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Coincident (simultaneous) three-component particle velocity measurements performed using two laser Doppler anemom-
etry probes at the outlet section of a 9 m high cylindrical riser are for the first time presented for dilute flow conditions.
Near the blinded extension of the T-outlet a solids vortex is formed. Particle downflow along the riser wall opposite the
outlet tube is observed, which is restricted to higher riser heights at higher gas flow rates. Increased velocity fluctua-
tions are observed in the solids vortex and downflow region as well as at heights corresponding to the outlet tube. Con-
trary to the rest of the riser, in the downflow region time and ensemble velocity averages are not equal. Given the local
bending of the streamlines, axial momentum transforms to radial and azimuthal momentum giving rise to the corre-
sponding shear stresses. Turbulence intensity values indicate the edges of the downflow region. VC 2016 The Authors
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Introduction

The hydrodynamics of riser flows were extensively studied

over the last decades due to the wide use of risers in industry.1

The geometry of the outlet section is often found to signifi-

cantly affect the flow and the cross-sectional solids concentra-

tion profile in the riser. Riser outlet geometries are

characterized either as smooth, with a gentle exit curvature, or

as abrupt.2 It is generally observed that a smooth or weak

restriction outlet hardly influences the flow, while an abrupt or

strong restriction elbow results in solids recirculation and

hence a significant decrease of the axial voidage and increase

of pressure drop in the riser outlet section.3–6 A smooth exit

can promote less back-mixing and a more uniform residence

time of particles, which is beneficial for riser cracking or fast

pyrolysis reactors,2 while an abrupt exit could increase the sol-

ids residence time and the heat transfer, as desired in combus-

tion processes.2,7 Higher flow resistance as well as slip

velocities are reported for abrupt exits.8 The solids distribution

is found to vary significantly with solids flux.9 Depending on

the particle terminal velocities, the riser and outlet geometries,

the recirculation caused by a strongly restrictive outlet may

extend throughout the riser, particularly for risers with a height

to diameter ratio below 5.10,11 However, predicting the extent
of these outlet effects remains difficult.7 Correlations deter-
mining an optimal ratio of gas to solid velocities in risers with
a strongly restrictive outlet have at best a limited accuracy of
about 640%.5 Monazam et al.6 recently claimed that the appa-
rent voidage in the vicinity of a T-outlet is independent of the
superficial gas velocity. Kim et al.12 showed that at relatively
high gas velocities a smooth (C) outlet can result in much
higher solids fractions near the outlet section as compared to
more abrupt (L and T) outlets. Chew et al.13 reported that the
core-annular flow in the lower and middle part of a riser can
change to a reverse core-annular pattern close to the outlet for
Geldart B particles. This is related to the high particle Stokes
number (or high inertia) which allows for more diffused parti-
cle trajectories rather than particles following the fluid stream-
lines. Most experimental work in riser outlet sections focuses
on measurements of pressure drop, solids distributions and sol-
ids fluxes.2,3,7–15 Studies reporting solids velocities are limited
and mostly reveal either one or two coincident components of
the solids velocities or the overall velocity magnitude.9,16,17

Detailed coincident three velocity components at the riser out-
let section have been reported in literature for relatively high
solids fluxes.16,18,19

Significant effort is focused on modeling riser gas–solid
flows.20–23 However the large riser domains and the complex-
ity of the two-phase gas–solid flow result in an enormous com-
putational load for three-dimensional (3D) riser simulations.
Hence model as well as domain simplifications are neces-
sary.24 In most of the riser simulations the two-fluid model is
combined with a two-dimensional (2D) domain to minimize
the computational load. These simplifications can be adequate
for predicting the flow through fluidized beds and in the mid-
dle section of a riser tube.25–27 In the inlet and outlet section
of a riser, however, the flow is highly anisotropic and 3D
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effects need to be accounted for to obtain reliable simulation
results.25,28 Lately many researchers are focusing their compu-
tational work on the effect of the riser outlet geometry and
often report contradictory trends.29–31 Shi et al.31 highlight the
importance of carefully specifying the riser outlet geometry in
any riser modeling study. The Energy-Minimization Multi-
Scale (EMMS) model is reported by several researchers to be
more adequate for simulations at the outlet, as the structural
homogeneity assumption of traditional two-fluid models does
not hold for flow close to the outlet.8,30,32 The need for 3D
simulations to capture the outlet effects of abrupt configura-
tions has been repeatedly reported.28,33,34 For dilute, turbulent
flow the success of two-fluid modeling strongly depends on
the applied closure models. As no Eulerian model is generally
found to be acceptable, considerable efforts to develop more
robust closure models and more appropriate wall functions are
carried out.35,36 Passalacqua and Fox37 claim that two-fluid
models are not capable of predicting dilute gas-solid flows, as
particle trajectory crossings cannot be simulated while the
simulation result becomes grid-dependent. To develop more
appropriate closure models and wall models applicable for
dilute flow, extensive sets of accurate experimental velocity
data are required for validation purposes, which, to the
authors’ best knowledge, are hard to find in literature, espe-
cially in the inlet and outlet section of risers.

Research on more dilute riser flow in the Laboratory for
Chemical Technology was initiated in a study of the SO2-NOx

Adsorption Process (SNAP) flow.38 The present work focuses
on dilute flow in the strongly restrictive outlet section of a
pilot riser. For the first time a very detailed statistical analysis
of the solids velocity data is provided, making the whole set of
data even more interesting for validation purposes. Finally, the
experimental data presented in this article complete the experi-
mental data, obtained under the same operating conditions, by
Pantzali et al.39 for the middle section and by Pantzali et al.40

for the bottom section of the same pilot riser set-up. Combin-
ing the three papers thus results in a full picture of the three
component solids velocity field in the entire riser.

Experimental Set-Up and Conditions

In this study, a cylindrical Pyrex glass riser 9 m high and
0.1 m in diameter is used. A detailed description of the circu-
lating fluidized bed (CFB) pilot unit as presented in Figure 1
and its operating conditions have already been extensively dis-
cussed.38–40 In view of presenting the data a cylindrical coor-
dinate system (r,h,z) is introduced with the origin (0,0,0) in the
center point of the ring, where the gas, humidified air, expands
to the riser diameter (Figure 1). The riser has a blinded
T-outlet with a 0.1 m diameter and a 0.13 m extension height,
positioned in the h 5 518 plane. The outlet opening extends
from z 5 8.66 m to z 5 8.76 m. The solids used are FCC-E cat-
alyst particles with a density of 1550 kg/m3 and a mean diame-
ter of 73 lm, classified as Geldart Group A particles.41 The
particle-size distribution and corresponding statistical charac-
teristics can be found in Figure 2. The riser operates at atmos-
pheric conditions and in “cold flow.” Experimental data are
gathered for volumetric air flow rates of 100 Nm3/h and
150 Nm3/h, corresponding with a superficial air velocity in the
riser of 3.5 m/s and 5.3 m/s, respectively. The solids flux rate
in the riser is kept constant at 1 kg/m2s, implying that the
mean solids volume fraction, es, is less than 0.0002 and the
mass loading, m, is less than 0.24 for all experiments. It should
be noted however that these values will be significantly higher

in the riser outlet section where the solids flow is disturbed by
the outlet configuration and a solids reflux is observed.

The experimental set-up is equipped with a two-probe laser

Doppler anemometer (LDA). A single LDA probe records one
or maximum two components of particle velocities in a two-

phase flow. The measuring volume dimensions are of the order
of 150 lm, indicating that each measurement is spatially con-

fined. Using two LDA probes positioned in a proper orienta-

tion with respect to the riser allows recording all three
orthogonal components of the solids velocities in the gas–solid

two-phase flow simultaneously. This is referred to as coinci-
dent solids velocity measurements. By repositioning the

probes and measuring at various positions, particle velocities
profiles are acquired. More details can be found in Pantzali

et al.39 The probes are positioned on a rh plane with a 908

angle in between them. They are fixed on a traverse manifold
that enables to reposition the measuring volume relatively to

the riser cross-section, stepwise and accurately. The LDA with
the traverse manifold is placed inside the cabin of an elevator,

which allows positioning the LDA at any desired riser height.
Measurements are performed in the riser tube at heights

close to the outlet. The three-component or 2-probe LDA data

are recorded along the riser diameter at four angular positions

marked with d-angles (Figure 1) at eleven riser heights
between 6.95 and 8.82 m.

Results and Discussion

Flow near the outlet

As previously mentioned the outlet section used in the cur-

rent study consists of a blinded T-shaped tube (Figure 1). Such

Figure 1. Schematic representation of the riser inlet
and outlet section and of the riser rh cross-
section, where the measuring positions are
indicated.39.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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an outlet configuration is most commonly applied in industry

as it reduces erosion due to particle impingement on the top

riser wall.29 The particles injected in the riser through the

Y-shaped inlet at the bottom are entrained by the gas and

ascend through the riser. As it was shown in a previous

work,39 the flow is fully developed at a height of about 2 m

above the solids inlet. This fully developed gas-solid flow is

maintained in the middle section of the riser,39 but it gets dis-

turbed when approaching the T-outlet, where air and particles

leave the riser through the one-sided outlet tube. Because of

the outlet geometry, the flow is forced to change direction and

the streamlines should make a sharp turn into the 908 placed

outlet tube. However, due to inertia as well as the locally

developed centrifugal force, most of the particles will not

directly leave the riser through the outlet tube, but continue

flowing in nearly axial direction—with lower axial velocity—

and hit the riser wall above the outlet tube, as also described in

literature.3,5,42 In the blinded tube of the riser outlet particles

are then reflected to the wall opposite the outlet tube, losing

most of their axial momentum. Under the influence of gravity

the particles start falling along the riser wall opposite the out-

let tube. As a result, a vortex is formed in the blinded exten-

sion of the T-outlet section. A reflux of solids is observed

along the riser wall opposite the outlet tube, as visually

observed (see Supporting Information Videos S1 and S2).

Particle flow characteristics

The outlet, as shown in Figure 1, forms an angle of 518 with

the solids inlet. The figures below show the experimental data

obtained at eleven different riser heights in the T-outlet config-

uration with an extension height of 0.1 m. In the figures pre-

senting results of the experimental study as a function of

dimensionless radius r/R, a positive r/R value corresponds

with h 5 d, while a negative r/R value indicates that h 5 d 1

1808, with d referring to the probe position as presented in Fig-

ure 1. Using this convention the outlet opening is positioned at

d 5 518 and r/R 5 11, extending from a riser height of

z 5 8.66 m to 8.76 m. Although the extension height above the

outlet opening is 0.1 m, the highest position where a measure-

ment could be performed is z 5 8.82 m, that is 0.06 m above

the outlet opening.

Figure 3 shows the projections of the mean velocity, U, vec-
tors on different axial planes in the riser outlet section for a
volumetric air flow rate of 100 Nm3/h. Remark that a lack of
data at some angles and at given heights is either due to a lack
of particles observed at that position or because the refraction
of the laser beams on the riser wall ruins their alignment, that
is, deforms the measuring volume. A vortex is clearly
observed in the extension of the outlet (see Supporting Infor-
mation Videos S1 and S2), as solids hit the riser wall just

Figure 2. Volume histogram and cumulative distribution of the particle size of the FCC catalyst used.

Mean: 73.23 lm, Standard deviation: 17.73 lm, D10: 51.55 lm, D50: 72.78 lm, D90: 97.29 lm. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Projection of mean velocity vectors on differ-
ent axial planes, 100 Nm3/h for (a) d 5 2458

and (b) d 5 1458.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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above the outlet tube and are reflected toward the riser wall
opposite to the outlet tube. The presence of a vortex is best
observed when studying the axial velocity, Uz, profile at
d 5 1458 (Figure 4). There, the vortex formation is clearly
seen to result in a recirculation of solids close to the riser wall
opposite the outlet tube. The recirculation extends below the
outlet tube (i.e., below 8.66 m) and is recorded up to the meas-
uring position of z 5 8.51 m. This means that the downflow
extends to a height lower than the value reported by Van enge-
landt et al.,17 which was 0.1 m below the outlet tube. The
downflow velocity decreases with decreasing riser height
(8.82 m > z > 8.51 m). It will further diminish for riser
heights between 8.51 and 7.9 m, as can be concluded from
Figure 4. The axial velocities at z 5 7.9 m are all positive.
However, a flange on the riser tube obstructs the measure-
ments in the range from 7.9 to 8.51 m. Thus, the downflow
lower end cannot be defined more accurately and for the stud-
ied conditions it extends over a length of between 5 and 12%
of the riser height. Lopes et al.29 simulating an industrial riser
with the same outlet configuration reported that the downflow
can cover up to 28% of the riser total height.

It is observed that the height up to where the downflow
extends, is fluctuating. A close observation of the velocity
time series close to the edge of the downflow, i.e., at 8.51
m< z< 8.66 m, d 5 1458 and 21< r/R<20.6, shows that
the particle descend (negative axial velocities in Figure 5a) is
frequently interrupted by rising particles (positive axial veloc-
ities in Figure 5a). This results in an oscillation of the down-
flow lower end, evident in the Supporting Information Video
S1 and S2, which causes the relatively large error bars for the
axial velocity measurements (Figure 4). Statistical analysis
(Figure 5b) of the velocity data collected at d 5 1458 and
z 5 8.51 m indicates that in the downflow region the time and
ensemble averages are not equal, indicating a nonergodicity
phenomenon in this region. A study of all data in outlet section
(present work), middle section,39 and inlet section40 of this
riser shows that this behavior is observed in the downflow
region only. As seen from Figure 5b the time and ensemble
averages start converging (r/R>20.8) and finally coincide
(r/R>20.5) when moving out of the downflow region. The

skewness of the velocity data also indicates that the velocity
distributions are asymmetric with respect to the mean value.
In the downflow region a positive skewness of the velocity
data shows that many recordings lie above the mean value,
indicating the presence of rising particles as previously men-
tioned. Next to the downflow region, negative skewness shows
that many velocity recordings are lower than the mean value.
These recordings are related to particles—or possibly particle
clusters—that rise with velocities lower than the majority of
the other particles. Yet, all particles next to the downflow
region are moving upwards, as no negative axial velocities are
recorded.

Figure 4 indicates that the fully developed velocity profile
recorded in the middle section of the riser39 is obstructed start-
ing from a riser height of about 7 m, that is, more than 1.5 m
below the outlet opening, for both air flow rates of 100 Nm3/h
and 150 Nm3/h, implying that the outlet effect is noticeable at
the upper 20% riser part. At heights where downflow is
recorded, the axial velocity profile is observed to be symmetri-
cal with respect to the riser centerline only at d 5 2458 (Fig-
ure 3a), as the plane is almost perpendicular to the outlet tube.
Similar observations were made by De Wilde et al.33 and
Lopes et al.29 The region of particles downflow decreases with
increasing air flow. In other words, the downflow is restricted
to higher riser heights with higher gas flow rate. An indication
of this behavior is given in Figure 4, where the negative down-
flow velocities are diminished at z 5 8.51 m for the higher
flow rate. Chan et al.,18 studying denser riser flows, reported

Figure 4. Mean axial particle velocities at d 5 1458 for
air flow rates of 100 Nm3/h (open symbols)
and 150 Nm3/h (closed symbols).

Error bars represent the 95% confidence intervals based

on three repeated experiments. The riser outlet extends

from 8.66 to 8.76 m. Fully developed flow profiles from

Pantzali et al.39. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 5. (a) Time series of the particle axial velocity
recordings at 150 Nm3/h, d 5 1458, z 5 8.51 m, r/
R 5 20.9. (b) Indicative statistical analysis of the
solids axial components close to the edge of the
downflow at 150 Nm3/h, d 5 1458, z 5 8.51 m.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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that particle velocities in the outlet region differ from those in
the fully developed flow only at the lowest values of gas
velocity and/or solids flow rate studied. In the present work it
is seen that, although an increase in gas flow rate restricts the
extent of the particle downflow region, the velocity profiles
differ considerably from fully developed flow profiles for both
gas flow rates studied (Figure 4). Furthermore, studies with
both smooth and abrupt outlet configurations indicate a rele-
vant deceleration of the particles as they approach the out-
let.16,43 In the present work, the mean particle velocity
decreases due to the presence of the downflow region. How-
ever, as seen in Figure 4, the velocity of the rising particles is
similar and sometimes even slightly higher as compared to the
corresponding values in the fully developed flow region. The

order of magnitude of the rising particle axial velocities is sim-
ilar to the superficial gas velocity, a trend reported by Godfroy
et al.44 and Pantzali et al.39 for the middle section of the riser.

As expected, the axial velocities are lower close to the walls
due to wall friction. Except for d 5 2458, the axial velocity
profiles at all angles studied are not symmetrical with respect
to the riser centerline (r/R 5 0), which is in accordance with
previous observations for denser flows.9,16,18 This is clearly
observed in Figure 6 where axial particle velocity profiles at
the different measuring heights are presented for d 5 2458

and d 5 1458. Obviously this is due to the one-sided outlet
geometry of the riser and to the resulting solids recirculation
as discussed above. The axial velocity components are consid-
erably larger than the corresponding radial, Ur, and azimuthal,

Figure 6. Mean axial, radial and azimuthal particle velocities for air flow rate of 150 Nm3/h at (a) d 5 2458 and (b)
d 5 1458.

Error bars represent the 95% confidence intervals based on three repeated experiments. The riser outlet extends from 8.66 to

8.76 m. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Uh, velocities. The highest axial velocities are observed in

front of the outlet tube, i.e., at d 5 1458, z 5 8.69 m and

r/R 5 0.6 due to the local acceleration. As particles move

beyond that point toward the outlet, the axial velocity starts

decreasing, as the geometrical configuration forces the par-

ticles to change direction. The radial velocities close to the

upper half of the outlet tube (r/R> 0 and 8.69 m� z� 8.76 m)

are higher than the corresponding values close to the lower

half of the outlet tube (r/R>0 and 8.66 m� z< 8.69 m). Thus,

the particles that enter the outlet tube have a higher velocity

near the top wall of the outlet tube than near the bottom wall

of the outlet tube. As a result, the stresses and erosion on the

top wall of the outlet tube will be significantly more important.

For a good understanding, it should be noted that the sudden

change in the mean radial and azimuthal particle velocity com-

ponents from positive to negative values (or vice versa) at the
centerline of the riser (r/R 5 0) in Figure 6 is a consequence of
the cylindrical coordinate system. By definition, a negative

mean radial particle velocity component implies that the flow
is pointing toward the center of the riser tube. A positive value
implies that the flow is pointing away from the center to the

riser wall. Comparably, a positive mean azimuthal particle
velocity component implies counterclockwise rotation, while
a negative value implies clockwise rotation.

The cross-sectional flow is clearly represented by the vector

plots in Figure 7. A general tendency of the particles in the
downflow region is to flow toward the opposite riser walls.
The radial velocities at d 5 2458, that is the plane perpendicu-

lar to the outlet tube axis, show a slight trend of converging
toward the riser center at lower riser heights and diverging
from the riser center at higher riser positions. This can be

more clearly observed in Figure 6a, where convergence or
divergence with respect to the riser center is indicated by
velocities of the same sign (all negative or positive respec-

tively) over all r/R range. In other words, this means that at
8.66 m< z< 8.69 m particles tend to move from the walls to
the center of the riser as they move upwards. At z> 8.69 m
particles again disperse from the riser center toward the riser

periphery. A similar, although more pronounced, behavior has
been observed by Chew et al.13 when measuring solids volume
fraction profiles close to the outlet in a riser of fluidized Gel-
dart B particles. Attributing this behavior to gas-phase turbu-
lence effects45 or to wall roughness21 was found insufficient in
the case of Chew et al.13 They concluded that the reverse core

annular pattern is also related to the high particle Stokes num-
ber, implying that the particles are not able to follow the gas
streamlines and tend to diffuse toward the walls. Although the

particles used in the present work are classified as Geldart A
and hence have lower Stokes number than the Geldart B par-
ticles of Chew et al.,13 a slight indication of reverse core-

annular pattern is observed as previously described. However,
this behavior could also be related to the presence of the
downflow region, a consequence of the T-outlet. The resulting

constriction of the cross-sectional area forces the rising flow
of gas and particles to move toward the riser center. Azimuthal
velocities at d 5 2458 at the height of the riser outlet show the
tendency of the particles to move toward the one-sided outlet

tube (Figure 7). In the blinded tube of the T-outlet, where the
vortex is created, the cross-sectional pattern changes com-
pletely, as the flow is redirected toward the riser wall opposite

the outlet tube (Figure 7). Particles are observed to move away
from the wall exactly above the outlet tube opening in both
radial and azimuthal direction.

Figure 8 shows typical axial, uz, radial, ur, and azimuthal,

uh, particle fluctuating velocities in the d 5 1458 plane at dif-
ferent riser heights, for the two air flow rates studied. The par-
ticle fluctuating velocity is calculated as the standard deviation

of the particle velocities. Axial fluctuating velocities are not
symmetric over the riser diameter and vary significantly with
the riser height in the outlet section of the riser. Three general

trends for the axial fluctuating velocity profiles can be
observed in the plane of the outlet tube axis (d 5 1458) corre-
sponding to heights below, along, and above the riser outlet.

For riser heights below the outlet tube axis (i.e., z< 8.71 m)
high axial fluctuations are recorded close to the wall opposite
the outlet tube, i.e., at 20.9< r/R<20.5. The maximum
value gradually shifts toward the outlet tube, i.e., from r/
R 5 20.8 to r/R 5 20.6, as the height increases. For r/R> 0

Figure 7. Particle velocity field in riser cross-sections
at different heights for (a) 100 m3/h and (b)
150 m3/h.

The region of the downflow area (D.A.) is approximately

indicated. The riser outlet extends from 8.66 to

8.76 m.[Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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the axial fluctuations decrease significantly. The highest axial

fluctuations are recorded at 8.69 m< z< 8.76 m, that is at

heights corresponding mostly to the upper half of the outlet

tube opening. This can be explained by the change of flow

direction of the particles from strongly axial to more radial as

a consequence of the one sided outlet geometry of the riser. At

these heights, the position of the highest axial fluctuation shifts

from a radial position opposite the outlet tube, i.e., negative r/
R at z 5 8.69 m, toward the side of the outlet tube, i.e., positive

r/R at z 5 8.76 m. At heights in the blinded tube, z> 8.76 m,

very different profiles are observed. Here, the highest axial

fluctuations are recorded at positive r/R, i.e., above the outlet

tube opening, and low values near the riser wall opposite the

outlet tube opening. This is a consequence of the vortex and

the downflow that are initiated above the outlet tube opening.

Similar observations are made for both air flow rates. The azi-

muthal and radial fluctuating velocities are lower than the

axial ones. They are in general observed to be higher in the

downflow region of the riser, i.e., at negative r/R and

z< 8.79 m, and also above the outlet tube opening where the

vortex is created as seen in Figure 3, i.e., positive r/R and

z� 8.79 m.
In Figure 9 the particle turbulence intensity, I5ju=Uj, a

measure for the turbulent fluctuations, is presented for the two

flow rates studied. Despite the high error bars recorded, a peak

in the turbulence intensity is observed at all measuring heights.

Remark that very high values of the order of 400–800% are

observed. The peaks indicate the lateral edge of the downflow

Figure 8. Particle fluctuating velocities for d 5 1458 and air flow rate of (a) 100 Nm3/h and (b) 150 Nm3/h.

Error bars represent the 95% confidence intervals based on three repeated experiments. The riser outlet extends from 8.66 to

8.76 m. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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region at each corresponding height, where the axial velocity

turns from negative to positive values. Although root mean

square (RMS) components do not exhibit a significant change

at the specific radial positions, the axial mean velocity, the dom-

inant velocity component (Figure 6), becomes zero, resulting in

an overall decrease of the total solids velocity magnitude.

Hence, the turbulence intensity shows a peak. The high error

bar results from the slight oscillation of the downflow region

edges as well as the slight errors due to the small offset in the

probes position when performing repeated measurements. The

turbulence intensity peak shifts from the center to the side oppo-

site the outlet tube (r/R< 0) as the height decreases and the

downflow becomes laterally more restricted and finally dimin-

ishes. Near the outlet tube the turbulence intensity decreases

significantly, i.e., values of less than 100% are recorded.
The turbulence intensity trends can be explained based on the

trends observed for the mean (Figure 6) and fluctuating (Figure

8) velocities. Below the outlet tube (8.51 m< z< 8.66 m) the

highest mean velocities are observed close to the core of the

riser, while the lowest values are observed close to the wall

opposite the outlet tube, where the downflow takes place (Fig-

ure 6). On the contrary, fluctuating velocities have their lowest

values in the core of the riser and their higher values in the

downflow region (Figure 8). Consequently, given its definition,

turbulence intensity is high at the downflow region and

decreases when moving toward the side of the outlet tube.

Given that both fluctuating and mean velocities increase close

to the outlet tube, the corresponding turbulence intensity values

do not increase. In the blinded tube (8.76 m< z< 8.82 m) a
sharp peak in turbulence intensity is observed in the core of the
riser. The lowest particle turbulence intensity is observed at the
maximum height studied of z 5 8.82 m. When comparing Fig-
ures 9a, b it is observed that the turbulence intensity at the lower
air flow rate is somewhat higher than the corresponding values
for the higher air flow rate. This is in accordance with observa-
tions of Van engelandt et al.17

The particle shear stresses srz and szh are calculated as sij5

�uiuj
39,40 using the corresponding particle fluctuations meas-

ured. The calculated values are then interpolated over three
riser cross-sections. This allows visualizing how the shear
stresses are distributed over a riser cross-section and how they
change with riser height (Figure 10). In general the contours
of shear stresses are symmetrical with respect to d 5 1458,
which is almost aligned with the outlet tube axis (d 5 1518).
At z< 8.76 m the srz component (Figure 10b) is highest at an
arc around the outlet tube axis located close to the riser wall
opposite the outlet tube. The latter can be explained by the
exchange between axial and radial momentum as the stream-
lines bend toward the outlet tube. The maximum values
increase with riser height. Above z 5 8.76 m, maximum srz

values are recorded at the semicircle above the outlet tube,
where the solids by-passing the outlet tube hit the wall of the
blinded tube, lose most of their momentum and are forced to
recirculate. The szh component (Figure 10a) acquires maxi-
mum values close to the walls aside of the outlet tube, indicat-
ing the local exchange between azimuthal and axial
momentum. The szh values increase with riser height as well
up to z 5 8.76 m.

In general, the observations of the present work cannot be
generalized to any kind of abrupt outlet, because alterations,
for example, in the outlet diameter or extension height, will
have an effect on the flow pattern and solids velocities, as
mentioned in literature,5,7 although some studies claim this
effect is limited.2,30 The observation that flow patterns also
depend on operating conditions and entire riser geometry
explains these opposing statements.30 It is questionable
whether outlet effects are scaling effects, as many studies
report that they are not observed in large scale units, while
others prove that they can affect industrial scale risers as
well.38 More general conclusions on the effect of abrupt out-
lets can only be made either by collecting further experimental
data, or by developing reliable computational models for risers
and running systematic comparative case studies, varying just
one operating condition/riser geometry detail at a time.

Conclusions

Coincident three component solids velocities are acquired
for the first time in the T-outlet section of a 9 m-high pilot
riser set-up, to study the hydrodynamics of a dilute gas-solid
flow. Data were recorded at 11 riser heights between 6.95 and
8.82 m. The fully developed ascending gas-solid flow from the
middle section of the riser gets disturbed by the outlet section
at about 1.5 m below the outlet tube or in the upper 20% of the
total riser height. The flow is decelerated when approaching
the outlet tube, as the gas and solids are forced to change their
flow direction to exit the riser. Nevertheless, due to inertia and
the existence of the blinded tube above the outlet tube, most of
the particles hit the riser wall above the outlet tube, get
reflected to the opposite riser wall and fall due to gravity, cre-
ating a vortex. As a result, a downflow of solids is observed
close to the riser wall opposite the outlet tube, which extends

Figure 9. Turbulence intensity for d 5 1458 and air flow
rate of (a)100 Nm3/h and (b) 150 Nm3/h.

Error bars represent the 95% confidence intervals based

on three repeated experiments. The riser outlet extends

from 8.66 to 8.76 m. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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below the outlet tube. The downflow is restricted to higher
riser positions for higher gas flow rates.

A very detailed statistical analysis of the particle velocities is
reported including turbulence intensities, isotropic coefficients
and particle shear stresses, data which are scarce in literature
for this kind of flow. In the downflow region of a riser a noner-
godicity phenomenon is recorded, as time- and ensemble aver-
age velocities do not coincide. The skewness indicates that the
velocity distributions are not symmetrical around the mean val-
ues. Radial particle velocities indicate a slight convergence of
particles toward the riser center as solids approach the height of
the outlet tube and a dispersion toward the riser walls and the
outlet tube as soon as the outlet tube height is reached. Azi-
muthal particle velocities show the particle tendency to move
toward the one-sided outlet tube. Particles entering the outlet
tube have mostly higher velocities near the top wall of the outlet
tube which will lead locally to higher stresses and erosion.

Velocity fluctuations mostly increase at heights correspond-
ing to the outlet tube as well as the downflow region. Shear
stresses become high at the areas where the flow direction
changes; i.e., at an arc around the outlet tube axis and in the
blinded tube where the vortex is formed. High turbulence inten-
sity values are observed at the edges of the downflow region.

The presented experimental data combined with previous
data obtained at different riser sections in the same pilot riser

set-up and under the same operating conditions by Pantzali

et al.39 and by Pantzali et al.40 give a full picture of the solids

velocity field in the entire riser. A two-probe LDA provides

the three components of the mean particle velocity vectors in

dilute riser flow, thus offering more details and a better under-

standing of the physics of the flow and the flow development

and at the same time a library of experimental data used for

computational model validation.
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Notation

I = turbulence intensity, -
m = mass loading, -
r = radial coordinate, m
R = riser radius, m

Sij = isotropic coefficient, -
U = mean particle velocity component, m/s
u = particle velocity fluctuation, m/s
z = axial coordinate, m
Z = riser height, m

Figure 10. Reconstructed contour plot of (a) szh and (b) srz obtained based on interpolation of the experimental
data at the height of the outlet tube for 100 Nm3/h.

The riser outlet extends from 8.66 to 8.76 m. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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Greek letters

d = angle of the plane of measurements, 8

es = solids volume fraction, -
h = azimuthal coordinate,

sij = particle shear stress ij component, m2/s2

Subscripts

h = azimuthal
i,j = indices of coordinate direction
r = radial
z = axial
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