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Three-dimensional high-resolution numerical simulations of a gas–solid jet in a
high-density riser flow were conducted. The impact of gas–solid injection on the riser
flow hydrodynamics was investigated with respect to voidage, tracer mass fractions,
and solids velocity distribution. The behaviors of a gas–solid jet in the riser crossflow
were studied through the unsteady numerical simulations. Substantial separation of the
jetting gas and solids in the riser crossflow was observed. Mixing of the injected gas
and solids with the riser flow was investigated and backmixing of gas and solids was
evaluated. In the current numerical study, both the overall hydrodynamics of riser flow
and the characteristics of gas–solid jet were reasonably predicted compared with
the experimental measurements made at NETL. Published 2011 American Institute of

Chemical Engineers AIChE J, 00: 000–000, 2011
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Introduction

Circulating fluidized beds (CFBs) have been widely used in
chemical, petrochemical, metallurgical, environmental, and
energy industries including fossil fuel combustion, coal and
biomass gasification, and fluid catalytic cracking (FCC). The
CFB process possesses a number of unique features that make
it more attractive than other systems in the energy industries.
For example, CFB technology offers significant advantages
such as fuel flexibility, increased through-put, in-bed sulfur
capture, and relatively low NOX emissions with high efficien-
cies in combustion and gasification. Among these applications,
gasification is a promising technology for coal, biomass, and
waste utilization with low environmental impact, reducing

global CO2 emissions, which will be the centerpiece of tomor-
row’s advanced power plants. This technology is also being
considered for sorbent based CO2 capture.

In gasification process, the coal particles are usually
injected into the gasifier with high-speed gas flow as gas–
solid jets. It is of great practical importance to understand the
manner in which the coal particles disperse and mix with the
bed materials on entering the system. Although there has been
considerable study of the gas jet penetration and mixing in
fluidized beds,1–5 only limited work on a two-phase jet flow
in fluidized beds can be found in the literature, which is
mostly on the gas–liquid injection into different gas–solid sys-
tems.6–9 There are fewer studies of particle-laden jets in fluid-
ized beds. Glicksman et al.10 studied the mixing characteris-
tics of horizontally injected particles in a one-quarter scale
model of a pressurized bubbling fluidized bed combustor
using a thermal tracer technique. It was reported that the lat-
eral motion of the injected particles was much greater than
the lateral motion of an injected gas jet. Shadle et al.11 studied
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the jet penetration of a gas–solid jet into a circulating fluid-
ized bed riser by tracking the phosphorescent particles illumi-
nated immediately prior to injection. The extent of radial pen-
etration of the solid particles was measured at different down-
stream levels and effects of several operating conditions
including jet velocity, jet solids concentration, riser flow re-
gime were investigated. Wang et al.12 reported dynamic phe-
nomena of the three-dimensional (3-D) horizontal gas and
gas/solids mixture jets in a bubbling fluidized bed with an
electrical capacitance volume tomography (ECVT) technique.
The shape of gas–solid jet and penetration depth were investi-
gated which were shown to be different from the gas jet.
However, even with the most advanced experimental techni-
ques, it is too difficult to fully understand the flow behavior
of particle-laden jets in a gas–solid flow system.

With the significant improvements in computational power
and numerical algorithms, computational fluid dynamics
(CFD) has become a valuable tool for studying the complex
phenomena in single-phase and multiphase flows. Remark-
able progress has been made recently in CFD modeling of
gas–solid fluidized beds. CFD modeling not only saves time
and money for construction and operation of complex pilot-
scale reactors but also provides the detailed information
needed to optimize industrial designs and troubleshoot opera-
tional problems, which are usually difficult even impossible
to be measured in experiments with available techniques.13

On the other hand, CFD can be used as an important tool
together with experiments to improve our understanding of
many fundamental problems in multiphase flows.14 Gas–
solid injection has been encountered in the numerical model-
ing of gasification process. However, most of studies focused
on the overall gasification performance and no much atten-
tion was paid to the gas–solid jetting flow in the gasifier.15–
19 In some work, trajectories of fuel particles injected into
entrained flow gasifiers were reported based on Eulerian-
Lagrangian simulation in which a very dilute gas–solid flow
was simulated.20,21 To better model CFB gasifiers, the gas–
solid jet in a high-density riser flow needs to be simulated.
Li et al.22 conducted numerical simulations of coal injection
into a reduced configuration of CFB gasifier. The effects of
grid resolution and discretization scheme on the predictions
of the general jet behavior, flow hydrodynamics, and gasifi-
cation performance were analyzed. However, the complex
interactions between the gas–solid jet and the riser flow were
not completely captured due to the assumptions introduced
in the reduced configuration of gasifier.

In this study, a gas–solid jet in a CFB riser flow is investi-
gated through high-resolution 3-D CFD simulations of a
pilot-scale experimental setup. The general hydrodynamics of
the riser flow predicted by the numerical simulations are first
validated against the available experimental data. Then, the
fundamental characteristics of the gas–solid jet are studied
through numerical results and compared against the measure-
ments and observation from experiments. Finally, mixing of
the jetting flow with the riser crossflow is evaluated.

Experiment Setup

The experiments were conducted in a 0.305-m diameter
15.9-m tall pilot-scale cold circulating fluidized system. A
schematic diagram of the cold model is given in Figure 1.

The high-density polyethylene (HDPE) beads with an aver-
aged diameter of 750 lm and a density of 863 kg/m3 were
used in the experiments. This type of particles was chosen to
facilitate the numerical simulations as the grid size needed
by CFD simulations is commonly proportional to the particle
size. The solids enter the riser from a side port 0.23 m in di-
ameter and 0.27 m above the gas distributor. Solids exit the
riser through a 0.20 m side port about 1.2 m below the top
of the riser. The distance from the centerline of the solids
inlet to the outlet is 15.45 m. A detailed description of the
experimental facility and the process instrumentation was
provided by Mei et al.23 To study the jet penetration, a gas–
solid jet was introduced through a small tube of 1.59-cm di-
ameter at 4.3 m above the bottom distributor in the same az-
imuthal direction as the bulk solids feed to the riser. Same
solid particles as the bulk bed material were fed through the
injector with high-velocity gas flow. The overall solids circu-
lation rate within the CFB and solids feed rate through the
tube were monitored. The solids velocity at the jet inlet was
measured by means of ‘‘time of flight’’ experiments. Details
on the experiments can be found in the literature.11

Two methods were employed in the experiments to deter-
mine the penetration and distribution of injected particles:
photo sensors and piezoelectric pressure transducers. Solids
particles were exposed to UV light before injection into the
riser. Phosphorescent glow from the jet solids was then
detected by photo sensors at different radial positions within
the riser 0.15 and 0.30 m above the injection. It was
assumed that the voltage signal from the photo sensor is pro-
portional to the local concentration of the tracer particles.
Relative concentration distribution of the jetting particles
could be obtained through the optical signals. A normalized
concentration profile of the phosphorescent particles along
the jet direction was then obtained through data fitting at
each level. The distance from the jet wall to the maximum
peak and the width of the profile at half of the peak value
were reported to characterize the jet-behavior as schemati-
cally illustrated in Figure 2. Piezoelectric transducer meas-
urements were made at the feed level along the jet direction
to estimate the radial solids flux from the horizontal gas–
solid jet. Decay of the measured solids flux along the jet
direction was calculated to characterize the jet penetration at
that level. In addition, local particle velocities were meas-
ured at various radial positions, riser heights, and azimuthal
angles using an optical fiber probe. Incremental differential
pressures were also measured along the riser. Four variables
were tested including the jet velocity, solids feed rate into
the jet, the riser velocity, and the overall CFB circulation
rate over eight distinct cases as reported in the literature.11

For each case, several runs were undertaken to make sure
the reproducibility of experimental results.

Numerical Modeling

Governing equations

In this study, the Multiphase Flow with Interphase
eXchanges (MFIX) code, available from the U.S. Depart-
ment of Energy (DOE) National Energy Technology Labora-
tory (NETL) at https://mfix.netl.doe.gov, was used to
conduct the numerical simulations. MFIX is a multifluid,
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Eulerian-Eulerian code, with each phase treated as an inter-
penetrating continuum. Mass and momentum conservation
equations are solved for the gas and solid (particulate)
phases, with appropriate closure relations.24,25 The governing
equations for the solid phase are closed by kinetic granular
theory, which assumes that the random motion of particles is
analogous to the motion of molecules in a gas. A granular
temperature, proportional to the mean square of the random
particle velocity based on the Maxwellian velocity distribu-
tion, is then defined to model the fluctuating energy of the
solid phase. Constitutive relations for the solid-phase stress
tensor are derived based on the kinetic theory.26–28 For flows
without chemical reaction, as considered in this study, a
brief summary on the hydrodynamic model equations is
given in Table 1. More details were provided in the online
documentations.24

In the above equations, the turbulence of gas phase is
modeled in Eq. 10 with a simple subgrid scale model
(SGS).29 The turbulence of the gas phase is usually not of
primary concern for systems with dense solids flow as the
particle–particle collisions dominate the flow30 and the iner-
tia of particles further damps out the turbulence in the gas
phase.31,32 An algebraic Eq. 20 was used for the granular
temperature to save the computational time. To study the jet
behavior, additional species equations are solved to track the

gas and particles injected through the jet inlet. The self-dif-
fusion coefficient of particles in Eq. 30 proposed by Hsiau
and Hunt33 is used to model the diffusion of tracer particles
in the solids crossflow. For simplicity, the effect of gas tur-
bulence on the particle dispersion is neglected, which should
be considered in the future study.

Simulation setup

A 3-D simulation of the whole riser was performed. A
cuboid computational domain was discretized with a uniform
grid size of 7.5 mm except at the jet injection level where
the grid was slightly refined. The grid is believed to be fine
enough according to the well known 10-particle-diameter
criterion for grid independence in the gas–solid flow simula-
tions.34,35 To represent the cylindrical geometry of riser,
some cells were blocked so that a stair-step surface was used
to represent the column boundary. A total of 3 million com-
putational cells were used. To better resolve the transient
flow behavior of riser flows and jet injection, a second-order
Superbee discretization scheme was used for solving all
equations.22,36 The computation was conducted on a high-
performance computing (HPC) system with 192 Xeon quad-
core CPU running at 2.83 GHz.

The material properties and operating conditions used in
the numerical simulations are summarized in Table 2. In this
study, only two cases were simulated with low- and high-jet
gas velocities of 16 and 37 m/s, respectively. Detailed flow
information at the jet inlet is given in Table 3. The other
conditions are fixed for all cases.

At the bottom distributor, a uniform gas inflow was
specified, with no particles entering the domain. Acknowl-
edging the variation of superficial gas velocity along the
column height, a superficial gas velocity of 7.62 m/s
defined based on the bottom condition was used. While for
the side solids inlet above the distributor and the gas–solid
jet inlet, constant inflow conditions were imposed according
to the experimental mass flow rates. At the top abrupt exit,
a constant pressure was assumed and particles were free to
leave the system. At the side wall, a no-slip boundary con-
dition was adopted for both the gas and the solids phase.

Figure 1. Schematic of NETL CFB with gas–solid jet
injection.

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

Figure 2. Schematic of experimental measurements on
jet characteristics.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Initially, the whole riser was uniformly filled with solid
particles at a volume fraction of 0.1. Gas and solids flows
were introduced through the bottom distributor and the solids
feed inlet to establish the riser flow. The horizontal gas–solid
jet was issued through the inlet at 4.3 m above the distribu-
tor after 10 s simulation of the riser flow. Real-time simula-
tion of 26 s was completed for each case. Numerical data on

Table 1. Summary of MFIX Equations

A. Governing equations
(a) Continuity equations

@

@t
ðegqgÞ þ r � ðegqg ~VgÞ ¼ 0 ð1Þ

@

@t
ðepqpÞ þ r � ðepqp ~VpÞ ¼ 0 ð2Þ

(b) Momentum equations

@

@t
ðegqg ~VgÞ þ r � ðegqg ~Vg

~VgÞ ¼ r � ��sg �egrPþ egqgg� Igp ð3Þ

@

@t
ðepqp ~VpÞ þ r � ðepqp ~Vp

~VpÞ ¼ r � ��sp �eprPþ epqpgþ Igp ð4Þ

(c) Species equations

@

@t
ðegqgXgnÞ þ r � ðegqg ~Vg XgnÞ ¼ r � ðDgnrXgnÞ ð5Þ

@

@t
ðepqpXpnÞ þ r � ðepqp ~Vp XpnÞ ¼ r � ðDpnrXpnÞ ð6Þ

B. Constitutive equations
(a) Gas stress tensor

��sg ¼ 2lge
��Sg ð7Þ

��Sg ¼ 1

2
r ~Vg þðr ~VgÞT
� �� 1

3
r � ~Vg I ð8Þ

lge ¼ Min lmax; lg þ lt
� � ð9Þ

lt ¼ 2l2egqg
ffiffiffiffiffiffiffiffi
I2Dg

p ð10Þ

Dg ¼ 1

2
r ~Vg þðr ~VgÞT
� � ð11Þ

(b) Solid stress tensor

��sp ¼ �Ps þ glbr � ~Vp

� �
I þ 2lpSp ð12Þ

Sp ¼ 1

2
r ~Vp þðr ~VpÞT
� �� 1

3
r � ~Vp I ð13Þ

Ps ¼ epqpHp½1þ 4g0epg� ð14Þ

lp ¼
2þ a
3

� ��
l�p

g0gð2� gÞ 1þ 8

5
gg0ep

� �
1þ 8

5
g 3g� 2ð Þg0ep

� �

þ 3

5
glb

�
ð15Þ

l�p ¼
epqpHpg0l

epqpHpg0 þ 2bl
epqp

ð16Þ

l ¼ 5

96
qpdp

ffiffiffiffiffiffiffiffiffi
pHp

p ð17Þ

lb ¼
256

5p
le2pg0 ð18Þ

g ¼ 1þ e

2
ð19Þ

(c) Granular temperature

Hp ¼
�ðK1epþqpÞTrðDpÞ

2K4ep
þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðK1epÞ2Tr2ðDpÞþ4K4ep ½2K3TrðD
2

pÞþK2Tr2ðDpÞ�
q

2K4ep

2
664

3
775
2

ð20Þ

(Continued)

K1 ¼ 2ð1� eÞqpg0 ð21Þ

K2 ¼ 4

3
ffiffiffi
p

p dpqpð1þ eÞg0ep � 2

3
K3 ð22Þ

K3 ¼
dpqp
2

� ffiffiffi
p

p
3ð3� eÞ

� ð3eþ 1Þ
2

þ 2

5
ð1þ eÞð3e� 1Þg0ep

�

þ 8ep
5

ffiffiffi
p

p g0ð1þ eÞ
	

ð23Þ

K4 ¼
12ð1� e2Þqpg0

dp
ffiffiffi
p

p ð24Þ

(d) Inter-phase momentum exchange

Igp ¼ b ~Vg � ~Vp

� � ð25Þ

b ¼
150

e2plg
egd2p

þ 1:75
epqg ~Vp � ~Vgj j

dp
if ep > 0:2

3
4
Cde�2:65

g

epegqg ~Vp � ~Vgj j
dp

if ep � 0:2

8><
>: ð26Þ

Cd ¼
24

Re � eg ð1þ 0:15ðRe � egÞ0:687Þ if Re � eg\1000

0:44 if Re � eg � 1000

8<
: ð27Þ

Re ¼ qg ~Vp � ~Vg



 

dp
lg

ð28Þ

(e) Gas and solid diffusivity

Dg ¼ qgDg0 þ lt
Sct

ð29Þ

Dp ¼
qpdp

ffiffiffiffiffiffiffiffiffi
pHp

p
8ð1þ epÞepg0 ð30Þ

Sct ¼ 0:7 ð31Þ

Table 2. Material Properties and Operating Conditions

Property Value

Particle diameter (lm) 750
Solid density (kg/m3) 863
Interparticle restitution coefficient 0.8
Particle wall restitution coefficient 0.7
Packed bed voidage 0.346
Angle of internal friction (�) 30
Superficial gas velocity (m/s) 7.62
Solids circulation rate (kg/s) 11.34
Gas viscosity (Pa s) 1.8E�5
Jet inlet diameter (cm) 1.59
Temperature (K) 298
Pressure at top exit (Pa) 101,325
Pressure at bottom (Pa) 111,800
Gas molecular weight (kg/kmol) 28.8
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the flow field variables including pressure, voidage, veloc-
ities, and species mass fractions were stored at a frequency
of 20 Hz for postprocessing.

Results and Discussion

Riser flow hydrodynamics

To analyze the numerical results, it is important to make
sure that the flow has reached the fully developed state. An
appropriate criterion is required to justify the flow develop-
ment. For this purpose, the pressure drop throughout the riser
which roughly corresponds to the solids inventory was moni-
tored as shown in Figure 3. At the initial stage, the pressure
drop keeps increasing as the solids inventory builds up. It
then levels off indicating that the solids circulating pattern
has been fully developed and a statistical steady state has
been achieved. Similar observation can be obtained through
the monitored solids flux at the exit. To avoid the startup
effect of such a large system, the first 20 s simulation was
excluded from postprocessing and the numerical results were
averaged over the remaining 6 s of the simulations when the
time-averaged flow field is presented.

The general riser flow hydrodynamics are analyzed by
examining the mean flow field. Figures 4 and 5 show the
time-averaged voidage and axial solid velocity profiles in a
lengthwise cross section aligned with the jet injection as
well as several axial cross sections at different elevations.
To show the whole picture of lengthwise cross-sectional dis-
tribution, the actual height-to-diameter ratio is not preserved
and the riser height is scaled down by a factor of 5 in these
figures. The typical core-annular flow: a dilute, rapidly rising
core flow surrounded by a dense, slowly falling flow adja-
cent to the wall, can be observed in the riser. Clustering phe-

nomenon is predicted with clusters continuously developing
and breaking up, and falling down close to the wall, leading
to the core-annular flow pattern.

Particles close to a loosely packing state are slowly fed
into the system through the whole cross section of the sol-
ids side-inlet 0.27 m above the bottom distributor. The
solid particles through the side-inlet penetrate only a small
distance into the riser cross section before they are
entrained by the strong upward gas flow through the bot-
tom distributor. The entrained particles are accelerated by
the high-velocity gas flow, resulting in increasing voidage
along the riser height. Bypassing of gas flow via the other
side opposite to the solids inlet is predicted, causing off-
center maxima of solid velocity profile downstream. As can
be seen in the Figures 4 and 5, the inlet effects are quickly
dissipated for this pilot-scale riser and the core-annular
structure forms in a short distance above the solids inlet.
Similar inlet effects in an pilot-scale riser were reported by
De Wilde et al.37

In the upper section of the riser, the increase of solids
holdup along the height is attributed to the reflection of solid
particles from the abrupt exit.38 The T-shape abrupt exit has
a significant influence on the particle velocity. Certain
amount of particles escapes through the exit at high velocity.
While the rest can not take the sharp turn, they recirculate
from the blind T above the outlet port and travel downward
along the opposite wall.39 This can be clearly seen from the
solid velocity profile in Figure 5. A region of high particle
concentration is formed by the reflected particles at the

Figure 3. Time variation of the overall pressure drop
through the riser for the case with low-jet
velocity.

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

Table 3. Summary of Jet Flow Conditions

Case
Name

Voidage at
Jet Inlet

Gas Velocity at
Jet Inlet (m/s)

Solid Velocity at
Jet Inlet (m/s)

Low 0.97 16.64 6.93
High 0.97 37.18 15.5

Figure 4. Time-averaged voidage contour in the riser
flow for the case with high-jet velocity (the
height is scaled down by a factor of 5).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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opposite side of the outlet as depicted in Figure 4. The fall-
ing particles cause substantial backmixing below the exit
level. As a result, the dilute core of the riser is not located
centrally, but shifted toward the exit. The extent of the exit
effects propagates down the riser for a few meters, which
depends on the operating conditions and the exit restriction
such as exit cross-section area.40,41 Overall, the general
flow hydrodynamics of the experimental setup are captured
by the current numerical simulations and the influences of
both the asymmetric solids inlet and the abrupt exit are rea-
sonably predicted.

Comparison with experimental data

To validate the CFD simulations, quantitative comparisons
with the experimental measurements on pressure and solid
velocity are made. The overall pressure drop through the riser
was predicted to be 21 kPa, which is 23–27% higher than the
experimental measurements of 16.5–17 kPa. The overpredic-
tion of pressure drop might attribute to the no-slip boundary
condition used for the solid phase and the stair-step represen-
tation of the cylindrical wall which leads to a larger wall
area. In the literature, free-slip,42 partial-slip,43 and no-slip
wall boundary44,45 conditions for the solid phase were all
used in numerical simulations of circulating fluidized beds. It
was reported that a free-slip boundary condition or a partial-
slip boundary condition with low friction tends to yield better
agreement with the experimental data.43,46 This conclusion
was obtained through two-dimensional or axi-symmetric sim-
ulations of riser flows but has not been verified in 3-D simu-
lations. On the other hand, it is generally believed that the
wall effect is significant for small lab-scale systems and mod-
erate for pilot-scale columns and probably negligible for large

industrial-scale plants.47 Consequently, the impact of wall
boundary condition for the solid phase on the flow hydrody-
namics in fully 3-D numerical simulations of such a pilot-
scale riser needs further investigation. Another possible
reason is that the Superbee scheme employed in the current
simulations tends to slightly overpredict the solid inventory
compared with other numerical schemes.48

In the literature, the axial profile of apparent voidage (or
apparent cross-sectional-average solids holdup) is usually
reported, which is calculated based on the pressure drop through

DP=DL ¼ ð1� �egÞðqp � qgÞg (32)

Because of the local acceleration of solid particles and the
frictional effect of side wall, the calculated apparent voi-
dage/solids holdup somehow differs from the true value in
the system, especially for the lower section of riser.48–50

This might cause uncertainties in validations when compar-
ing the numerical predictions on axial voidage profile with
the experimental data of apparent voidage. Consequently, it
is preferential to compare the numerical prediction of pres-
sure gradient with the raw experimental data for the purpose
of quantitative validation. Figure 6 presents the comparison
between the numerical results and the experimental data on
pressure gradient for the case with low-jet velocity. Reasona-
ble agreement between simulation and experiment is
obtained though the pressure gradient is slightly overpre-
dicted by the current simulation. Both axial pressure gradient
profiles indicate that the apparent solids holdup first
decreases with increasing height at the lower region (0–5 m)
and remains fairly constant in the middle region (5–10 m)
and then, increases with height at the upper region of the
riser (10–15 m). It is consistent with the lengthwise cross-
sectional voidage profile in Figure 4 and this ‘‘C’’-shaped
pressure curve is representative for the NETL CFB plant.

Figures 7 and 8 compare the radial profiles of axial solid
velocity to the experimental data measured by a fiber optic
probe at 0.15 m above the feed injection in the same azi-
muthal plane for the riser flow with low- and high-jet velo-
cities, respectively. For the riser flow with low-jet velocity,
experimental data of nine repeated runs were analyzed and
the error bars representing the standard deviation are shown
in the figure. While for the case with high-jet velocity, only
two experimental data sets measured in a single run are
shown. Overall, reasonable agreement between the numerical
simulations and the experimental measurements is obtained.
For both cases, high-solid velocity in the central core and
negative solid axial velocity close to the wall are predicted.
The high-velocity core shifts toward the opposite side of the
jet inlet, which is probably caused by the solids inlet and
outlet, as well as the injection of gas–solid jet. However, a
further investigation is needed to distinguish the effect of jet
injection from that of solids inlet and outlet.

Influence of jet injection

The influence of horizontal gas–solid jet on the riser flow
hydrodynamics is analyzed though the time-averaged voi-
dage and solid velocity distributions. Figures 9 and 10 show
voidage and axial solid velocity distributions in the region
where the jet is introduced. The axial cross-sectional views

Figure 5. Time-averaged axial solid velocity in the riser
flow for the case with high-jet velocity (the
height is scaled down by a factor of 5).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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at the jet level and 0.10 m above and below the jet inlet are
also shown in these figures. These figures demonstrate the
influence of jet on the overall flow hydrodynamics in the
riser. For both cases, the jet acts as a cylindrical obstacle
with a deformable surface from the main flow leading to
particles accumulation in front of it. The impact becomes
more pronounced for the high-jet velocity though it is still
very localized. In addition, the injected particles with a higher

radial component of momentum penetrate farther than the gas
into the cross-flow, which also contributes to the formation of
the dense region in front of the jet. Figure 9 shows that the
injected gas flow dilutes the riser flow in the downstream
region near the wall which is more visible for the high-jet ve-
locity. The influence of jet injection on the axial solid velocity
distribution is more pronounced above the injection level,
especially for the high-jet velocity. Away from the wall region,
the particles below the jet flowing upward are entrained into
the jet and are transported deeper along the jet direction. A
close view at the jet inlet in both figures reveals that the jet dis-
rupts the downward flow along the wall and a small region
with low solids concentration right below the jet inlet is
formed, which is similar to the effect of secondary air jets.47 In
addition, the high-velocity jet tends to promote the downward
motion of particles close to the left wall in Figure 10 above the
injection level, when compare the axial velocity profiles for
low- and high-jet velocities.

Secondary gas injection through radial and tangential jets
into circulating fluidized beds has been studied by several
researchers. It was reported that the secondary gas injection,
usually 30–50% of the total fluidization air, increased the solids
holdup in the riser considerably and profoundly affected the
hydrodynamics.51–53 However, this conclusion is not applica-
ble to the current situation. In the above analyses, the flow pat-
tern is affected by the jet injection only in a short distance up
and downstream. This is because the flow rate through jet injec-
tion is very small compared to the riser flow. Even for the case
with high-jet velocity, the gas and solids flow rates through the
jet inlet are only 1.3% and 0.7% of that though the riser cross

section, respectively. No significant cut-off effect of the sec-

ondary air jets blocking the rising gas–solid suspension

reported before51–53 can be observed in the current study.

Hence, the influence of horizontal gas–solid injection on the

overall flow hydrodynamics is relatively limited.

Jet behavior

As the purpose of gas–solid jets is to feed reactants to the re-
actor, understanding of the injection and dispersion behavior

Figure 7. Radial profile of axial solid velocity 15 cm
above the jet injection for the case with low-jet
velocity (experimental data were obtained by
averaging 16 data sets measured in nine runs).

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

Figure 8. Radial profile of axial solid velocity 15 cm
above the jet injection for the case with high-
jet velocity (two experimental data sets
measured in a single run was shown).

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

Figure 6. Axial profiles of pressure gradient for the case
with low-jet velocity (experiment data on pres-
sure gradient were obtained by averaging data
measured in 12 duplicated runs with error bar
representing the standard deviation).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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of particles under such conditions would allow optimization of
the solids injectors. The behavior of gas–solid jet is studied by
analyzing the transient tracer distributions inside the riser flow.
In the current numerical simulations, gas and particles injected
through the jet were treated as tracer species in gas and solid
phases, respectively. Transport equations were solved for the
mass fraction of each species. To track the jet movement, con-
centrations of tracer gas and particles are calculated by

eg;tr ¼ egXg;tr (33)

ep;tr ¼ epXp;tr (34)

where Xg,tr and Xp,tr are species mass fractions of tracer gas
and particles, respectively.

Figure 11 shows snapshots of voidage, concentrations of
tracer particles, and tracer gas. The gas–solid jet is observed
to be very unstable and is greatly affected by the gas–solid
crossflow, especially by the clusters. Generally, the cross
section of the jet deforms from a circle at the inlet to a kid-
ney- or horseshoe-like shape deeper in the far jet region,
which is not shown in the figure. The jet is finally broken up
by the strong fluctuating crossflow. During this process, large
clusters play the dominant role in affecting the shape of jet.
Because of the mainly upward crossflow and the buoyancy
effect, the jet migrates upward. Occasionally, large falling
clusters close to the wall drag the jet and bend it downward.
As the jet propagates into the crossflow, the continuous
dense region formed in front of the jet breaks up and the
tracer particles aggregate into clusters as shown in the upper

Figure 9. Time-averaged voidage contour in the jet region for low-jet velocity (left) and high-jet velocity (right).

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

Figure 10. Time-averaged axial solid velocity in the jet region for low-jet velocity (left) and high-jet velocity (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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region of the tracer particle concentration plot in Figure 11.
Both tracer gas and tracer particles distributions are not uni-
form because of the nonhomogeneous crossflow. The tracer
particles with high momentum travel deeper into the cross-
flow and separate from the jetting gas flow because of differ-
ent dynamic responses of gas and particles to the crossflow.
The effect of separation is twofold. On one hand, the solids
penetrate deeper into the crossflow resulting in enhanced sol-
ids mixing, which is confirmed in the mixing study below.
In addition, for heterogeneous reactions controlled by heat
transfer, the separation of gas and particles after entering the
crossflow eliminates the cooling effect on reactions caused
by the jetting gas. On the other hand, in some processes, for
example, some coal gasifier designs, the air–coal mixture is
expected to undergo combustion reactions to supplement
heat needed by the endothermic gasification reactions. Under
such circumstance, separation of the coal particles from the
air jet not only limits the desired combustion but also leads
to a cool region of oxygen-rich gas. The cool oxygen-rich
gas flow propagates upward and might cause unwanted com-
bustion of the devolitization and gasification product gases.54

Hence, the separation of gas and solids should be taken into
account in design for the desired performance when they are
injected together into the reactor crossflow. From the experi-
mental point of view, the gas–solid separation suggests that
both jetting gas and particles need to be tracked to study the
gas–solid jet behavior. In Figure 11, the nonzero tracer con-
centration below the jet injection level indicates backmixing
of gas and solids, which will be discussed later.

Jet penetration

Among many parameters describing the jet issuing into a
gas–solid crossflow, jet penetration depth is one of the most

important since it determines the length of the effective
interaction zone between the jetting material and the cross-
flow. There are many empirical correlations for predicting
the gas/liquid jet penetration in dense fluidized beds.1–3

However, no such correlation is available for the gas–solid
jet. Even a clear definition of jet penetration is not straight-
forward as the jet boundary is hard to define for the two-
phase jet with strong-phase separation.22

In the experiments conducted at NETL, jet penetration was
characterized by the radial distance of the peak tracer concen-
tration and the half-height width of the peak profile at differ-
ent downstream elevations, as schematically shown in Figure
2. Similar approach is adopted in the numerical simulations to
estimate the jet penetration. Lateral profiles of tracer particles
concentration at 0.15 and 0.30 m above the jet inlet are pre-
sented in Figure 12 for the case with high-jet velocity. The
location of peak and the half-height width are determined and
compared with the experimental measurements in Tables 4
and 5 at these two elevations. Both the peak distance and the
half-height width increase with jet velocity. The latter is
caused by the stronger fluctuations of the gas–solid jet with
higher velocity. Generally, predictions of the peak locations
compare favorably to the experimental data. However, the
half-height widths are substantially underpredicted by the nu-
merical simulations. The underprediction is attributed to the
unstable gas–solid flow through the feed nozzle for which the
solids concentration, gas, and solids velocities subject to
strong fluctuations at the jet inlet in the experiments. This
was not considered in the current simulations where a con-
stant flow condition was specified at the jet inlet. In addition,
the simplification of the gas-phase turbulence modeling may
be another reason to the underprediction of half-height width
as the complex effect of gas turbulence on the solid disper-
sion, which was not included in the current study, might be

Figure 11. Snapshots of voidage, concentrations of tracer particles, and gas for high-jet velocity (From left to
right: voidage, tracer particle concentration, tracer gas concentration).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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important though the dispersion of tracer particles is believed
to be dominated by the flow convection.

Similar analyses were performed based on the tracer gas
concentration profiles. Penetration of the jetting gas is
smaller than the jetting particles because of its lower mo-
mentum. The gas jet characteristics are not reported here as
no such measurements are available in the experiments for
comparison. Research in this area at NETL is ongoing and
more discussions on the gas–solid jet penetration analyses
will be reported elsewhere.55

Feed mixing

Gas mixing in fluidized beds is critical to conversions and
selectivities of various industrial processes. Likewise, the
solids mixing in CFB risers affects the gas–solid contacting,
suspension-to-wall heat transfer, the degree of catalyst deac-
tivation, and particle conversion for gas–solid reactions.56

Hence, it is of practical importance to study the mixing of
feed through the horizontal jet with the bulk materials inside
the reactor.

Time-averaged mass fractions of tracer gas and particles
close to the jet injection are shown in Figures 13 and 14 to
study mixing of the gas–solid injection with the bed materi-
als. Clearly, the radial mixing is much slower than the axial
mixing or dispersion along the riser height, leading to large
gradients of concentration in the radial direction. According
to previous studies, secondary air injection enhances the lat-
eral/radial gas mixing in circulating fluidized beds.53,57 Con-

sequently, better mixing of the jetting gas and solids with
the crossflow is expected for the case with high-jet velocity.
Jet penetration depth is a key parameter affecting the mixing
behavior. As can be seen in both figures, the deeper penetra-
tion of gas and solids for the high-velocity jet leads to a bet-
ter radial mixing in the downstream region, especially for
the solids mixing. Similarly, the smaller penetration of gas
than particles accounts for the poorer radial gas mixing than
the radial solids mixing for the same case. The results dis-
cussed here might suggest that multiple jets should be used
to achieve a better feed mixing with the riser crossflow.

The overall mixing behavior in the riser with low- and
high-jet velocities are shown in Figure 15 in which distribu-
tions of mass fractions of tracer gas and particles are shown
in the lengthwise cross-sectional planes aligned with and
normal to the horizontal jet. For ease of presentation, the
height is again scaled down by a factor of 5. The effect of
T-shape abrupt exit on mixing is illustrated in these figures.
Significant solids backflow caused by the abrupt exit affects
the mixing of solids injection with the riser flow to certain
extent.40 The strong backflow brings the tracer at the exit
level back to the riser, resulting in high concentration close
to the wall opposite the exit. Although the exit effect is
almost identical for cases with low- and high-jet velocity,
different mixing behaviors at the exit level are observed
because of different extents of radial mixing and feeding
flow rates. Furthermore, limited radial mixing has a profound
influence on the downstream mixing of tracer gas and bulk
flow. For the case with low-jet velocity, the gas jet barely
reaches center of riser leading to low tracer concentration in
the center of the riser along the entire height. Although, for
the case with high-jet velocity, the tracer concentration
becomes more uniform than that of low-jet velocity, espe-
cially for the tracer particles distribution. In Figure 15, high
concentrations close to the wall are attributed to the back-
mixing caused by the downward solids flow. For fast reac-
tions such as FCC process, the solids backmixing is undesir-
able. Whereas, for some processes such as CFB coal com-
bustion increasing the resident time of the coal due to
backmxing gives more efficient combustion and greater sus-
pension density at the riser top and enhances heat transfer in
that region.40

By comparing the concentration distributions below the jet
level in Figure 15, it seems that the backmixing of the gas–
solid feed increases with the jet velocity. However, it should
be noted that tracer flow rates are different for these two
cases. An accurate way is needed to evaluate the influence of
jet velocity on the feed mixing with the bed materials. For
this purpose, the specific concentrations of tracer gas, Cg/Cg0,
and particles, Cs/Cs0, are compared. Cg and Cs are volume
fractions of tracer gas and particles in gas and solids phases,
respectively. The exit tracer concentration, Cg0, is defined as

Table 4. Predictions of Jet Characteristics at 0.15 m Above
the Injection

Case

Num.
Peak

Location
(m)

Num.
Half-Height

Width
(m)

Exp.
Peak

Location
(m)

Exp.
Half-Height

Width
(m)

Low-jet velocity 0.062 0.052 0.08 0.13
High-jet velocity 0.128 0.064 0.13 0.18

Table 5. Predictions of Jet Characteristics at 0.30 m Above
the Injection

Case

Num.
Peak

Location
(m)

Num.
Half-Height

Width
(m)

Exp.
Peak

Location
(m)

Exp.
Half-Height

Width
(m)

Low-jet velocity 0.064 0.048 0.08 0.15
High-jet velocity 0.15 0.072 0.14 0.17

Figure 12. Profiles of tracer particles concentration at
different levels above the jet port for high-
jet velocity.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Cg0 ¼ Qg;tracer

�
Qg (35)

where Qg,tracer is the volumetric flow rate of tracer at the
injector and Qg is the total gas flow rate at the exit. Similarly,
the exit concentration of tracer particle is calculated as

Cs0 ¼ Qs;tracer

�
Qs (36)

where Qs,tracer is the volumetric flow rate of tracer particles
at the injector and Qs is the total solids circulation rate.
Figures 16 and 17 show the distributions of specific
concentration of tracer gas and particles at different levels
below the jet injection. As can be seen from the comparison,

the backmixing tends to decrease as the jet velocity increases,
which is consistent with previous studies on horizontal gas jets
in a bubbling fluidized bed.5

It should be noted that gas and solids mixing in the above dis-
cussions refer to the mixing of feed through jet injection with
the riser crossflow. This differs from the mixing obtained from
most experimental studies in which the tracer is usually injected
as a point source at the center of riser or uniformly below the
distributor. In addition, it is expected that the overall mixing
inside the riser flow is not greatly affected by the gas–solid
injection considering its local impact on the flow hydrodynam-
ics as already discussed before. To confirm this, a dedicated
experiment on gas and solids mixing is needed.

Figure 13. Time-averaged mass fraction of tracer gas for low-jet velocity (left) high-jet velocity (right).

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

Figure 14. Time-averaged mass fraction of tracer particles for low-jet velocity (left) (b) high-jet velocity. (right)

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

In this study, a horizontal gas–solid jet in a high-density
riser flow was investigated with high-resolution CFD simula-
tions. A comprehensive investigation was carried out to
study the hydrodynamics aspects of gas–solid injection in a
circulating fluidized bed as well as mixing of feed with bulk
materials. The impacts of the gas–solid injection on the riser
flow hydrodynamics were evaluated with respect to voidage
and solids velocities distributions. The influence of the stud-
ied horizontal gas–solid injections on the overall flow hydro-
dynamics was found to be relatively localized and mainly in

the downstream region. However, the jet was very unstable and
its behavior was greatly affected by the nonhomogeneous riser
flow, especially by the clusters. Substantial separation of jetting
gas and solids after they enter the riser flow was predicted in the
numerical simulations, which needs to be considered in process
design and optimization. The jet penetrations at different down-
stream levels were studied and reasonable agreement with the
experimental measurements at NETL was obtained. The mix-
ing behavior of the gas and particles injected through the jet
flow with the bed materials was analyzed. The radial mixing at
the injection level had a profound influence on the downstream
mixing between jetting material and bulk flow and the jet

Figure 15. Distributions of time-averaged mass fraction of tracer gas and particles for (a) low-jet velocity; (b) high-
jet velocity (the height is scaled down by a factor of 5).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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penetration was found to be the key parameter affecting radial
mixing. Backmixing of the jetting gas and solids was also eval-
uated, which decreases as the jet velocity increases. The current
CFD simulations were demonstrated to be a very useful tool to
study the gas–solid jet in high-density riser flows.
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Notation

Symbols

C ¼ concentration
dp ¼ particle diameter, m

Dg0 ¼ molecular diffusivity, m2/s
e ¼ coefficient of restitution for particle collision

ew ¼ particle wall restitution coefficient
g ¼ gravitational acceleration, m/s2

g0 ¼ radial distribution function
l ¼ turbulence length scale, m
P ¼ gas pressure, Pa
Ps ¼ solid frictional pressure, Pa
Q ¼ volumetric flow rate, m3/s
~V ¼ velocity, m/s

x, y, z ¼ Cartesian coordinates with z vertical and x lateral, m
X ¼ species mass fraction

Greek letters

eg ¼ volume fraction of gas
ep ¼ volume fraction of particles

ep,max ¼ maximum volume fraction of particles
lp ¼ solid viscosity, Pa s
Hp ¼ granular temperature, J/kg
qg ¼ gas density, kg/m3

qp ¼ solid density, kg/m3

Subscript

g ¼ gas phase
p,s ¼ solid phase

tr,tracer ¼ tracer
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