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To study the influence of fluidized-bed reactor scale-up on coal gasification characteristics, a model of the ash agglom-
erating fluidized-bed reactor has been developed using an equivalent reactor network method. With the reactor network
model, the scale-up effects of a gasifier were studied in terms of the characteristics of the chemical reactions in the jet
zone, the annulus dense-phase zone and the freeboard zone. Results showed that the changes occurred in the inequality
proportion of the volume of the jet zone during the reactor scale-up. Taking into consideration the utilization of a por-
tion of the backflow gas, the expansion of the jet zone volume and the coal particle residence time, the temperature of
the jet zone was increased from 1592 to 1662 K. Also, both the annulus dense-phase zone temperature and the free-
board zone temperature decreased, causing subsequent decrease in the carbon conversion efficiency. VC 2014 American
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Introduction

Ash agglomerating fluidized-bed gasifier (AFB),1–4 such
as U-GAS

VR

and KRW, is considered as one of the most
effective reactors to handle coal with higher ash content and
ash fusion temperature. AFB has the advantages of moderate
operating temperature, lower oxygen consumption, and flexi-
bility of feedstock. Nevertheless, AFB has to be operated at
near ash slagging temperature conditions to prevent ash
agglomerating at the bottom of the gasifier.5 To optimize
reactor running and scale-up, many studies6–8 on the aspects
of hydrodynamics, reaction kinetics, and gasification per-
formance provide a great deal of information about particle
hydrodynamic behavior and heat/mass transfer under differ-
ent operating conditions. However, during the reactor scale-
up process from lab/pilot-scale to commercialized scale pro-
cess, the thermochemical properties which affect the product
gas composition will change, presenting some serious diffi-
culties, such as heat transfer between ash and feedstock at
the dense phase area.

It is well known that it is a daunting task for a process
engineer to scale up a reactor.9,10 Matsen11 has pointed out
that “scale-up is still not an exact science but is rather that
mix of physics, mathematics, witchcraft, history, and com-
mon sense that we call engineering.” Traditionally, a reactor
scale-up process based on empirical judgment is used to
scale-up the reactor from a bench-scale process to a pilot-

scale and finally to industrial-scale. If the scale-up reactor
process involves chemical reactions or a multiphase of gas,
liquid, and solid, it is more difficult to explain the scale-up
effect of the scale-up reactor process through empirical judg-
ment. If deterioration of the reaction results is discovered in
the empirical judgment-based scale-up process, then it can
be said that a scale-up effect exist in the process. However,
the method of the empirical judgment-based scale-up process
cannot explain which factors caused the scale-up effects, or
how they could be diminished. Additionally, numerous fac-
tors ranging from raw materials to product handling must be
taken into account at every level of the empirical-based
scale-up, which requires much more time and resources.12,13

Compared with the above approach, the principle of similar-
ity scale-up could simplify the reactor scale-up process by
determining the main dimensionless groups characterizing
the process phenomenon.14 Some researchers15,16 have inves-
tigated a full set of hydrodynamics scaling parameters for
fluidized-bed reactor scale-up. However, the chemical reac-
tion process is affected not only by hydrodynamics but also
by heat transfer, mass transfer and chemical reactions.13,17 In
practice, in a reactor scale-up, it is necessary to maintain as
much as possible the consistency of diffusion, hydrodynam-
ics, heat transfer, and chemical reactions. However, it is vir-
tually impossible to keep all the dimensionless groups
characterized by a similarity of diffusion, hydrodynamics,
heat transfer and chemical reactions as the number of dimen-
sionless groups is enormous and there is always the presence
of conflict between the different dimensionless groups.14 For
example, the ratio of the reactor length to the linear velocity
of the mixture in reactor (Lreactor/Umixture) should be kept
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constant to insure similarity in the chemical reactions, also
assuring consistency in hydrodynamics and diffusion. There-
fore, balancing these factors during the scale-up process in
gasifier design is of great importance.

Computational fluid dynamics (CFD) has become a
powerful tool to study the hydrodynamics of a reactor scale-
up. According to other studies, 13,16,18–21 with the CFD simu-
lation method, the influence of the special reactor structure
on the hydrodynamic characteristics can be studied through
cold-state simulation. Also, the internal mass and tempera-
ture distribution of a kilogram-scale reactor can be studied
by simplifying the chemical reactions within the reaction
mechanism. Fluid dynamics will affect mass transfer, heat
transfer, momentum transfer, and the chemical reactions. In
addition, continuously occurring chemical reactions will lead
to changes in fluid flow. In this circumstance, it is difficult
to predict the problems that may be encountered during the
reactor’s scale-up process. The calculation results cannot be
obtained due to a rapid growth of the number of Navier-
Stokes differential equations. In another words, the CFD
simulation can obtain results for the kilogram scale but not
for the kiloton scale because of the corresponding mesh
count for the commercial-scale reactor will be appreciably
larger than that for the smaller-scale reactors, especially for
coal gasification processes.19,22–24 During the coal gasifica-
tion process, not only the hydrodynamics but also the coal
particle size, density, and shape, change with the coal gasifi-
cation reactions, making the gasification process much more
complex than the CFD calculations. In such cases, in order
to avoid solving the above mentioned difficulties, reasonable
simplifications must be done which can focus on the critical
problems in the chemical process of reactor scale-up. For the
scale-up process of the reactor, it is necessary to determine
how the mass/heat/momentum transfers affect the chemical
reactions in consideration of the major fluid flow zones of
the reactors. Although the gasification process is very com-
plex, the main gasification reactions which occur in the
fixed-bed gasifier, fluidized-bed gasifier and entrained-bed
gasifier have been studied.25–27 In this case, it would be pos-
sible to devise a new method of studying the AFB gasifier
scale-up by combining different types of idealized reactors
[e.g., plug flow reactor (PFR), continuous stirred tank reactor
(CSTR)] to equate real reactors. This was done by first ana-
lyzing the complicated chemical reaction processes of the
mass/heat/momentum transfer in the partially oxygenized
environment of the jet zone in both the jetting fluidized-bed
gasifier and in the reduction environment of the freeboard
zone. Then, on the basis of previous experiments, calcula-
tions of the fluid dynamics, and the gasification reaction pro-
cess of different zones within the reactor and the volume
changes of the fluid dynamic zones proceeding and following
the scale-up of the reactor were carried out. With this
method, it is hoped that an understanding of the causes of
the changes in the thermal chemical environment in the AFB
gasifier scale-up process can be obtained.

In this study, an equivalent reactor network model of the
ash agglomerating fluidized-bed reactor was set up based on
results from experiments on gasifier with a 300-mm inner
diameter using CHEMKIN 4.0 software has the capacity to
combine calculations for hydrodynamics, heat/mass transfer
as well as the reaction kinetics. The influences of operation
parameters and reactor shape parameters on each regions’
heat/mass transfer and chemical reactions were studied with
the developed model, particularly analyzing the change in

mass between the jet zone and the annulus dense-phase zone
during the reactor scale-up. This article specifically examines
the effect the scale-up of ash agglomerating fluidized-bed
reactors on coal gasification characteristics, taking into con-
sideration the coal particles’ hydrodynamics and chemical
reactions in order to gain further insight into the causes of
gas composition fluctuation in the reactor scale-up process.

Equivalent Reactor Model Setup

Model description

The equivalent reactor network model is established on
the basis of the AFB reactor (ID 5 300 mm) developed by
the Institute of Coal Chemistry, the Chinese Academy of
Sciences. The AFB gasifier structure has been previously
described in detail.28

The CHEMKIN model was set up based on the previous
research. First, the kinetic parameters of coal were obtained.
Second, the reaction zones were divided on the basis of pre-
vious experiments and the fluid dynamics and gasification
reaction process of different zones within the reactor were
calculated. The specific process includes: zone division, cal-
culation of zone volume, similarity analysis of the fluid flow
types in all zones and the idealized reactor, transfer process
analysis of energy and mass between zones, determination of
transfer equation of mass/heat, balanced calculation of whole
reactor’s mass/heat. A detailed description follows.

Determination of reaction zone division

Based on hydrodynamics calculation of the previous
AFB,8,20,24,29 the gasifier was divided into three parts, the jet
zone, the annulus dense-phase zone and the freeboard
zone,30 and the combined equivalent reactor is illustrated in
Figure 1a. In the jet zone, where the gas and solid are well
mixed, a perfectly stirred reactor (PSR) is used to simulate
this zone. Around the jet zone, there occurs a strong materi-
als exchange between the jet zone and the annulus dense-
phase zone. Thus, the annulus dense-phase is assumed as the
PSR in the model. In the freeboard zone, it is assumed that
both the gas flow and the particle flow are in a plug flow

Figure 1. Schematic of AFB and its equivalent reactor
network.
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state so it is taken as the PFR26,31 in the model of the free-
board zone. Additionally, the backflow of materials between
the annulus dense-phase zone and the jet zone is taken into
account in the model. Combined with the hydrodynamics of
AFB reactor, the equivalent reactor network model of the
AFB reactor is built, as shown in Figure 1b, including the
heat/mass transfer as well as the chemical reaction in the dif-
ferent regions.

Model calculation principle in CHEMKIN

Taking into consideration the hydrodynamic characteris-
tics, the chemical reactions and also the conservation of
mass, energy, and momentum between individual reactors, a
combination of ideal reactors was used to represent a noni-
deal reactor, aiming at approaching the process of the noni-
deal reactors. The equations of PSR and PFR in CHEMKIN
4.0 including mass continuity, energy conservation, and com-
positions conservation are calculated as follows.32

The mass continuity equation of PSR
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The mass continuity equation of PFR
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The momentum conservation equation of PFR
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The gas-phase conservation equation of PFR
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Determination of model parameters

The Parameters of the Jetting Zone. As described in pre-
vious research,6 the ratio of the inlet nozzle diameter to the
gasifier diameter (dor/Dt) is a significant parameter for the
gas-solid mixing hydrodynamic characteristics and there is
no obvious changes in the jet zone when dor/Dt is in the

range of 0.08–0.12. In this work, dor/Dt was taken to be
0.10. However, the volume of reactor does not have a linear
relationship with the inlet nozzle diameter. According to the
empirical formula, the inner diameter of reactor, the feed-
stock flow rate of the reactor and the reactor temperature all
limit the design of the inlet nozzle diameter. The formula is
as follows

dor5k3f ðDt; Qoxygen; Qsteam; TjetÞ (8)

where k is the nozzle design coefficient, dor (m) and Dt (m)
are the inlet nozzle diameter and gasifier inner diameter,
respectively, Qoxygen (Nm3 h21) is the total oxygen feed flow
rate, Qsteam (kg h21) is the total steam feed flow rate and Tjet

(K) is the jet zone temperature.
The jet zone diameter is given as follows33,34
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where dj (m) is the jet zone diameter, and uor (m s21) is the
jet velocity at the nozzle. dp (m) and qs (kg m23) are the
particle diameter and density, respectively, and qg (kg m23)
is the gas density. emf is the voidage of the bed at minimum
fluidization and ur (rad) is the cone angle. Frj, k, and fi are
the constants defined in Eq. 9.

The jet zone depth is calculated as follow35
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where hj (m) is the jet zone depth.
The volume of the jet zone is used

Vj5
p
4

hjd
2
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where Vj (m3) is the jet zone volume.

The Parameters of the Annulus Dense-Phase Zone. The
volume of the annulus dense-phase is calculated as follows

Vd5
p
4

hjðD2
t 2d2

j Þ (12)

where Vd (m3) is the annulus dense-phase zone volume.
It is essential to understand the material exchanges

between the jet zone and the annulus zone in the scale-up
reactor process. Luo et al.8 and Bi and Kojima34 studied on
the jetting fluidized bed gasifier which had a great similarity
with the AFB gasifier, they have taken into the consideration
of the annulus temperature contributing to ash agglomeration
and the mass exchange equations between the jet zone and
the annulus zone. Thus, in present study, the materials back-
flow rate was taken into account.

The backflow rate of gas from the annulus dense-phase
zone to the jet zone depends on the radial gas velocity and
the superficial area of the jet zone.35,36 The gas exchange
rate (Uex) between the jet zone and the annulus dense-phase
zone is used as an index to evaluate the amount of the back-
flow of gas from the annulus dense-phase zone to the jet
zone. Deduced from Eqs. 3–7 as published by Bi and
Kojima,34 the Uex is described as follows
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where K is the coefficient of gas exchange between the
annulus dense-phase zone and the jet zone, and K is calcu-
lated as follows8

K5u0:48
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where Sa (m2) is the cross-sectional area of the annulus
dense-phase zone. umf (m s21) is the minimum fluidizing gas
velocity and ud (m s21) is the gas velocity from the distribu-
tor shape.

The solid mass backflow rate from the annulus dense-
phase zone to the jet zone is calculated as follows34
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where Ws (kg s21) is the laterally entrained particle flow rate
and its amount changes with height. Ws,hj (kg s21) is the sol-
ids mass flow rate at the top of the jet zone and Wg0 (kg
s21) is the gas mass flow rate from the nozzle. h (m) is the
axial distance from nozzle.

The Equivalent Process of Coal Sample. It is well recog-
nized that coal has a complicated structure and any simula-
tion software cannot input the components without explicit
structure. So, in order to satisfy the calculation process, the
coal sample input must be simplified. Before gasification, the
coal is pyrolyzed to coal char, ash, and volatiles including
H2O, CO, CH4, and H2. Therefore, based on the elements
and energy balance through these processes, with the addi-
tion of energy, the coal sample can be substituted by C(s),
ash, H2O, CO, CH4, and H2.36 The total substitution of coal
should satisfy the elements and energy balance in the process
of the coal pyrolysis unit. The presence of coal particles of
different sizes presents certain difficulties in investigation.
For example, fine particles may fly away with the ash, or
coarse particles may be involved in the ash’s aggregation.
Therefore, the capacity to investigate the particle-size distri-
bution in the scale-up reactor process is still limited. In the
calculations, an average diameter of 0.5 mm was used for
the coal particles, which references indicate is the most prob-
able particle size of raw coal used in the AFB gasifier.28

The Computation Process of Energy Conservation. The
computation process of energy conservation of each zone in
the gasifier has been detailed in previous work.30 The heat
loss caused by the sensible heat of ash (Qash) is formulated
as follows

Qash 5m � DTCp (17)

Cp5
X7

i51

Cpixi (18)

where m* (kg) represents the total amount of ash and DT
(K) is the temperature change of ash. Cpi (J kg21 K21) and
�Cp (J kg21 K21) are the heat capacity of each ash compo-
nent and the mean heat capacity of ash components. xi is the
mass fraction of each component in ash.

The specific ash components, such as SiO2, Al2O3, Fe2O3,
CaO, SO3, MgO, and TiO2, are taken into account in the cal-
culations reported elsewhere.30 The coal ash mass fraction in
this article contains 43.09% SiO2, 29.83% Al2O3, 15.99%

Fe2O3, 5.28%CaO, 0.80% MgO, 1.24% TiO2, 2.75% SO3,
0.78% K2O, 0.08% Na2O, and 0.09% P2O5.

Statement of reactor scale-up process

The independent variables of coal gasification are the
coal, steam, and oxygen mass flow rates. When three varia-
bles are fixed, the reactor temperature and the gas composi-
tion should be obtained. Whereas the frequency factor (ks),
the activation energy (E), the residence time (t), the reactor
temperature (T), and each component in the reactor concen-
tration (ci) determine the gasification rate. Other factors,
such as the feedstock properties and the structure of the reac-
tor, act upon the coal gasification indirectly. Thus, to keep
the chemical reaction as similar as possible to the reactor
scale-up, it must be assured these parameters ks, E, t, T, and
ci are maintained as constant as possible. However, it is
infeasible to maintain all the parameters constant in the reac-
tor scale-up. ks and E both depend on the coal char proper-
ties and could be regarded as constant in the reactor scale-
up. To keep parameter t unchanged, the ratio of the reactor
volume to the total feedstock flow rate should be invariant.
However, the parameters T and ci are related to both the
extent of the chemical reactions and also the heat/mass trans-
fer and cannot be adjusted in the experiment. Therefore, to
maintain the T and ci constant as far as possible in the reac-
tor scale-up process, both the initial concentration and the
preheat temperature of reactants should be kept invariable.

The key assumptions in the scale-up reactor are as
follows

1. The AFB gasifier is composed of three zones: the jet
zone, the annulus dense-phase zone, and the freeboard
zone. In the process of scale-up, the hydrodynamic types
of individual zones remain invariable but the volume of
each changes as does the mass/heat transfer between dif-
ferent zones.

2. The constants in the coal gasification kinetic network
model do not change in the scale-up process.
In this gasifier scale-up project, the coal obtained from

Shanxi Province of China was selected as the feedstock. The
proximate and ultimate analyses of coal are shown in
Table 1. The AFB reactor with inner diameter of 300 mm is
marked as S and reactor with a 600 mm inner diameter as L.
The detailed structure sizes of reactor S and L are shown in
Table 2. An expansion of the interior in the gasifier means
the increase in capacity, correspondingly, the amount of
feedstock and the volume of the gasifier should be expanded
under the constraints of heat and mass balance. That is, the
amount of coal input should be sufficient to maintain a stable
temperature in the gasifier whose length meets the residence
time requirements necessary to achieve full combustion. On
this basis, the reactor length was set up as twice the original
size, and the inlet nozzle diameter was enlarged from /30 to
/60 mm. It was found that the volume of L could enlarge
up to eight times the volume of S, so the reactor volume
scale-up coefficient (b) was taken to be 8. As above-
mentioned, to keep the initial parameter t constant, all of the
feedstock mass flow rates in L were enlarged to eight times
in S (the total feedstock scale-up coefficient b1 is 8) so that
the impact of gasification reaction condition would be main-
tained as constant as possible.
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Changes in the physical size and handling capacity of the
reactor would result in changes in the volume of the jet
zone, the annulus dense-phase zone and the freeboard zone
in the scale-up reactor. The volume of each zone is the key
input parameter when doing calculations with the CHEM-
KIN software. Volume changes in different zones will lead
to the changes in the materials’ residence time, in mass,
heat, and momentum transfers, and thus in the temperature
and products distribution of the scale-up reactor.

Reactions

It is well known that during the coal gasification process,
pyrolysis, volatile release, heterogeneous char reactions, and
homogeneous reactions of the gas phase all occur
instantaneously.

The establishment of the coal gasification reaction kinetics
is a basic problem in the coal chemical industry. Essentially,
the kinetics parameters are the basis of the design of coal
gasification reactor, but the coal gasification process includes
two reactive processes of coal pyrolysis and the following
semichar gasification. The macro kinetic equations should
combine these two reactions, and one equation should con-
tain a form of expression for the process rate study. It was
here assumed that the kinetic constants of char reactions sat-
isfy the Arrhenius equation

Kf 5ksT
bexp

2E

RT

� �
(19)

However, the parameters necessary for the reactor design
are not obtainable through use of macro kinetics and must
be obtained from intrinsic kinetics instead. Furthermore, coal
is a nonhomogeneous material, whose kinetic characteristics
in the reactive process can be represented by combining the
characteristics of several hybrid materials and integrating
their kinetic parameters. Some researchers37,38 expressed this
concept using a distribution activation energy model to
describe its kinetic characteristics of coal gasification in dif-
ferent temperature ranges. In addition, the mass transfer in
the reactor is also studied. As a result, the kinetic parameters
of different studies39–48 and different reactors seem very
inconsistent with one another and relevant adjustment should
be made per specific conditions of utilization. Fortunately, in
fluidized-bed reactors or entrained gasifiers of a sufficiently

high temperature, the influence of thermodynamics factors
on the reaction process is much greater than kinetic factors.

Table 3 summarizes reaction equations and corresponding
reaction rate constants—some kinetic parameters from the
laboratory scale ID 60 mm fluidized-bed reactor49 and others
from the literatures23,39–41—used in the equivalent reactor
network model. These parameter values are chosen for the
following reasons. The first reason is to ensure conservation
of mass and energy in the model calculation process; the
second is that the calculation results are close to the data
from the 300-mm gasifier operated in self-heating mode. It
is assumed that there would be that no significant changes in
the kinetic parameters if the diameter of the reactor were
extended to 600 mm: in the process of reactor scale-up, ks

and E are kept invariant.

Results and Discussion

Model validation

The calculated product gas composition, carbon conver-
sion efficiency results, and corresponding experimental
results are shown in Table 4. A simulation results that are in
agreement with experimental data can be obtained by the
reaction network model, also the calculation time can be
ignored. This indicates that appropriate simplification does
not ruin the gasifier model but gives a faster and acceptable
result. The gas component contents are within a 3% margin
of error and the carbon conversion efficiency is nearly the
same value for both the calculation and experiment. There-
fore, the adopted kinetic constants could represent the exper-
imental reaction conditions. These kinetic constants were
assumed to remain unchanged proceeding and following the
scale-up process. Then, the effect of changes in the reactor’s
structure, size, and feedstock amount on each of the zones’
volumes, and influence of the resulting mass/heat/momentum
transfer and chemical reactions on the reactor’s temperature,
and product compositions can be studied.

Changes in characteristics of the three zones in the
reactor scale-up

Jet Zone in the Reactor Scale-Up. The jet zone, where
the exothermic oxidation reactions occur, supplies the heat
to the gasifier and gasification reactions. The higher propor-
tion of feedstock in the jet zone taking part in the combus-
tion reaction will cause a higher temperature in the jet zone.

Table 1. The Proximate and Ultimate Analysis of Coal

Sample

Proximate Analysis (wt %) Ultimate Analysis (wt %)

Mt,ar Aar FCdaf Vdaf Car Har Oar Nar St,ar

coal 6.8 13.76 91.12 8.88 72.39 2.63 3.08 1.00 0.34

Notes: Mt - the total moisture; A - the ash, FC - the fixed carbon; V - the volatiles; C - the carbon element; H - the hydrogen element; O - the oxygen element;
N - the nitrogen element; St - the total sulfur element; ar - as received basis; daf - dry ash free basis.

Table 2. Operation Parameters and Reactor Size of S and L

Operation Conditions S L Reactor Size (mm) S L

Operating pressure (MPa) 0.51 0.51 Diameter of gasifier 300 600
Coal feed flowrate (kg h21) 81.75 654.00 Expanded diameter 500 1000
Air feed flowrate (Nm3 h21) 79.14 633.12 Height of gasifier 4740 9480
Steam feed flowrate of distributor (kg h21) 104.03 832.24 Inlet nozzle diameter 30 60
Steam feed flowrate of loop pipe (kg h21) 11.02 88.16
Steam feed flowrate of nozzle (kg h21) 5.90 47.20
Oxygen feed flowrate of nozzle (Nm3 h21) 31.54 252.32
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Hence, as the temperature approaches the point at which ash
will melt, the ash will gradually clump together and begin to
separate from the coal char due to difference in density.
Therefore, controlling the jet zone temperature is a key fac-
tor in assuring the stable discharge of the ash.

Tables 5 and 6 show the critical parameters and compo-
nent conversion efficiencies in the jet zones of S and L,
respectively. In the process of reactor scale-up, the gas back-
flow rate from the annulus dense-phase zone to the jet zone
varied from 48.28 to 271.71 kg h21 after S enlarged to L, as
shown in Table 5. Obviously, compared with the reactor vol-
ume scale-up coefficient b (58), the gas backflow rate scale-
up coefficient b2 (b2 5 271.71/48.28 kg h21) is not linearly
scaled-up during the reactor scale-up process and is less than
b. Thus, the lower amount of feedstock in the jet zone leads
to a decline in the jet zone temperature after scale-up.

In the process of scale-up from S to L, the volume of the
jet zone enlarged from 1378 to 28840 cm3 (Table 5) and the
jet zone volume scale-up coefficient (b3) was calculated to
be 21. As described previously, the total feedstock mass
flow rate only to eight times of the original flow rate. All of
these results cause the average reaction time in the jet zone
to increase from 0.048 to 0.154 s after the reactor scale-up.

The longer residence time assists in the complete combus-
tion of carbon, as shown in Table 6, the conversion efficien-
cies of carbon and oxygen increased from 66.42 and 1.47%
to 84.40 and 1.91%, respectively. It promotes the jet zone
temperature of L. This indicates that compared with the
pilot-scale reactor, the bench-scale reactor is more difficult
to readily operate.

Furthermore, Table 5 shows the variance in the mass of
the components in the jet zone before and after reactor
scale-up. The amount of coal particles recycled from the
annulus dense-phase to the jet zone increases from 599 to
4795 kg h21, enhancing the heat transfer between the two
zones. The temperature of the jet zone increases from 1592
to 1662 K after scale-up, which will increase the reaction
rate by approximately 14 to 28 times according to the Van’t

Hoff rule. So, temperature change caused by increase in the
jet zone volume plays an important role in the scale-up of
the gasifier. To preserve similarity in the composition of the
gas products, the stabilization of the jet zone volume must
be considered. Increase in the temperature of the jet zone
may cause ash melting and slagging problems in the AFB
gasifier operation. So as to satisfy the constraints of the ash-
melting temperature of coal (1724 K), the nozzle design
coefficient k value should be 4.87 3 1029 and 3.12 3 1027

for S and L, respectively. The inlet nozzle diameter is
dependent on the feed rate of the reactor. The precondition
for the inlet nozzle diameter adjustment is that no significant
changes could occur to the hydrodynamic characteristics of
the jet zone and that the inlet nozzle diameter should not
increase beyond the range mentioned in the article. Other-
wise the gas velocity into the jet zone might be such that the
requisite gasifier temperature is not achieved and conse-
quently gas compositions would also not be as required
down the length of the reactor. The change in the inlet noz-
zle diameter has a direct influence on the jet zone diameter
and depth, thus resulting in a volume change of the jet zone.
The residence time in the jet zone is increased, generating
an effect on the chemical reactions of the jet zone and the
material and heat exchanges between the jet zone and the
annulus dense-phase zone. The temperature of the jet zone
increases from 1592 to 1662 K after scale-up, when these
values are put into formula (8), the k values are 3.37 3

1027 and 5.10 3 1029, respectively. Therefore, in the pro-
cess of reactor scale-up, to decrease the jet zone temperature,
which would ensure the stabilization of the AFB gasifier
operation, a method of increasing the steam to oxygen ratio
in the inlet nozzle, for example, decreasing the amount of
oxygen in the inlet nozzle, could be adopted. Also, to keep
the k value in the range of 4.87 3 102923.12 3 1027, the
diameter of the inlet nozzle could be adjusted, which would
also cause the jet zone temperature to decrease.

The Annulus Dense-Phase Zone and the Freeboard Zone
in the Reactor Scale-Up. The temperature profiles of S and
L along the axial height are shown in Figure 2. The amount
of oxygen consumed in the jet zone in S is lower than that
in L which can be seen from the oxygen conversion effi-
ciency in Table 6. Correspondingly, the ratio of the amount
of oxygen residue to the amount of coal being input into the

Table 3. Reaction Equations and Corresponding Reaction

Rate Constants

Reaction Equation

ks

(homogeneous
unit)

E
(kJ mol21)

Literatures
Cited

C 1 O2 ! CO2 1.10 3 1011 92.78 49
C 1 CO2 ! 2CO 8.10 3 108 121.42 49
C 1 H2O ! CO 1 H2 1.85 3 102 54.01 49
C 1 2H2 ! CH4 1.25 3 102 96.41 49
2CO 1 O2 ! 2CO2 3.09 3 108 99.76 23
2H2 1 O2 ! 2H2O 8.83 3 1011 99.76 23
CO 1 H2O !

CO2 1 H2

2.78 3 106 12.56 41

CO2 1 H2 !
CO 1 H2O

26.5 32.99 41

CH4 1 H2O !
CO 1 3H2

1.65 3 1011 329 40

CH4 1 2O2 !
CO2 1 H2O

3.55 3 1017 130.54 39

Table 4. Comparison of Calculated and Experimental

Results

Calculated
Value

Experimental
Value Error

CO (mol %) 21.47 20.25 1.22
H2 (mol %) 33.66 30.86 2.8
CO2 (mol %) 20.87 22.87 2.00
CH4 (mol %) 1.68 1.20 0.48
N2 (mol %) 22.32 24.81 2.49
Carbon conversion

efficiency (%)
89.97 90.12 0.15

Temperature (K) 1369 1293 74

Table 5. Variation of Mass in the Jet Zone Before and After Reactor Scale-Up

Backflow Rate of
Gas Phase (kg h21)

Backflow Rate of
Solid Phase (kg h21)

Jet Zone
Volume (cm3)

Residence
Time (s)

Mole Fraction
of O2 (%)

Jet Zone
Temperature (K)

S 48.28 599 1378 0.048 12.52 1592
L 271.71 4795 28840 0.154 7.06 1662
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annulus dense-phase is decreased after reactor scale-up.
Thus, after scale-up, a decrease in the degree of combustion
will lead to a decrease in the temperature of the annulus
dense-phase and the freeboard phase.

In the process of the reactor scale-up, the annulus dense-
phase volume is raised from 32,671 cm3 in the S reactor to
277,343 cm3 in the L reactor. The annulus dense-phase vol-
ume scale-up coefficient b4 (b4 5 277,343 cm3/32,671 cm3)
is larger than the total feedstock scale-up coefficient b1 (58)
so that the feedstock residence time of the annulus dense-
phase would be increased. The carbon conversion efficiency
of the annulus dense-phase rises from 63.48% in S to
64.14% in L in the reactor scale-up, as shown in Figure 3.
However, as the temperature of the freeboard of S is lower
that of L, as seen in Figure 2, the carbon conversion effi-
ciency of the freeboard zone is decreased after reactor scale-
up, which can be observed from Figure 3.

The calculated gas compositions of the two gasifiers are
shown in Table 7. The temperature decline in the annulus
dense-phase zone and the freeboard zone after scale-up are
not beneficial to either the CH4 reforming reaction (CH4 1

H2O 5 CO 1 3H2), the Boudouard Reaction (C 1 CO2 5

2CO), or the water-gas reaction (C 1 H2O 5 CO 1 H2), but
the water-gas shift reaction (CO 1 H2O 5 CO2 1 H2) is
enhanced. Thus, the comprehensive results show a slight
increase in the CH4 content, CO2 content, H2 content but a
decrease in the CO content. The temperature and the feed-
stock residence time of both the annulus dense-phase zone

and the freeboard zone are key factors in affecting change in
the gas composition and carbon conversion efficiency.

The hydrodynamics characteristics in the reactor scale-
up process

As described in the introduction, much
research12,13,16,18,21,22,50–52 has been done to investigate the
characteristics of hydrodynamics in the reactor scale-up pro-
cess through either the hydrodynamics similarity approach or
using the CFD simulation method. A set of hydrodynamics
scale-up parameters in the bubbling bed was derived by
Horio52 based on the governing equation of bubbles and
interstitial gas dynamics. Additionally, Glicksman13,51 and
He50 provided a set of hydrodynamics scaling parameters for
the spouting bed. Utilizing the scaling parameters of hydro-
dynamics for bubbling beds and spouting beds, Wang22

modified the scaling parameters to better understand the
scale-up of jetting fluidized beds on the basis of a hydrody-
namic two-fluid model combined with the CFD simulation
method. Thus, in this article, the hydrodynamic scaling
parameters proposed by Wang were used to analyze the
hydrodynamics characteristics of S and L. The physical
parameters and dimensionless groups of S and L are shown
in Table 8. It was found that there was good agreement in
three of the dimensionless groups, gdp/(umf)

2, qgumfdp/lg,
and qg/qs, between the scale-up reactor and the original reac-
tor. However, both the uj/umf and the dor/dp dimensionless
groups lacked agreement between S and L. These results
confirm that it is impossible to keep all the dimensionless
groups characterized by the similarity of hydrodynamics
when maintaining consistency in the heat and chemical reac-
tions. Combined with the results of the gasifier temperature,
gasification composition, and carbon conversion as discussed
in section on Changes in characteristics of the three zones in
the reactor scale-up, for the scale-up of AFB, the

Table 6. Comparison of Composition Inlet and Outlet Mass

Flow Rate of Reactor S and L in the Jet Zone

Inlet Mass Flow
Rate (g s21)

Outlet Mass Flow
Rate (g s21)

Conversion
Efficiency

(%)

S L S L S L

CO 2.08 11.56 0.0069 0.039
H2 0.16 0.9 0 0
CO2 3.63 20.09 14.57 131.37
H2O 4.56 24.48 7.81 46.68
CH4 0.16 0.86 0.015 0.079
N2 3.67 20.23 3.67 20.23
O2 12.36 98.88 4.15 15.43 66.42 84.4
C(s) 166.42 1322.0 163.97 1296.81 1.47 1.91

Figure 2. Temperature distribution along the axial
height in reactor S and L.

Figure 3. Axial carbon conversion efficiency of reactor
S and L.

Table 7. Variation in Coal Gas Composition Before and

After Reactor Scale-Up (mol %)

CH4 CO2 CO H2

S 1.68 20.87 21.47 33.66
L 1.71 20.89 21.41 33.70
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dimensionless groups uj/umf and dor/dp of hydrodynamics are
not significant in assuring stable operation of the AFB in the
reactor scale-up process.

Conclusions

In the process of the AFB gasifier scale-up, the jet zone vol-
ume does not follow a linear increase. The extended residence
time of the raw material in the jet zone enhances carbon com-
bustion which results in a temperature increase in the jet zone.
However, for the AFB, the operation temperature must be
near the ash fusion temperature. If the gasifier temperature is
higher than the ash fusion temperature, it may affect the ash-
clinker discharge of the AFB gasifier reactor. At the same
time, a rise in the jet zone temperature will cause an increase
of CO2 concentration with more CO2 transferred to the annu-
lus dense-phase zone and the upper-stage freeboard zone,
leading to changes in the product composition. Thus, these
results should be balanced in the reactor scale-up. Also, a
decrease in the gas backflow rate from the annulus dense-
phase to the jet zone and the increase in the jet zone volume
result in an increase in the residence time of the feedstock in
the jet zone and a decrease in the percent of feedstock com-
busted. The increased temperature of the jet zone in the larger
scale reactor causes problems with slagging and operational
difficulties in the AFB gasifier. Moreover, an increase in the
consumption of oxygen in the jet zone in the larger scale reac-
tor lead to a decrease in rate of the backflow of oxygen from
the jet zone to the annulus dense-phase. The decreases in tem-
perature in both the annulus dense-phase and in the freeboard
zone in the larger scale reactor affect the carbon conversion
efficiency and gas composition. The equivalent reactor net-
work model developed in this research represents a tool for
scale-up analysis that maintains similarity in heat/mass/
momentum transfer and chemical reaction characteristics.

Acknowledgments

The authors thank the financial support provided by the
NNSF of China (No. 21076136, 51276120), Shanxi Provincial
NSF (2011011005-1), the Program for Changjiang Scholars
(2009) and the Doctoral Supervisor (20101402110013,
20121402110016) in the Ministry of Education, P. R. China.
The authors thank Sarah Enslow for English proofreading and
editing.

Notation

Symbols
Lreactor = the reactor length, m

Umixture = the linear velocity of the mixture in reactor, m s21

dor = the inlet nozzle diameter, m
Dt = the gasifier inner diameter, m

Qoxygen = the total oxygen feed flow rate, Nm3 h21

Qoxygen = the total steam feed flow rate, kg h21

Tjet = the jet zone temperature, K
dj = the jet zone diameter, m

g = acceleration of gravity, m s22

uor = the jet velocity at the nozzle, m s21

dp = the particle diameter, m
Frj, k, and fi = the constant defined in Eq. 9

hj = the jet zone depth, m
Vj = the jet zone volume, m3

Vd = the annulus dense-phase zone volume, m3

Uex = the gas exchange rate between the jet zone and the annu-
lus dense-phase zone, m s21

K = the coefficient defined in Eq. 13
Sa = the cross-sectional area of the annulus dense-phase zone,

m2

umf = the minimum fluidizing gas velocity, m s21

ud = the gas velocity from the distributor shape, m s21

uj = the jet gas velocity, m s21

Ws = the laterally entrained particle flow rate, kg s21

Ws,hj = the solids mass flow rate at the top of the jet zone, kg
s21

Wg0 = the gas mass flow rate from the nozzle, kg s21

h = the axial distance from nozzle, m
Qash = the heat loss caused by sensible heat of ash, J

m* = the total amount of ash, kg
DT = the temperature changing of ash, K
Cpi = the heat capacity of each ash component, J kg21 K21

�Cp = the mean heat capacity of ash components, J kg21 K21

xi = the mass fraction of each component in ash
ks = the pre-exponential factor
E = the activation energy, kJ mol21

T = the reactor temperature, K
t = the residence time, s

ci = each component in the reactor concentration, mol m23

A = coal sample
S = the AFB reactor with inner diameter of 300 mm
L = the AFB reactor with inner diameter of 600 mm

Greek letters
k = the nozzle design coefficient

qs = the particle density, kg m23

qg = the gas density, kg m23

emf = the voidage of the bed at minimum fluidization
/r = the cone angle, rad
mg = the gas viscosity, Ns m22

b = the reactor volume scale-up coefficient
b1 = the total feedstock scale-up coefficient
b2 = the gas backflow rate scale-up coefficient
b3 = the jet zone volume scale-up coefficient
b4 = the annulus dense-phase volume scale-up coefficient

Acronyms
CSTR = the continuous stirred tank reactor

PSR = the perfectly stirred reactor
PFR = the plug flow reactor

Re = Reynolds number
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