozzle. Fluidization quality increased
when the height of the secondary inlet, H, was raised.11 Fig-
ure 6 shows the vertical change of the gas-volume reduction
rate when H was changed at 493 K and 25% of the total
CO2 was fed from the bottom. The rest of CO2 was fed
from the secondary inlet, making the ratio of the feed
from the secondary gas inlet, RD, 0.75. The line for H ¼ 0
was the calculation when the reactant mixture was fed only
from the bottom.

The gas-volume reduction rate at the inlet was 0.032/s,
and independent of H. The conversion calculated using the
parameters given in Table 1 is given in Table 2. As the
conversion decreased with increasing H, the gas-volume
reduction rate at the reactor outlet increased slightly with
increasing H. Because the CO2 concentration of the reactant
gas fed from the bottom was low for the two-staged feed,
most CO2 reacted and the gas-volume reduction rate
sharply decreased just below the secondary gas inlet when
H ¼ 0.3 m.

Good fluidization was observed when H was 0.3 m,
whereas defluidization was observed when H was 0.1 m. As
the reaction rate was not influenced by gas composition, the
gas-volume reduction rates at the inlet were almost the same
for single and stage feeds. The gas-volume reduction rate

Figure 4. Axial distribution of gas-volume reduction
rate when reaction gases were supplied from
only the bottom.

Figure 5. Effect of temperature on the operating lines
when reaction gases were supplied from only
the bottom.

Figure 6. Effect of the height of the secondary inlet on
the vertical distribution of gas-volume reduc-
tion rate at 493 K when RD50.75.

Table 2. Effect of H on Conversion when T 5 493 K and
RD 5 0.75

H (m) 0 0.1 0.2 0.3
xA (%) 39.6 38.9 37.0 33.1
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was high and above 0.01/s in the lower part of the bed. Fig-
ure 7 shows that the gas-volume ratio in this region was
large (about 0.88), and therefore, the fluidization quality in
this region was good. When H was 0.1 m, the gas-volume
reduction rate increased and the gas-volume ratio decreased
to about 0.6 when CO2 was introduced from the secondary
inlet, indicating that defluidization was easily induced. In
contrast, when H was 0.3 m, the gas-volume ratio was held
high in the greater part of the bed as shown in Figure 7, and
defluidization did not occur. The region where the gas-vol-
ume ratio was about 0.65 and the gas-volume reduction rate
was [0.01/s was short. In addition, since the movement of
particles and bubbles is vigorous near the bed surface,
defluidization was not induced. Miyauchi et al.14 showed
that the contact efficiency between the gas in bubbles and
catalyst particles was high in this region.

Figure 8 shows the operating lines for the two-staged
feed. The operating lines below and above the secondary
inlet differed. Although the initial point was the same for all
conditions, the endpoints corresponding to the reactor outlet,
were slightly different. Because hydrogen was stoichiometri-
cally excessive below the secondary inlet, the gas-volume
ratio almost reached unity. Increasing the level of the sec-
ondary inlet decreased the gas-volume reduction rate after
the second feed. Although the operating line was involved in
the defluidization zone, it was short, as described above, and
this prevented defluidization when H was 0.3 m.

Effect of the carbon dioxide distribution ratio

The effect of the CO2 distribution ratio between the bot-
tom and the secondary inlet on fluidization quality was
investigated. According to a previous study,11 the fluidiza-
tion quality increased with increasing RD. However, the
effect of the distribution ratio on the fluidization was not
large. Figure 9 shows the relationship between the gas-vol-
ume reduction rate and gas-volume ratio. The level of the
secondary inlet was 0.2 m and the temperature was 493 K.
As the composition of the feed gas supplied from the bottom
was different between the two cases, the parameters drew
different lines below the secondary inlet.

When RD was 0.25, the lower part of the bed was
involved in the defluidization zone. As the gas-volume
reduction rate decreased and the gas-volume ratio increased
when RD was increased, fluidization quality improved in the
lower part of the bed for higher RD. In this case, however,
the ratio of the CO2 supplied from the secondary inlet was
high, hence the gas-volume reduction rate increased and the
gas-volume ratio decreased above the secondary inlet. Fig-
ure 9 shows that the region below the secondary inlet was
not involved in the defluidization zone when RD was 0.75,
but a wider region was involved in the defluidization zone
above the secondary inlet. When RD was changed, the oper-
ating line of either the lower or upper part of the bed was
involved in the defluidization zone. Therefore, the effect of
the distribution ratio on the fluidization quality was small.

Figure 7. Effect of the height of the secondary inlet on
the vertical distribution of gas-volume ratio
at 493 K when RD50.75.

Figure 8. Effect of the height of the secondary inlet on
the operating lines at 493 K when RD50.75.

Figure 9. Effect of gas-volume reduction rate and gas-
volume ratio on fluidization quality at 493 K
when H 5 0.2 m.
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Conclusions

Significant defluidization occurred when carrying out the
hydrogenation of CO2 in a fluidized catalyst bed. The cause
of this phenomenon is a decrease in the gas velocity in the
emulsion phase. The defluidization zone is indicated as a
map using two parameters: the gas-volume reduction rate
and the gas-volume ratio. Defluidization can be avoided by
feeding CO2 into the bed from both the bottom and a sec-
ondary inlet. The improvements from staged feeding were
analyzed using the vertical distribution of the values of pa-
rameters based on experimental results. Good fluidization
could be maintained by controlling the operating line drawn
by the parameters not involved in the defluidization zone.
When the CO2 feed is staged, the fluidization quality can be
improved by decreasing the gas-volume reduction rate and
controlling the gas-volume ratio at a level near unity. Good
fluidization quality can be maintained by keeping the gas-
volume reduction rate below 0.01/s. There are some
approaches besides staged feeding method for improving the
fluidization quality for this kind of reaction. For this pur-
pose, the map and operating lines proposed in the present
study are useful in studying the operating conditions.
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Notation

a, b, c, d ¼ stoichiometric coefficients in Eq. 1
E ¼ effective Arrhenius activation energy, kJ mol–1

H ¼ height of secondary gas-inlet, m
DH ¼ effective enthalpy of adsorption, kJ mol–1

k ¼ reaction rate constant in Eq. 2, mol m–3 s–1 Pa–5/6

KH2 ¼ equilibrium constant in Eq. 2, Pa–1/2

KCO2 ¼ equilibrium constant in Eq. 2, Pa–1/2

KH2O ¼ equilibrium constant in Eq. 2, Pa�1

Lf ¼ bed height of fluidized bed, m
PH2 ¼ partial pressure of H2, Pa

r ¼ reaction rate, mol m–3 s–1

r0 ¼ reaction rate at reactor inlet, mol m–3 s–1

–rv ¼ relative gas-volume reduction rate at inlet, s–1

�r*v ¼ relative gas-volume reduction rate, s–1

�r*ve ¼ relative gas-volume reduction rate based on gas volume in
emulsion phase, s–1

R ¼ gas constant, J K–1 mol–1

RD ¼ ratio of CO2 supplied from secondary gas-inlet
t ¼ time, s
T ¼ temperature, K
xA ¼ CO2 conversion
yA0 ¼ initial molar ratio of CO2

z ¼ coordinate of bed height, m

Greek letters

eA ¼ expansion factor (¼dA yA0)
eb ¼ averaged gas-bubble holdup

efe ¼ volume fraction of gas in emulsion
dA ¼ expansion per mole of reference component A [¼(–a – b þ

c þ d)/a]
g ¼ ratio of gas volume at xA ¼ 1 to that at xA ¼ 0
g* ¼ ratio of gas volume at xA ¼ 1 to that at xA ¼ xA
gx ¼ ratio of gas volume at xA ¼ xA to that at xA ¼ 0

Subscripts

a ¼ Arrhenius pre-exponential factor
CO2 ¼ carbon dioxide
H2 ¼ hydrogen

H2O ¼ water
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