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The influence of riser diameter on the axial and radial particle velocity profiles and flow
development is studied in a 10 m high twin-riser system (76- and 203-mm ID risers).
Cross-sectional average particle velocity is somewhat lower for the larger riser with a
steeper radial particle velocity profile. The flow development in the riser center is nearly
instant with the particle velocity remaining high. There is no significant difference for the
two risers in the center region. In the wall region, the flow development is significantly
slower and the particle velocity of the smaller riser is higher. The flow development slows
down in the larger riser. In all locations measured, there was a clear dependency between
the local particle velocity and solids concentration of both risers. Gas distribution and
particle aggregation are considered the key factors that influence the local hydrodynamics
in the twin-riser system. © 2005 American Institute of Chemical Engineers AIChE J, 51:
2956–2964, 2005
Keywords: circulating fluidized bed, particle velocity profile, flow development, riser
diameter, five-fiber optic probe

Introduction

Gas–solid reactions take place in a wide range of chemical
processes, such as circulating fluidized bed (CFB) combustion
and fluid-catalytic cracking (FCC). Because of their use in
petroleum refineries for FCC, circulating fluidized beds were
“reinvented”1,2 in the late 1970s. Since then, intensive studies
have been carried out to improve these industrial processes.
FCC units are used in most refineries all over the world to
convert high molecular weight gas oils or residuum charge
stocks into lighter hydrocarbon products in a riser reactor
within a few seconds. However, a shorter and a more uniform
catalyst residence time in the riser reactor would potentially
lead to a better reaction performance (larger amounts of desired
products and/or a higher conversion). That is, because coke
deposition rapidly deactivates the catalyst leading to reduced
selectivity and some desirable products (gasoline, light olefins,
light cycle oil) may further react to cause over-cracking. These

non-beneficial factors could be limited or avoided by having
more uniform axial and radial particle flow structure in the
riser, leading to shorter and more uniform solids as well as gas
residence times.

To apply fundamental knowledge from pilot scale risers into
a commercial riser, it is necessary to achieve a clear under-
standing of the scale-up effects. Extensive research has been
carried out on CFB riser reactors.3-17 Although there were some
researches on particle velocity in the literature,3-5,7,9,12,17,18 most
data were taken in risers of small diameter (�0.15 m) and / or
short length (�7 m). Considering most industrial risers are of
1 m or larger in diameter and of 20 m or taller in height, it is
not reliable to base the industrial design on the experimental
results obtained in small diameter and very short risers since
small diameter vessels are dominated by wall effects and the
entrance and exit structures have great influence on the short
height vessels. It is very important to understand the scale-up
effect on the hydrodynamics inside the risers of significant
sizes. Unfortunately, no previous studies have been published
with respect to gas and particle flow over a wide range of
operating conditions in risers of different diameters. Therefore,
more research on the influence of riser diameter on particle
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velocity distribution and flow development is required in large-
scale CFB risers to improve and optimize the existing industrial
CFBs and enhance the design for novel applications.

To minimize the possibility of expensive errors in scaling-up
to commercial operation, and to optimize and improve the
designs of existing industrial FCC riser reactors, a good un-
derstanding of the scale-up obtained from pilot-scale risers,
such as the knowledge of the particle flow distribution in CFB
risers of significant size, is necessary. This work used a twin-
riser system, with two 10 m long riser units having internal
diameters (ID) of 76 mm (3 in.) and 203 mm (8 in.) and
otherwise having identical geometries (sharing the same down-
comer and air supply, using the same particles), over a wide
range of operating conditions with the solids circulation rate up
to 200 kg m�2 s�1 and superficial gas velocity up to 8.0 m/s.
The influence of riser diameter on the axial and radial particle
velocity profiles and flow development is carefully studied by
measuring the local particle velocity with an optical-fiber probe
along the twin-riser system. The information obtained from this
study could be beneficial, especially for the FCC industry.

Experimental Apparatus

The experiments were conducted in a twin-riser circulating
fluidized bed system shown schematically in Figure 1, consist-
ing of two 10 m long risers, 76- and 203-mm IDs, which use
the same downcomer (storage tank) of ID 0.32 m. FCC catalyst
with a mean diameter of 67 �m and a particle density of 1500
kg/m3 were used. The total solids inventory was about 350 kg,
equivalent to a solids level of nearly 5 m in the downcomer.
The humidity level of the air was controlled between 70 and
80% to minimize the effect of electrostatics in the system.

The configurations (except for the diameter) are identical for
both risers. The relative dimensions of the inlet and outlet
openings to the diameters are equal to the corresponding di-

ameter. After passing through a short inclined pipe section,
where a flip valve was installed to control the solids flow rate,
the solids from the storage tank entered the riser bottom at a
height of 0.21 m in each riser and were accelerated by air in
near-ambient conditions (at the base of the riser, the tempera-
ture is about 20°C and absolute pressure is about 105.7 kPa).
After initial mixing and accelerating, the gas–solids suspension
traveled up in the column and passed through a smooth exit
into the primary cyclone for gas–solids separation, and escaped
solids entered into the secondary and tertiary cyclones, with the
final gas–solids separation carried out by a bag filter. Two
separate sets of cyclones were used for each riser, although the
two risers shared the same bag filter. Only one riser operated at
a given time. From the bottom of the large-capacity bag filter,
collected fine particles could be returned to the downcomer.
The solids flow rate measuring device located in the top portion
of the downcomer sectioned the column into two halves with a
central vertical plate and with two half-butterfly valves fixed at
the top and the bottom of the two-half section. By appropriately
flipping over the two valves from one side to the other, solids
circulated through the system can be accumulated in one side
of the measuring section for a given time period to provide the
solids circulation rate.

A five-fiber optic velocity probe was inserted into the col-
umn to measure the particle velocity. Each of the five fibers is
a silicon optical fiber of diameter 200 �m. The probe consists
of a horizontal cylindrical portion of diameter 2 mm and length
about 0.3 m, leading to a 10 mm long tip having an oval-shaped
cross section of 0.5 � 1.8 mm (width � height). The five-fiber
optic probe consists of two light-emitting fibers (B and D) and
three light-detecting fibers (A, C, and E) arranged precisely in
the same vertical line. A particle flowing by the center point
between any two neighboring fibers will produce a reflective
signal to a detection fiber. By counting the time difference
between the two signals from A–B and B–C (or C–D and
D–E), the velocity of a particle passing along the array of the
five fibers can be determined. More details of the five-fiber
optic probe have been presented by Zhu et al.19 The particle
velocity was measured at 11 radial positions (r/R � 0.00, 0.16,
0.38, 0.50, 0.59, 0.67, 0.74, 0.81, 0.87, 0.92, and 0.98) on eight
axial levels (Z � 1.53, 2.73, 3.96, 5.13, 5.90, 6.34, 8.74, and
9.42 m) for the 76-mm ID riser and five axial levels (Z � 1.47,
2.69, 3.91, 5.90, and 8.79 m) for the 203-mm ID riser under
several operating conditions as given in Table 1. At each
measurement location the sampling time was typically �30 s
and the amount of sampled particles � 2500.

The local solids concentration was measured with a reflec-
tive-type fiber-optic concentration probe. The 3.8 mm diameter
probe tip consisted of nearly 8000 emitting and receiving
quartz fibers, each having a diameter of 15 �m. The active
area, where the fibers were located, was about 2 � 2 mm. More

Table 1. Operating Conditions

76-mm ID Riser 203-mm ID Riser

Ug (m/s) Gs (kg m�2 s�1) Ug (m/s) Gs (kg m�2 s�1)

5.5 50 5.5 50
3.5 100 5.5 75
5.5 100 5.5 100
8.0 100 8.0 100
5.5 200

Figure 1. Twin-riser circulating fluidized bed apparatus.
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details of this probe can be found in Zhang et al.,20 and more
details of the concentration probe measurements from the same
twin-riser system can be found in Yan and Zhu.21 The solids
concentration was measured in the same positions and at the
same operating conditions as the particle velocity. Two sam-
ples were taken at each location, and the total sampling time
was 60 s. By combining the results from the current study with
those of Yan and Zhu,21 the cross-sectional net solids fluxes
were obtained for each axial elevation. Those were found to be
in a good agreement with the results from the solids flow rate
measuring device (Gs) in the downcomer (within 10–15%).
The cross-sectionally mean solids holdups were obtained by
averaging the local solids holdups measured at 10 radial posi-
tions (excluding the center point) with the fiber-optic concen-
tration probe at each axial elevation.

Results and Discussion
Development of radial profiles of particle velocity

In our study, we used large-scale CFB risers (with diameters
up to 0.2 m and bed height of 10 m to ensure that the particle
flow is fully developed in the riser) with high gas velocity (up
to 8 m/s) to study the influence of bed diameter on radial
profiles of the particle velocities. Figure 2a shows the radial
profiles of particle velocity on eight axial elevations of the
76-mm ID riser under five operating conditions. The solids
circulation rates were 50, 100, and 200 kg m�2 s�1 and the
superficial gas velocities were 3.5, 5.5, and 8.0 m/s. Radial
profiles of particle velocity on five axial elevations of the
203-mm ID riser under four operating conditions are shown in
Figure 2b. The solids circulation rates were 50, 75, and 100 kg
m�2 s�1 and the superficial gas velocities were 5.5 and 8.0 m/s.
In general, the particle velocities are more uniform in the upper
section than in the lower section of the riser at all radial
positions and higher in the center than in the wall region of the
riser at all axial locations. Figure 2 also shows that the particle
velocity in the center region of the riser remains nearly constant
throughout the riser under each operating condition for both
risers, and then decreases toward the wall. Figure 2 further
shows that the particle velocity in the center region of the riser
does not seem to change significantly under the same superfi-
cial velocity within the tested range of operating conditions for
both risers. As a result, the flow development is mostly repre-
sented by the increase of the particle velocity toward the riser
top at r/R from about 0.50 to 1.00. In the riser bottom, the
particle velocity drops significantly toward the wall. Toward
the riser top, the particle velocity in the wall region tends to
increase. Increasing the superficial gas velocity Ug increases
the particle velocity throughout the riser. The solids circulation
rate (overall solids flux) Gs seems to have only a slight influ-
ence on the value of particle velocity. In addition, the radial
profile of particle velocity seems more uniform with lower
solids flux. That is, increasing solids flux slows down the flow
development. Similar phenomena were also observed in the
radial particle velocity profiles of the same 76-mm ID riser
under higher flux operating conditions as shown in Pärssinen
and Zhu.17 Because of the limitation of the capacity of the
storage tank, the solids flux in the 203-mm ID riser cannot
reach a very high flux. It will be our future work to study higher
flux conditions in the 203-mm ID riser after modifying the
equipment to increase the capacity of the storage tank.

Figure 2. (a) Radial profiles of local particle velocity un-
der five operating conditions on eight axial lev-
els of the 76-mm ID riser, showing the flow
development along the riser; (b) radial profiles
of local particle velocity under four operating
conditions on five axial levels of the 203-mm ID
riser, showing the flow development along the
riser.
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Figure 2 also shows the flow development with respect to the
radial profiles of particle velocity under each operating condi-
tion in the 10 m high twin-riser system. At the bottom section
(Z � 1.53 and/or 2.73 m), the radial profile shows a flat center
region, turning then smoothly downward toward the wall, and
having a fairly wide wall region with a velocity value of �2
m/s. This may be referred to as a horizontal “S”-shape. In the
upper levels, the solids accelerate more in the radial region of
r/R � 0.0 to 0.4, leading to a combination of linear (but not
flat) and parabolic-shaped radial velocity profile. When the
solids reach the exit section, the particles slow down some-
what, and the corresponding velocity profiles become scattered
as a result of the exit features as the solids pass through the 90
° smooth elbow. Observed from Figure 2, it seems that the flow
development in the 203-mm ID riser is considerably slower
than that of the 76-mm ID riser. The shape change of the radial
profiles of the 203-mm ID riser also happens at a much higher
level than that of the 76-mm ID riser. This is because of the
scale-up effect, which will be discussed later in more detail.

Figure 3 provides the typical radial profiles of particle ve-
locity for both risers at Z � 5.90 m. Figure 3 also shows that
increasing Ug tends to make the radial profiles more uniform.
There is little influence of solids flux on the radial distributions
of particle velocity, which is likely a consequence of the
quicker flow development under lower flux, in agreement with
the observations from Figure 2. Similar tendencies are ob-
served in the other axial levels. Zhou et al.18 also observed that,
under lower flux conditions, increasing solids circulation rate
leads to steeper radial profiles for particle velocity.

By comparing the velocity profiles at 1.53, 2.73, and 3.96 m
(marked as closed symbols with connecting lines), Figure 4
shows that increasing Ug from 5.5 to 8.0 m/s (with Gs � 100

kg m�2 s�1) causes a faster flow development. On the other
hand, increasing Gs seems to slow down the flow development
slightly under a constant Ug of 5.5 m/s. The flow development
at higher flux is slower, as observed under higher flux operating
conditions in the same riser as shown in Pärssinen and Zhu.17

It is also observed in Figure 4 that the shape change of the
radial profiles of the 203-mm ID riser is at a much higher level
than that of the 76-mm ID riser.

When observing the radial profiles of the riser from the
bottom to the top, it is also seen that the flow develops first in
the riser center region, and then gradually and progressively
closer to the wall as the solids pass through the riser. This can
be seen more clearly in Figure 5, which plots the particle
velocities in three radial regions on eight axial elevations in the
76-mm ID riser and five axial elevations in the 203-mm ID
riser (the particle velocity in each region is obtained by aver-

Figure 3. Comparison of the typical radial profiles of lo-
cal particle velocity in the same five axial levels
for the risers.

Figure 4. Comparison of the development of radial pro-
files of local particle velocities for the risers.

Figure 5. Comparison of the average particle velocities
in different radial regions along the riser under
all three operating conditions for the risers.
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aging the local particle velocities in that region). In this figure,
the difference in the flow development in the three radial
regions is clearly revealed. Furthermore, the scale-up effect on
the flow development is also clearly observed. In the center
region of the riser (0.0 � r/R � 0.632, 40% of the cross-
sectional area), the particles already gained a fairly high ve-
locity before the height of 1.5 m, whereas a maximum velocity
is finally reached at the height of 3–4 m. There is no significant
difference for the two risers in this region. In the middle region
(0.632 � r/R � 0.894, 40% of the cross-sectional area), on the
other hand, the particle velocity is increasing throughout the
riser, and the increase is more obvious with higher gas velocity.
Meanwhile, the particle velocity of the 76-mm ID riser in-
creases more sharply than that of the 203-mm ID riser in this
middle region. That is, increasing riser diameter slows down
the flow development. In the wall region (0.894 � r/R � 1.0,
20% of the cross-sectional area), the particle velocity remains
low up to about 4–6 m and then increases slowly toward the
riser top. The flow development in this region is significantly
slower than that in the two other regions. Moreover, it is also
clearly shown that the particle velocity of the 203-mm ID riser
increases much less than that of the 76-mm ID riser in this
region. From the riser bottom to the top, the radial distribution
of the 76-mm ID riser becomes uniform much earlier than that
of the 203-mm ID riser. Thus, the flow development slows
down with large riser. Figure 5 also indicates that increasing
gas velocity significantly enhances the flow development (that
is, to cause particles to accelerate quicker and at lower levels in
the riser). The same tendency was also observed under higher
flux operating conditions in the same 76-mm ID riser as shown
in Pärssinen and Zhu17; however, the flow development of
higher flux conditions is much slower, especially in the middle
region.

In Figure 5, the particle velocities from the riser bottom to
the top in the center region are almost the same and change
only slightly along the riser. However, the differences of par-
ticle velocities from the riser bottom to the top at the middle
and wall regions are much more obvious. Figure 5 clearly
shows that particle acceleration (and therefore flow develop-
ment) first starts from the center and then extends to the wall.
This dictates the development of the radial profiles of particle
velocity. In the bottom section, only those particles in the
center region had some acceleration so that the horizontal
S-shape appears. In the middle section, particles in the middle
radial region start to accelerate so that the particle velocity in
this region increases, resulting in the combination of linear (but
not flat) and parabolic-shape profile. In the exit section, parti-
cles in the middle region accelerate further to catch up with
those particles in the center region, and particles in the wall
region also begin to accelerate, leading to a parabolic radial
profile. Because the flow development slows down when the
riser diameter is scaled-up, the shape change of the radial
profiles of the 203-mm ID riser happens at a much higher level
than that of the 76-mm ID riser, as also observed in Figures 2
and 4.

Figure 6, which compares the radial profiles of particle
velocity between the 76- and the 203-mm ID risers, indicates
that there is a slight difference in the center region of radial
profiles of the two risers. However, it is quite different in the
wall region. The radial distributions of particle velocity of the
76-mm ID riser are comparably more uniform and less sensi-

tive to the change of the axial position than that of the 203-mm
ID riser. The difference is mainly a result of riser diameter
difference. This may be explained by some secondary effects,
such as the introduction of the solids to the side at the base of
the riser, poor dispersion of solids in the riser, or the shorter
L/D in the larger-diameter vessel. Further research is needed
for these secondary effects. Figure 7 compares the radial solids
holdup profiles of the twin-riser system at Z � 5.84 m. It is
shown that the solids holdup of the 203-mm ID riser at each
radial position is higher than that of the 76-mm ID riser under
the same operating conditions and at the same axial level,
especially in the wall region. In an earlier paper21 by the same
authors reporting on the axial and radial solids concentration
distribution, similar results can also be observed in the other
axial levels. That is, under the same solids circulation rate and
gas velocity, a larger riser has a larger solids concentration at
each radial position, especially in the wall region. This shows
a much more substantial wall effect, even in the relative mag-
nitude, for the larger-diameter riser. A denser concentration of
solids occupies the wall region of the large-diameter riser and
restricts the gas flow at the wall. As a result, the particle
velocity tends to be lower in the wall region for the larger-
diameter riser. To maintain the cross-sectional Ug, the gas
velocity has to be correspondingly higher in the center region
of the large riser. A higher gas velocity in the center could also
lead to higher particle velocities. Again, this verified the
scale-up effect of risers on the flow development: increasing
riser diameter impedes flow development.

Figure 8a shows the variation of particle velocity in the wall
region with the cross-sectional mean solids holdup, obtained by

Figure 6. Comparison of the radial profiles of local par-
ticle velocity for the risers of different diame-
ters.
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averaging the local solids holdups measured at 10 radial posi-
tions (excluding the center point) with the fiber-optic concen-
tration probe at each axial elevation, at each axial level of the
76-mm ID riser. For this 76-mm ID riser, with a high cross-
sectional mean solids concentration (riser bottom), the particle
velocity at the wall region is relatively low. With a lower
cross-sectional solids concentration (riser top), the particle
velocities are higher at the wall region. A simple regression
provides the following correlation between the particle velocity
at the wall region and the cross-sectional average solids holdup
of the 76-mm ID riser

Vp,wall � �0.98 ln��� s� � 2.23

�0 � �� s � 0.42, Vp � �1.38 m/s� (1)

This correlation is very close to that obtained from the higher
flux conditions of the same 76-mm ID riser.17 The particle
velocity in the wall region of the 203-mm ID riser could also
be related to the cross-sectional solids concentration at each
axial level, as shown in Figure 8b. However, the relationship
between the particle velocity in the wall region and the cross-
sectional solids concentration of the 203-mm ID riser is dif-
ferent from that of the 76-mm ID riser. As mentioned earlier,
because of the slow flow development of the large riser, the
cross-sectional solids concentrations of the 203-mm ID riser

are relatively higher, so that the particle velocities near the wall
are lower than those of the 76-mm ID riser at the same axial
level. Therefore, as shown in Figure 8, no data appeared in the
range of very low cross-sectional solids holdup and high par-
ticle velocity for the wall region of the 203-mm ID riser. The
particle velocity in the wall region and the cross-sectional
solids holdup of the 203-mm ID riser are more clustered
together than that of the 76-mm ID riser.

Comparison of the axial development of particle
velocities in the twin-riser system

Figure 9 compares the axial profiles of the one-dimensional
(cross-sectional average) particle velocities on each axial level
obtained with the fiber-optic velocity (Figure 9a) and with the
concentration (Figure 9b) probes under the same operating
conditions for both risers. In Figure 9a, the local particle
velocity was weighted with the local solids holdup in each

Figure 8. (a) Relationship between the local particle ve-
locity near the riser wall (r/R � 0.92 and 0.98)
and the cross-sectional mean solids holdup on
all axial elevations under all measured operat-
ing conditions for the 76-mm ID riser; (b) rela-
tionship between the local particle velocity
near the riser wall (r/R � 0.92 and 0.98) and the
cross-sectional mean solids holdup on all axial
elevations under all measured operating con-
ditions for the 203-mm ID riser.

Figure 7. Comparison of radial profiles of local solids
holdup the twin-riser system at Z � 5.84 m.
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radial position to give the true cross-sectional average velocity,
given that a higher solids population is typically flowing near
the wall than in the center. In Figure 9b, the cross-sectionally
averaged solids concentration21 was used to calculate the av-
erage particle velocity [�Gs/(�p�� s)]. The excellent agreement
(with average deviation of �10%) between Figure 9a and
Figure 9b further confirms the reliability of the two optical-
fiber probes used in this study.

In Figures 9a and 9b, the cross-sectional average particle
velocity of the 203-mm ID riser is lower than that of the 76-mm
ID riser under the same operating conditions, although there is
no significant change for the shape of the axial profiles. That is,
in terms of scale, the cross-sectional average particle velocity
decreases with the riser diameter, but the shape of the axial
profile changes only negligibly with the riser diameter. These
correspond well to the typical axial solids holdup profiles
(S-shape) of our previous study.21 Seen from Figures 9a and 9b,
increasing gas velocity obviously increases the axial particle
velocities for both risers. However, changing solids fluxes
appears to have no obvious influence on the axial particle
velocities for both risers.

As mentioned earlier, at the same solids circulation rate and
gas velocity, a larger riser has a larger solids concentration at
each radial position, especially in the wall region. Thus, a
larger riser has a larger cross-sectional average solids concen-
tration at each radial position. To maintain the cross-sectional
Gg, the cross-sectional average particle velocity has to be
correspondingly lower in the large riser.

The large difference between the average particle velocities in
the two risers may not be completely attributed to the scale, but
may also be explained by the steepened radial solids distribution
in the larger riser. By closely analyzing the particle velocity in
each cross-section (Figure 6), it is easier to see that there is not
much difference in the center region between the two risers; the

203-mm ID riser has a much lower particle velocity closer to the
wall. Because more particles accumulated at the wall for the large
riser (as shown in Figure 7), the weighted cross-sectional average
particle velocity becomes much lower in the 203-mm ID riser. To
further illustrate the point, the straight mathematic average particle
velocity, without taking the weight of the radial solids distribution,
were plotted in Figure 9c for the two risers. Compared with Figure
9a, the difference between the mathematic mean particle velocities
of the two risers shown in Figure 9c is much smaller, suggesting
that the lower local particle velocity near the wall in the larger riser
is only part of the reason for the larger riser to have a lower
cross-sectional average particle velocity at each axial level at the
same solids circulation rate and gas velocity. In other words, the
scale-up effect may not be as large as shown in Figure 9a.

In the study on the axial distributions of solids holdup, Yan and
Zhu21 reported three axial sections along the twin-riser system: the
bottom dense section (Z � 3 m), a middle section, and a top exit
section. Such a three-section structure can also be observed in the
axial profiles of the cross-sectional average particle velocity
shown in Figures 9a and 9b: the bottom section (�3–4 m), with
particle velocity � 2 m/s and no obvious solids acceleration; a
middle section; and a top exit section.

Particle velocities vs. solids holdups

The local particle velocity at a given radial position of a
certain axial level can also be directly related to the local solids
concentration at the same position throughout the twin–riser
system. As shown in Figure 10, the local particle velocity
decreases monotonically with the local solids concentration
and such a decrease follows the same pattern in all axial
sections for both risers. Such a strong dependency could be
understood only by considering solids aggregation at each local
position: a higher solids concentration leads to stronger particle

Figure 9. (a) Comparison of axial profiles of one-dimensional particle velocity in the twin-riser system: averaged from
local particle velocities (weighed by local solids concentration); (b) comparison of axial profiles of one-
dimensional particle velocity in the twin-riser system: deduced from the cross-sectional average solids
concentration. (c) Comparison of axial profiles of one-dimensional particle velocity in the twin-riser system:
averaged from local particle velocities measured at 10 radial positions (excluding the center point).
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aggregates, resulting in a lower effective drag between the
particles and gas, and therefore a lower particle velocity under
a constant gas velocity. The independence of the above varia-
tion with the axial locations shows the inherent connection
between the particle concentration and velocity. As a result, a
single correlation works for all axial sections in each riser:

For the 76-mm ID Riser

Vp � �1.85 ln��s� � 3.12

�0 � �s � 0.42, Vp � �1.52 m/s� (2)

For the 203-mm ID Riser

Vp � �2.23 ln��s� � 4.73

�0 � �s � 0.42, Vp � �2.80 m/s� (3)

The difference between the two correlations may result from
the scale-up effect as discussed above.

The average local particle velocity in the three radial sec-
tions (0.0 � r/R � 0.632, 0.632 � r/R � 0.894, and 0.894 �
r/R � 1.0) can also be related to the cross-sectional mean solids
holdup at a given axial position for both risers. Figures 11a and
11b show the relationship of the average local particle velocity
and the cross-sectional mean solids holdup for the 76- and the
203-mm ID risers. The trends of the three regions in the
203-mm ID riser were also represented as darker lines in Figure
11a to compare with those in the 76-mm ID riser. The differ-
ence in the flow development in the three radial regions is also
clearly shown in Figure 11. Similar to the case stated before in
Figure 5, the particle velocities were first developed in the
center region of the riser (0.0 � r/R � 0.632) and the particle
velocities are the highest. In the middle region (0.632 � r/R �
0.894), on the other hand, the particle velocity is intermediate.
In the wall region (0.894 � r/R � 1.0) the particle velocity
remains low all over the riser. This again verified that the flow
develops first in the center region of the riser, and then grad-
ually and progressively closer to the wall as the solids pass
through the riser. Furthermore, the scale-up effect on the flow
development is also clearly observed. There is no significant
difference for the two risers in the center region. In the middle
region, on the other hand, the particle velocity of the 76-mm ID

riser is higher than that of the 203-mm ID riser. In the wall
region, the particle velocity of the 76-mm ID riser is also
higher than that of the 203-mm ID riser. That is, the flow
development is faster in a smaller riser diameter in these two
regions. Thus, the overall flow development is slower with the
large riser. These scale-up effects are the same as shown
before. A clear dependency between the particle velocity and
solids concentration is also shown in these figures.

Conclusions

Numerous measurements were performed in a twin-riser
system to show the dependency of the particle velocity distri-
bution and the flow development on riser diameter, using a
fiber-optic probe on eight axial levels in a 10 m long riser of
76-mm and 203-mm IDs. The particle velocity is more uniform
in the upper section than in the lower section of the riser at all

Figure 11. (a) Relationship between average particle ve-
locity in the three radial regions and cross-
sectional mean solids holdup for the 76-mm
ID riser (dark line: trends for the 203-mm ID
riser); (b) relationship between average parti-
cle velocity in the three radial regions and
cross-sectional mean solids holdup for the
203-mm ID riser.

Figure 10. Relationship between local particle velocity
and local solids holdup for both risers.
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radial positions and is higher in the center than in the wall
region of the riser at all axial locations. In the center region of
the riser (0.0 � r/R � 0.632), the particle velocity remain high
and relatively constant throughout the riser, suggesting very
quick solids flow development in the riser center, and then
gradually closer to the wall as the solids pass through the riser.
In the middle radial region (0.632 � r/R � 0.894), particle
velocity is increasing and continues throughout the column. In
the wall region (0.894 � r/R � 1.0), however, the flow devel-
opment is significantly slower. Furthermore, there is no signif-
icant difference for the two risers in the center region. In the
middle and wall regions, on the other hand, the particle velocity
of the 76-mm ID riser is higher than that of the 203-mm ID
riser. The radial particle profiles change from an S-shape, in the
bottom of the riser, to a combination of linear (but not flat) and
parabolic shape in the middle, and eventually, parabolic with
some scattering at the exit. The shape change of the radial
particle profiles of the 203-mm ID riser happens at a much
higher level than that of the 76-mm ID riser. The results also
show at the same solids circulation rate and gas velocity, a
larger-diameter riser has a steeper radial particle velocity pro-
file at each axial level. Therefore, all the results show that the
flow development slows down with larger-diameter riser.

Increasing the superficial gas velocity Ug increases the particle
velocity throughout the riser length. By increasing Ug, the flow
development was shown to become faster. Increasing solids flux
Gs, on the other hand, slows down the flow development.

The cross-sectional average particle velocity is somewhat lower
with the larger-diameter riser resulting from the scale-up effect. In
all locations measured, there was a clear dependency between the
local particle velocity and concentration for each riser. In addition,
it is also because of the scale-up effect that the relationship
between the particle velocity in the wall region and the cross-
sectional solids concentration, and the correlation of the local
particle velocity and solids concentration of the 203-mm ID riser
are different from those of the 76-mm ID riser. More research
must be done to study the riser diameter effect (D), the particle to
diameter effect, a change in the dispersion and flow patterns
arising from an effect at the riser inlet, or the effect of the
length/diameter ratio on the development of the acceleration zone.

Gas radial distribution and particle aggregation are consid-
ered the key factors that affect the local hydrodynamics in the
twin-riser system.
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Notation

D � riser diameter, m or inch
Gs � solids circulation rate (solids flux), kg m�2 s�1

r � radial distance from riser axis, m
R � radius of riser, m

Ug � superficial gas velocity, m/s
Vp � particle velocity, m/s

Vp,ave � average particle velocity in three radial regions, m/s
Vp,wall � particle velocity in the wall region, m/s

Z � height from the riser bottom, m
�� s � cross-sectional mean solids holdup
�s � local solids holdup
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