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Abstract−A circulating fluidized bed (CFB) with a hybrid design has been developed and optimized for steam hydro-
gasification. The hybrid CFB is composed of a bubbling fluidized bed (BFB) type combustor and a fast fluidized bed
(FB) type gasifier. Char is burnt in the combustor and the generated heat is supplied to the gasifier along with the bed
materials. Two different types of fluidized beds are connected to each other with a newly developed partitioned loop
seal to avoid direct contact between two separate gas streams flowing in each fluidized bed. Gas mixing tests were car-
ried out with Air and Argon in a cold model hybrid CFB to test the loop seal efficiency. Increase in solid inventory in
the loop seal can improve the gas separation efficiency. It can be realized at higher gas velocity in fast bed and with
higher solid inventory in the loop seal system. In addition, bed hydrodynamics was investigated with varying gas flow
conditions and particle sizes in order to obtain a full understanding of changes of solid holdup in the FB. The solid
holdup in the FB increased with increasing gas velocity in the BFB. Conversely, increase in gas velocity in the FB con-
tributed to reducing the solid holdup in the FB. It was observed that changing the particle size of bed material does not
have a big impact on hydrodynamic parameters.

Keywords: Circulating Fluidized Bed, Hydrogasification, Hydrodynamics, Gas Mixing, Loop Seal

INTRODUCTION

Growing concerns about the depletion of oil resources and green-
house gas emission have driven worldwide attention to alternative
energy sources such as coal, biomass and refuse derived fuel. Among
them, biomass is an attractive feedstock for producing transporta-
tion fuels as its use contributes little or no net carbon dioxide to
the atmosphere [1]. In this respect, gasification is expected to be
an important technology because it allows the conversion of bio-
mass into storable and transportable fuel.

Gasification, which is the reaction of solid fuels with air, oxygen,
and steam at a temperature over 700 oC, yields a gaseous product
suitable for use either as a source of energy or as a raw material for
the synthesis of chemicals, liquid fuels, or other gaseous fuels. There
are roughly three types of generic gasifiers: entrained flow beds,
fluidized beds, and fixed beds [2]. Among them, fluidized bed gas-
ifiers have several advantages, such as relatively low operating tem-
perature, high conversion efficiency with synthesis gas recycling,
and durability for corrosive materials.

In a conventional fluidized bed gasifier, gasification and com-
bustion reactions occur in one bed simultaneously. Therefore, syn-
thesis gases are inevitably diluted by inert gases and combusted gases
(CO2). However, in specially designed gasifiers, such as a dual flu-

idized bed gasifier [3-6], internally circulating fluidized bed with
draft tube [7], and compartmented fluidized bed [8], a partitioned
fluidized bed gasifier [9-11], synthesis gases can be obtained with-
out diluting or mixing with combusted gases. In addition, since
the generated heat from the independent combustor is supplied to
the gasifier along with the bed materials directly, thermal efficiency
of the gasification reaction can be improved.

Hydrogasification is gasification in a hydrogen-rich environment,
often used for the production of synthetic natural gas (SNG) from
solid fuel. It does not require an oxygen plant, which can be a sub-
stantial cost to a gasification facility. However, it tends to have low
carbon conversions and product yields and slow reaction rates with-
out the use of catalysts. Steam hydrogasification (SH) presented as
below is a thermochemical process operated at high temperature
(750-850 oC) and pressure (50 bar) fed with steam and H2 as gas-
ifying agents, producing methane rich gas. Especially, SH shows
high efficiency at low temperature and pressure with a direct input
of water when compared to hydrogasification [12,13].

C+H2O+2H2→CH4+H2O+CO, CO2, C2+

Since gasification is a endothermic reaction, external heat is re-
quired for the process because the feedstock and gasifying agents
must be heated to high reaction temperatures (750-850 oC). It is
thus essential to develop a proper reactor to address the heat sup-
ply issue with SH. This external heat source can be addressed by
adopting a specific type of fluidized bed reactor, and circulating
fluidized bed (CFB) with a hybrid design was suggested for the pur-
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pose. The design of a hybrid CFB reactor consists of fast bed (FB)
with a bubbling fluidized bed (BFB) connected with a cyclone.

For the optimal design of fluidized bed gasifiers, the understand-
ing of gas mixing behavior is recognized as one of the most import-
ant factors. These behaviors affect heat and mass transfer rates in
the bed dominantly. In addition, better understanding of gas mix-
ing in the bed can improve the unit operation efficiencies. There-
fore, cold model experiments should be done before running real
mode operation from the viewpoint of economics. Up to now, a
number of researchers have reported gas mixing behaviors in vari-
ous cold model fluidized beds [3,12,14-17] and those numerical
modeling [18-23].

In this study, cold model experiments in a circulating fluidized
bed (CFB) with a hybrid design were executed to understand gas
mixing behavior and hydrodynamics of bed particles. Two different
types of fluidized beds were connected to each other with a newly
developed partitioned loop seal to avoid direct contact between
two separate gas streams flowing in each fluidized bed. Gas mix-
ing tests were carried out with Air and Argon in a cold model hybrid
CFB to test the loop seal efficiency. Bed hydrodynamics was inves-
tigated with varying gas flow conditions and particle sizes in order
to obtain a full understanding of changes of solid holdup in the
FB. The objective of this study was to understand gas mixing char-
acteristics under various operating conditions.

Fig. 2. Experimental apparatus of cold model hybrid fluidized bed.
1. Fast bed 1.2. Mixer 3. Bubbling fluidized bed 5. Flow meter 7. Gas distributer
1.1. Upper bed 2. Cyclone 4. Bag filter 6. Gas analyser (RGA)

Fig. 1. Circulation of heat and mass in the hybrid CFB.

BASIC CONCEPT

1. Gas Mixing in the Cold Model Hybrid CFB
An important feature of the hybrid CFB is the separation of gases

in the loop seal in BFB aimed at preventing the contamination of
a valuable gasification product gas with flue gas from combustion.
Since, the gasification reaction needs more reaction time than com-
bustion reaction. In this system, some part of reactants, such as coal,
is gasified in the riser section and the rest part is transferred to the
bubbling fluidized section as char state. The transferred char is con-
verted to thermal energy via combustion reaction in the bubbling
fluidized section, and then the thermal energy is transferred to the
riser along with the bed materials to enhance gasification reaction
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in the riser section. Also, a mixing zone with wide diameter was
equipped in the bottom of the riser section to increase the solid re-
sidence time. In this process, residence time for gasification reaction
can be guaranteed by controlling flow rates and loop seal operation.

The loop seal is filled with bed materials (sand) to minimize the
degree of contact between gas streams in FB and BFB. To test the
critical function of the loop seal, a mixing test was carried out with
Air and Argon in the cold model hybrid CFB. The less mixing is
observed the better.
2. Hydrodynamics of Bed Particles in the Cold Model Hybrid
CFB

Bed hydrodynamics was investigated at various gas flow condi-
tions in order to obtain a full understanding of dynamic changes
of solid holdup in the FB. Understanding bed hydrodynamics in
the configuration is important because it is deeply related to not
only the heat circulation in the system for endothermic SH but
also great gas-solid mixing to improve mass and heat transfer.

Necessary heat for the endothermic gasification reaction is deliv-
ered by means of circulation of bed materials. High mass and heat
transfer rates can be achieved by active gas-solid mixing behavior.
Therefore, the distribution of the solid inventory in FB governs
reaction rate and thus carbon conversion during SH operation in
a hybrid CFB. For these reasons, the solid inventory in the FB was
closely observed under diverse fluidization conditions in BFB and
FB utilizing pressure manometers to study the influence of the flu-
idization conditions on hydrodynamics parameters.
3. Configuration of the Cold Model Hybrid CFB

A cold model hybrid CFB was designed and built with a trans-
parent acrylic plastic for the purpose of studying the gas mixing
and hydrodynamics of bed material in the configuration. The cold
model hybrid CFB corresponds to a pilot demonstration unit (PDU)
hybrid CFB that is currently under development and construction
at center for environmental research & technology (CE-CERT),
University of California Riverside (UCR). The particular feature of
the design is the two types of fluidized beds connected to each other
with a partitioned loop seal to avoid direct contact between two
separate gas streams flowing in each fluidized beds. The design is
well described in Fig. 2. The FB, unit 1, is designed for SH with an
active solid-gas mixing with a stream of steam and H2 as gasifying
agents while the BFB, unit 3, is for combustion of residual char from
gasification with Air. These two different gas streams in two fluid-
ized beds exhaust the configuration separately, one stream from
FB through upper bag filter and the other stream from BFB through
lower bag filter. As can be seen in Fig. 1, the necessary heat for SH

can be provided from an exothermic reaction (combustion) and
supplied by a means of circulation of bed material between FB and
BFB. The two partitioned walls in BFB serve as a loop seal in the
bubbling fluidized bed (BFB), which is a unique feature. Dimen-
sions for the reactor are given in Table 1. Many researchers have
studied the hydrodynamics of bed particles in a fluidized bed recently.
Kaiser et al. [12] studied the circulation of bed material in a CFB
gasification system with a dual fluidized bed concept, and the changes
of the solid holdup under different fluidization conditions.

Detailed unique features of a loop seal system are shown in Fig.
3. In this study, a 3-partitioned loop seal system was established to
prevent gas mixing between syngas and combusted gas. Char is
introduced from riser and O2 is introduced into center and right
bed for combustion reaction. H2O is also introduced into left bed
for gasification reaction. As Moon et al. [10] stated in the previous
paper, solid mixing is maximized whereas horizontal gas mixing is
minimized in the partitioned fluidized bed. Therefore, highly con-
centrated combusted gas, mostly CO2, is emitted from the right bed
and syngas in the left bed is transferred to the mixer, bottom of the
riser. Heated bed material by combustion reaction is also trans-
ferred to the mixer with carrying thermal energy.

EXPERIMENTS

1. Gas Mixing Test
Gas mixing tests examined the level of mixing of gases from two

reactors under different fluidization conditions using Air and Argon
(Ar). As for gas flow inlet, Air was injected into FB and through
left gas inlet into BFB, while Ar entered system through right gas
inlet into BFB. In the configuration, a pure stream of Air from FB
and Ar from BFB can be expected without any degree of mixing
of gases. The exhausting gas streams, respectively, from FB and BFB
were analyzed utilizing a residual gas analyzer (RGA). Silica sand
with 150μm average diameter (OK-75, US Silica) was used as bed

Table 1. Dimension of the cold model CFB
Fast bed (FB)

Diameter (Dmixer) 5.08 cm
Diameter (Dupper bed) 4.20 cm
Height (hfast bed) 200 cm

Bubbling fluidized bed (BFB)
Diameter (Ddowncomer) 4.20 cm
Width (wloopseal) 5.08 cm
Depth (dloopseal) 5.08 cm
Height (hloopseal) 100 cm

Fig. 3. Conceptual design of a partitioned loopseal (L: left bed, C:
center bed, R: right bed).
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material for the gas mixing experiments. Detailed properties of bed
material and fluidizing gases are listed in Table 2.

Variables for the gas mixing test were determined based on a
calculation of minimum fluidizing velocity (Umf) and terminal veloc-
ity (Ut) for bed material with a specific particle size of 150μm. As
mentioned above, the volumetric flow rate of Air and Ar was cho-
sen on the basis of Umf, Ut of bed material of 150μm silica sand.

(1)

(2)

(3)

(4)

Umf for 150μm sand in the BFB is calculated by Eq. (1), while
Ut in the FB reactor is obtained from Eqs. (2)-(4) [24], where, dp

means particle diameter of the sand (m), ρg is gas density (kg/m3),
ρs is particle density (kg/m3), μ is gas viscosity (kg/m·s), εmf is void
fraction at minimum fluidization (-), Φs is sphericity of a particle
(-), dp

* is dimensionless particle diameter (-), Ut
* is dimensionless

terminal velocity of a falling particle (-) for calculating terminal
velocity (Ut). Minimum fluidizing velocities and terminal veloci-
ties of silica sands with various sizes for Air and Ar are calculated
in Table 3.

Minimum fluidizing velocities of the bed material were meas-
ured experimentally and then compared with theoretical values.
Optimal εmf values were obtained by minimizing the objective
function, the sum of squared residuals between experimental data
and calculated data. On the other hand, sphericity of bed materi-
als (Φs) was assumed as 0.86, the conventional value.

2. Hydrodynamics of Bed Particles
The test of the hydrodynamics was carried out in the cold model

CFB with a hybrid design built with acrylic plastic. Air was injected
into FB and BFB and Ar was injected into BFB at ambient tem-
perature, pressure. The flow rates were controlled by flow meters.
The FB is composed of two parts, a mixer (section 1.2 in Fig. 2)
and an upper bed (Section 1.1 in Fig. 2). The solid holdup in the
mixer and upper bed was measured by pressure manometers con-
nected to the FB under various fluidization conditions. The inves-
tigation of distribution of solid holdup in each part of the FB helps
learning how to control the movement of the bed material in the
system effectively. The FB is operated at two fluidization regimes,
which are turbulent regime for the mixer and fast regime for upper
bed. A cyclone, gas-solid separator, placed after FB, separates the
entrained solids, such as char, ash, and bed material, from the gas
flow exiting FB.

The study in hydrodynamic behavior of solid holdup in FB was
carried out by measuring pressure difference in pressure manome-
ters installed 4.1, 32.4, and 217.2 centimeters high from the dis-
tributor. Measured pressure differences were later used to estimate
the solid holdup in each sector of the FB. Before each test, a fresh
batch of sand was weighed and introduced into BFB. The designed
tests were performed at different flow rates of Ar and Air in the
BFB and the FB.

In this study, solid inventories (kg) up were calculated by Eqs.
(5) and (6) [24]. First, differential pressures at static condition were
measured and then converted to solid inventories.

(5)

(solid inventory)=Lmf ·(cross sectional area)·ρs (6)

where Lmf is height of minimum fluidized bed (m), ΔPb is pres-
sure drop across the bed (Pa), ρs is density of solid (kg/m3), ρg is
density of gas (kg/m3), g is acceleration of gravity (9.8 m/s2), and gc

is gravity conversion factor (1 kg·m/N·s2).
Silica sand (OK-75, US Silica) was used as bed material for the

gas mixing and bed hydrodynamic experiments. The tests were run
with three different groups of sands classified by the mass-average
particle size of 150, 214, and 242μm. The different sizes were used
in order to gain a deep understanding of the influence of particle
size on hydrodynamic parameter, solid holdup in the FB. The influ-
ence of varying particle size of bed material on bed hydrodynam-
ics is of importance since this has to be taken into account when
determining the range of particle size of bed material and feedstock
for the gasification tests in a hybrid CFB. Understanding bed hydro-
dynamics behavior under different flow rates of gases into the BFB
and FB can also help find optimum flow rates for gasification tests
in terms of residence time, heat and mass transfer.

RESULTS AND DISCUSSION

1. Gas Mixing Test in the Cold Model Hybrid CFB
To evaluate gas mixing, pure Ar gas (99.99%+) was introduced

into the left bed in BFB and the mixer in FB. Ambient air was intro-
duced into the center and the right beds in BFB by using a com-
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Table 2. Properties of bed material and fluidizing gases
Bed material (silica sand, OK-75)

Particle diameter (Dp) 150-242.5 µm
Skeletal density (ρs) 2650 kg·m−3

Bulk density (ρb) 1250 kg·m−3

Fluidizing gas (Air and Ar at atmospheric condition)
Density (ρg, Air) 1.18 kg·m−3

Viscosity (μg, Air) 1.76×10−5 kg·m−1·sec−1

Density (ρg, Ar) 1.78 kg·m−3

Viscosity (μg, Ar) 2.23×10−5 kg·m−1·sec−1

Table 3. Minimum fluidizing velocities and terminal velocities for
silica sand with various sizes

Particle size (µm) 150 200 (214.4) 250 (242.5)
Fluidizing gas (-) Air Ar Air Ar Air Ar
umf (cm·sec−1) 02.38 01.87 04.87 03.83 006.22 004.90
ut (cm·sec−1) 55.00 50.30 89.11 86.46 103.49 102.61
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pressor and flow controllers. As can be seen in Fig. 4(a), increasing
Air flow rate in FB resulted in a decrease in the Ar amount mixed
in the exiting gas from the FB, which means lower degree of mix-
ing of gases. This can be explained as that the higher Air flow rate
transported more amount of bed material into BFB for the same
period of time, resulting in improved loop seal efficiency. Namely,
more amount of bed material circulation causes more amount of
thermal energy supply into the riser. It can also improve the gasifi-
cation efficiency. Furthermore, the effect of the change in Air flow
rate in the BFB was investigated. The result in Fig. 4(b) displays an
insignificant influence but slightly decreasing trend of mixing level.
This result can be speculated such that as the flow rate of Air in-
creases, the vigorous Air flow in the BFB prevented Ar transporta-
tion to FB, which resulted in lower Ar amount in the FB. Note that
the change in Air flow in the FB plays a bigger role in a sealing
effect than in BFB.

As mentioned above, the loop seal was designed and filled with
sand for the purpose of preventing the contamination of valuable
product gas with flue gas exiting from combustion part in a hybrid
CFB when gasification reaction occurs. In the cold model hybrid

CFB, the result of the mixing test with change in the solid inven-
tory in the loop seal proved that increase in solid inventory in the
loop seal has a positive effect on efficiency of gas separation in the
system. It can be seen that percentage of Ar decreases from 5.49%
to 3.85% in Fig. 5 with increasing solid inventory in the system.
2. Hydrodynamics of Bed Particles in the Cold Model Hybrid
CFB

Fig. 6 shows the results of bed hydrodynamic test at 9.91 Nm3/
hr of Air injected into FB with different flow rate of Air and Ar
injected into BFB. The flow rates of gases are shown in the form of
dimensionless velocity (uBFB/umf). First, an increase in solid holdup
was observed in both the upper bed and the mixer with increas-
ing gas velocity in BFB for all three types of sand. Second, the rate

Fig. 4. Effect of inlet gas velocities of (a) a fast bed and (b) a bub-
bling fluidized bed on gas mixing behaviors: Ar concentra-
tion in the gas stream exiting from a fast bed.

Fig. 6. Hydrodynamics of bed particles at flow rate of 9.91 Nm3/hr
at (a) the mixer and (b) the upper bed.

Fig. 5. Effect of solid inventory in the loop seal (BFB) on gas mix-
ing behaviors: Ar concentration in the gas stream exiting
from a fast bed.
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of the increase varies depending on particle size of sand. That is,
whereas the solid holdup of 150μm sand increases slowly with in-
crease in gas velocity in BFB, the one of 200μm and 250μm increases
relatively steeper. It can be explained that superficial gas velocity
reached ut of most of particles in the 150μm sand group which
resulted in immediate migration of most of the particles out of the
FB. Therefore, less solid holdup in FB was observed for 150μm
group compared to other groups of sand. As for the other sand groups
(212 and 242μm), once the group of sand was transported from
BFB to FB, a large portion of the group of sand failed to exit FB
due to bigger particle size, which led to increasing solid holdup in
FB.

Fig. 7 and Fig. 8 show the results of bed hydrodynamic test at
11.33 and 12.74 Nm3/hr of Air injected into FB, respectively. Over-
all increasing trend of solid holdup for all three types of sand was
observed in both the upper bed and mixer with increasing gas veloc-
ity in BFB. As for the solid holdup for different size of sand (150,
200, and 250μm), the bigger particle group overall showed higher
solid holdup. Also, the slope of the graphs for all types of sand is
almost the same as can be seen in Fig. 7 and Fig. 8. During the tests
the circulation of the groups of sand (200, 250μm) was intermit-
tently interrupted during the tests at 11.33, 12.74 Nm3/hr in FB.
The circulation of sand can be achieved when the particle flow in
the direction from the cyclone to BFB is strong enough to suppress
the other uprising flow from BFB to FB or the cyclone. Further-
more, relatively heavier sand particles in the groups settled down
to form a saltation layer of bed material at the bottom of the pipe
between FB and cyclone. Therefore, the volumetric flow reduced
in the result of smaller available cross sectional area of the pipe.
This can explain the reduced solid holdup for the groups at the flow
rate of 11.33, 12.74 Nm3/hr in the FB. Simply, transportation of sand
from BFB to FB was reduced in the situation. This interruption
did not appear to happen with the smallest sand group of 150μm.

The solid residing in the FB at fixed flow rate of 12.74 Nm3/hr
increased with increase in UBFB. This is thought to be due to bed
material transported to the FB faster at higher UBFB with fixed Ufast,
resulting in the increased solid holdup. When comparing the solid
holdup for different size of sand (150,200, and 250μm), the big-
ger particle group overall showed higher solid holdup. Also, the
slope of the graphs for all types of sand is almost the same as can
be seen in Fig. 7 and 7. As explained previously, the relatively lower
solid holdup of the 200, 250μm groups of sand can be explained
by the reduced flow rate leaving FB. The results above show that
the flow rate which determines the superficial gas velocity in the
BFB is highly influential to the circulation of bed material in the
hybrid CFB.

Bed hydrodynamics behavior tests overall suggest the impor-
tance of studying the trend of increase in solid holdup under cer-
tain flow rates under which it shows the steeper increase than the
others. It is because the steep increase in solid holdup in the FB
during gasification test at high temperature and pressure can mean
excessive amount of bed material moved to the FB. And this can
result in several unfortunate scenarios such as cyclone flooding or
poor heat and mass balance in the system.

CONCLUSIONS

A cold model hybrid CFB was designed and built with a trans-
parent acrylic plastic for the purpose of studying the hydrodynam-
ics of bed material. The hybrid CFB for SHR will be developed with
a better understanding of this specific type of reactor based on the
research carried out in the cold model reactor. Mixing tests exam-
ined the level of mixing of gases from two beds using Air and Argon.
The result of the first mixing test was that the gas stream exhaust-
ing combustor showed 100% pure Argon content, while the other
gas stream exiting FB contained 95.3% of Air and 4.7% Argon. The
result of the second mixing test under different fluidization condi-
tions in BFB proved that increase in solid inventory in the loop

Fig. 8. Hydrodynamics of bed particles at flow rate of 12.74 Nm3/
hr at (a) the mixer and (b) the upper bed.

Fig. 7. Hydrodynamics of bed particles at flow rate of 11.33 Nm3/
hr at (a) the mixer and (b) the upper bed.



1446 D.-H. Bae et al.

July, 2015

seal (BFB) can improve the gas separation efficiency which can be
realized at higher gas flow into FB and with higher solid inven-
tory in the cold model CFB. The study of hydrodynamic behavior
of solid holdup in the FB was carried out with different groups of
sand, Ufast, and UBFB. The solid holdup in the FB increased with in-
crease in UBFB. Conversely, increase in Ufast contributed to reduc-
ing the solid holdup in the FB. It was observed that changing the
particle size of bed material did not have a big impact on hydro-
dynamic parameters. The Ufast should reach Ut for the biggest par-
ticle in a group of sand in the FB in order to enable a reliable analysis
with the test data. The solid holdup in the FB is deeply related to
kinetics of gasification reaction since bed material represents the
mixing of solid and gas and furthermore heat and mass transfer.
Therefore, it is necessary to know the changing trend of solid holdup
in FB for interpretation of gasification reaction results in the con-
figuration.
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NOMENCLATURE

Dmixer : diameter of mixer [cm]
Dupper bed : diameter of upper bed [cm]
DBFB : diameter of bubbling fluidized bed [cm]
hfast : height of fast bed [cm]
hBFB : height of bubbling fluidized bed [cm]
ds : average diameter of sand [μm]
Ut : terminal velocity [cm/sec]
Umf : minimum fluidization velocity [cm/sec]
Qfast, AIR : air flow rate injected into fast bed [Nm3/hr]
QBFB, AIR : air flow rate injected into bubbling fluidized bed [Nm3/

hr]
QBFB, Ar : argon flow rate injected into bubbling fluidized bed [Nm3/

hr]
Uupper bed : superficial gas velocity in upper bed [cm/sec]
Umixer : superficial gas velocity in mixer [cm/sec]
Ufast : superficial gas velocity in fast bed [cm/sec]
UBFB : superficial gas velocity in bubbling fluidized bed [cm/sec]
mSYS : sand inventory in the system [kg]

Greek Symbols
ρs : particle density of sand [kg/m3]
ρG : density of gas (air) [kg/m3]

Abbreviations
GHG : greenhouse gas

CE-CERT: center for environmental research & technology (CE-
CERT)

UCR : University of California, Riverside
SH : steam hydrogasification
CFB : circulating fluidized bed
BFB : bubbling fluidized bed
FB : fast bed
RGA : residual gas analyzer
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