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Abstract

The objective of this study was to investigate mixing mechanisms in lean phase pneumatic conveying, with the emphasis on
techniques for dispersing the severe particle stratification caused by flow througlebb®@. This type of stratification is referred to as a
particle rope. The paper describes a combined numerical and experimental study of the rope dispersion characteristics of various mixing
devices that were installed immediately downstream of the elbow. The laboratory experiments were conducted in a 0.154 m I.D. vertical
test section. Local particle velocities and concentrations were measured using a reflective type fiber optic probe. The numerical
simulations were carried out using the CFX-4.2 code developed by AEA Technology.

The effect of secondary velocities on rope dispersion was investigated by using a flow straightener installed after the elbow. The
results show that the rope dispersion rate in both the axial and radial directions was significantly reduced in the absence of secondary
velocities.

The types of flow mixers investigated included nozzles, air jet injection, and swirl vanes. Although all mixing techniques were able to
disperse the particle rope within nine pipe diameters from the bend exit plane, nozzles with beta ratios of 0.5 and 0.67 and air jet injection
from the inner wall caused the most rapid rope dispersion. However, the nozzles cause excessive pressure drop and the air jet injectiol
technique increases the flow rate of conveying fluid carried by the @001 Elsevier Science B.V. All rights reserved.
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1. Introduction the mean gas velocity. This phenomenon is referred to as
“roping’. Once formed, this flow stratification pattern can
Pipe bends are a common feature of most pneumaticpersist over a region extending up to 25 pipe diameters
conveying systems and are well known to create flow downstream of the elbow. It eventually breaks down due to
problems, even in single phase flows. The situation is flow turbulence and to the secondary flow induced by the
further complicated with the presence of a solid phase, elbow.
such as occurs in pneumatic conveying. As the air—particle  The objective of the present study was to identify ways
mixture approaches the pipe bend, a double vortex flow to quickly dissipate a rope-like structure and achieve a
structure occurs in the fluid phase and a significant phasehomogeneous distribution of the two phase mixture over
separation in the particulate phase is experienced withinthe pipe cross-section within short distances from the bend
the bend geometry due to centrifugal forces. Upon exiting exit. Since naturally occurring mechanisms such as flow
from the bend, the particles flow together in a narrow turbulence and secondary flow patterns with a plain elbow
localized stream( see Fig.)1 and the velocity of the are not sufficient to achieve this, the use of mechanical
particles in the suspension is reduced to almost one half of mixing devices is necessary for promoting rapid mixing of
the flow. A detailed investigation, including laboratory
experiments and numerical simulations, was carried out to
understand the rope mixing processes with different types
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Fig. 1. Particle roping.

cally in the range of 1-3 and the average air velocity was
between 15 and 30 fs.

2. Experimental apparatus
Fig. 2 shows the experimental test facility used for this

study. Air is supplied by compressors that provide a
maximum air velocity of 30 rmas in the 0.154 m I.D. test

135
Table 1
Particle size distribution of conveyed materGal doal
Diameter(p.m) Weight( %9
>125 0.05
106-125 0.27
90-106 1.73
75-90 15.46
63-75 14.54
45-63 22.50
<45 45.44

the inlet air stream a€ )6 via a screw feeder. The flow
mixing mechanisms were positioned immediately after the
elbow(? . Instrument ports allow measurements of particle
flow patterns in the vertical test section downstream of the
pipe bend. At the end of the upper horizontal pipe, the
particles are separated from the air using a cyclone separa-
tor (3), and any remaining fine particles are removed in the
fabric filter (4).

The experiments were performed with coal particles
with a mean diameter of 59.m and a density of 1680
kg/me. The particle size distribution is given in Table 1.

Local particle concentration and velocity measurements
were performed using a reflective type fiber optic probe
that was traversed over the cross-section of the pipe to
obtain detailed profiles. Information about the probe is
given by Refs[ 1,p.

3. Numerical technique

The numerical predictions described in this paper were

section. Particles stored in hoppep 1 are discharged intoperformed using the Lagrangian approach provided by the
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Fig. 2. Experimental test facility.
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Fig. 3. Measured inlet particle concentration distribution one diameter upstream of the(elyéw= 3.0; R,/D = 1.5;U,= 30 m/s and A/F = 3.0).

CFX-4.2 software package developed by AEA technology where the drag coefficient, is based on the motion of a
[3]. The numerical calculations for the gas phase were single particle and is given by

performed by solving a set of time averaged Navier—Stokes

equations together with the well-knowk—e turbulence

model of Launder and Spalding]4. The particles are . 24 0.687

introduced at a finite number of starting locations. In every Co= Re. (1 +0.15Re, ) (4)

given time step, their positions and velocities are calcu-

lated according to the forces acting on the particle and pdp|VR|
using Newton’s second law. The equation of motion for a Re, = ——— (5)
particle can be written as K
av,
mpE = FT (1)

where F; is the total force and includes the drag force
(Fp), gravitational force(Fg), and the added mass force

(Fy).
Fr=Fp+Fs+F, (2)
The major component of the force is the drag force x/D
exerted on the particle by the gas phase. This has the form
1 2
Fo = 5 mdpColVelVy (3) }
L | 2D
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FLOW

) f

Fig. 4. Secondary flow pattern at the exit of an elbow. Fig. 5. Flow straightener geometry.
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The gravitational force is given by computed using a coefficient of restitution coefficient equal
to 0.9.

1
Fe=g77d3( Po—P)d (6)

and the added mass for€e virtual force is given by 3.1. Boundary conditions

E = —iwd3 % 7) At the inlet to the horizontal sectiodh downstream(of 6
A 12 P dt in Fig. 2), a fully developed turbulent velocity profile was

The gas phase velocity in the momentum equations is SPecified for the air,
taken to be the mean velocity plus a contribution due to r\L1/7
the turbulence, which is assumed to be made up of aU,= Uceme(l E) (8)
collection of randomly directed eddies. The interactions
between these eddies and the particles are taken into At the exit of the vertical test section, the total mass
account by a stochastic procedure, referred to as the eddyflow rate of gas out of the flow domain was set equal to
life time concept. Particle interactions with the wall are that specified at the inlet. Since this exit boundary condi-
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tion was specified downstream far from the elbow, a fully
developed flow was assumed at this location; and the axial
gradients of all transported variables were set to zero.
No-slip boundary conditions at the wall and the wall
function concept were used for the near wall regions of the
gas flow, eliminating the necessity of extremely fine grids
in these regions.

Measurements showed that the particle distribution in
the horizontal section upstream of the elbow was not
completely uniform. Therefore, the particle locations, ve-
locities and mass fluxes measured in the horizontal section
one diameter upstream of the elbow were used in the
numerical calculations as inlet conditions for particles, as
shown in Fig. 3.

A total of 5000 computational particles was tracked
throughout the flow domain. Each computational particle
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carried the same flow rate and was assumed to be spheri-

cal. The particle diameters were stochastically sampled
using a Rossin Rammler distribution function Eq) 9 and
particle size distribution information obtained from the

sieve analysis given in Table 1.

d n

) (d_) ]
The quantityd,, is the mean particle diameter amdis
the spread of the data from the mean, calculated asri9
and 2.64, respectively.

Details of the numerical method and solution algorithm
are described in Ref. 15 .

Prol( Diameter- d) = exp

(9

4. Rope dispersion mechanisms

Secondary motions in pipe bends arise due to the

result, the axial velocity profile is distorted and the point at
which the velocity has its peak is shifted towards the outer
wall. An accentuated double vortex flow structure occurs
in the fluid phase Fig. ¥ and a significant phase separa-
tion in the particulate phase is experienced within the bend
geometry due to the density differences and to the centrifu-
gal forces. Upon exiting from the bend, the particles flow
together in a narrow localized stream, which is referred to
as a particle rope. The dispersion of a particle rope is
achieved mainly by flow turbulence and the accentuated
double vortex flow structure created by the elbow.
Recently, Yilmaz[ 1 studied both the rope formation
process and the individual effects of secondary flows and
flow turbulence on rope dispersion downstream of a plain
elbow using the CFX-Flow3D software. The numerical
simulation results showed that the secondary velocities
transported the particles from within the rope to the parti-
cle-free regions while the flow turbulence was responsible

response of a viscous element to an imbalance between thdor localized mixing in the region immediately adjacent to
centripetal acceleration and the cross-stream pressure grathe rope.

dient induced by lateral curvature of the main flow. As a
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Fig. 7. Normalized maximum transverse velocity as a function of axial
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In the present study, the effect of secondary velocities
on the rope dispersion characteristics was studied experi-
mentally. In order to eliminate the secondary velocities, a
flow straightener was placed at the beginning of the verti-
cal section following the elbow. The flow straightener had
eight peripheral and three radial elements in a 0.308-m-long
(two pipe diameteps pipe section. The location and the
geometry of the flow straightener are shown in Fig. 5.

Fig. 6 shows the radial variations of the particle concen-
tration and velocity distributions downstream of the flow
straightener forA/F = 3.0 andU, =30 m/s. The rope
structure stayed attached to the outer pipe wall at all
elevations, resulting in the largest particle concentrations at
the wall. In the vicinity of the outer pipe wall, the accelera-
tion of the particles within the particle rope was signifi-
cantly reduced, probably due to particle—particle and parti-
cle—wall interactions. Moreover, the particles within the
rope occupied a small portion of the pipe cross-section
even at higher elevatiord. /D = 9.0), indicating that the
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particle transport in the radial direction of the pipe cross- those without the flow straightendr plain elbbw at all
section was negligible in the absence of secondary veloci- elevations. In addition, the rope remained attached to the
ties. outer wall in the vertical pipe downstream of the flow
In order to compare the dispersion characteristics be- straightener, while it moved towards the midsection of the
tween the cases with and without the flow straightener, pipe for the case without a flow straightener. This suggests
fiber optic measurements were performed for both casesthat the secondary flows not only carry the particles around
for the same flow conditionéR,/D = 1.5, U, = 30 m/s, the pipe circumference but also move the rope structure
A/F =3.0). The measured particle concentrations and ve- away from the outer wall.
locities are compared at 3.0, 5.0, 7.0 and 9.0 pipe diame- There are also some differences in the particle axial
ters from the pipe bend exit plane in Fig. 6. As can be velocity profiles for these two cases. The patrticle velocity
seen, the rope dispersion characteristics for each flow profiles downstream of the bend without a flow straight-
configuration occurred differently. The most prominent ener( plain elbow resembled the lettdd”, with larger
difference between the two cases is that the peak particlevelocities at the edges of the rope and smaller velocities at
concentrations with the flow straightener are larger than the center. On the other hand, the particle velocity changed

L/D=0.0
A/F=3.0

11Cp max=9.2
(kg/m )

ﬁ Cp max=28.4
. (kg/m?)

L/D=1.0

; Cp max=16.5
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. x/D
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\

: Cb max=12.5
(kg/m °)

—Flow—

Fig. 9. Predicted particle concentration contours downstream of the flow straightener.
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almost linearly with the x-axis for the case of a flow distances away from the bend exit for the case with a flow
straightener, having the minimum values at the wall and straightener. It can be seen from these plots that the
the maximum values at the edge of the rope. particles did not spread over the pipe cross-section, as they
Numerical simulations were performed for the cases of normally do without a flow straightener. However, a re-
the plain elbow and the flow straightener. The primary duction in the predicted maximum particle concentration
objectives of the numerical simulations were to investigate from 28.4 (at the exit of the bend,/D=0.0) to 7.5
the effects of the flow straightener on both the rope kg/m?® (at L/D =9.0) indicated that localized particle
structure and the flow field and to understand the mixing mixing occurred inside the region adjacent to the outer
processes occurring in each flow configuration. wall. Localized particle mixing is probably due to a combi-
The CFD simulations for the cases with and without the nation of flow turbulence and particle—wall and particle—
flow straightener showed that the gas phase secondaryparticle interactions.
velocities after the flow straightenér 2D from the elbow The numerical results were validated by comparing the
exit) were significantly reduced as shown in Fig. 7. On the CFD results with the experimental data obtained with the
other hand, the turbulence intensity in the gas phase wasfiber optic probe. Fig. 10 shows comparisons of predicted
only slightly affected by the flow straightenér see Fig. 8 . particle concentrations with the measured data at four
Fig. 9 shows the contour plots of the predicted particle different axial distances away from the bend exit for
concentrations in the pipe cross-section at different axial A/F =3.0 and U, =30 m/s for the case of the flow
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Fig. 10. Comparisons of particle concentrations and velocities downstream of the flow straightener.
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conditioner. In general, the predicted results show good
agreement with the experimental data, particularly at the
elevations close to the elbow exit /D =3.0 and 5.0 .
However, the numerical simulations were not able to pre-
dict the measured rapid dispersion rate in particle concen-
tration further downstream of the elbolk /D = 7.0 and
9.0). These differences most likely occurred because the
present model does not account for particle—particle and
irregular particle—wall interactions.

Comparisons of particle velocities at different axial
distances from the bend exit show that the profiles of axial
velocity were in good agreement with the numerical simu-
lations (Fig. 10 . However, the numerical calculations
slightly overestimated the particle velocities at three diam-
eters downstream of the bend, while the particle velocities
were underestimated after seven diameters downstream of
the elbow. In general, however, the predicted particle
concentrations and velocities can be considered in very
good agreement with the experimental data when the
complexity of the flow is taken into consideration.

5. Rope dispersion with mixing devices

5.1. Nozzes

!

a5y,

\ Particle
_ Concentration

Profiles

~ Mixing

Layer

Jet Core

Streamline
Curvature

Fig. 12. Sketch of the jet mixing mechanism downstream of a nozzle.
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Flow

The possibility of dispersing a particle rope in a turbu- giameter ratio(H /D) of 0.8 and beta ratios of 0.5, 0.67
lent jet flow formed by a convergent nozzle was investi- gnd 0.83 were studied. The nozzle beta ratip) is
gated. Nozzles having a constant nozzle throat height to efined as the ratio of the nozzle bore diameter to the pipe

diameter. The nozzle geometry and a schematic of the test
section are shown in Fig. 11.

Previous jet studies showed that the basic physical
mechanism responsible for particle dispersion in jet flows
is the mixing layer, where the flow is dominated by a
series of large-scale longitudinal vortickes 16,7 . These lon-
d gitudinal vortices result in the presence of streamline
e curvature downstream of the nozzle exit, which then moves
D some particles towards the pipe wall. The mixing layer and
the region of streamline curvature are sketched in Fig. 12.
Local particle concentrations and velocities were mea-
sured using the fiber optic probe at four axial distances
from the bend exit planéL/D = 3.0, 5.0, 7.0, and 9)0 .
These measurements were performed on the pipe symme-
try axis by traversing the probe along theaxis (symme-

Fig. 11. Nozzle geometry.

try axis) from the outer wall to inner wall fronx/D = 0.0
to x/D=1.0).

The effect of nozzleB ratio and the air-to-solids load-
ing ratios (A/F) on rope dispersion were studied by
comparing time-averaged particle concentration and veloc-
ity profiles downstream of the flow. Figs. 13 and 14 show
the radial variations of the particle concentration and ve-
locity profiles as functions ofB3 at four different axial
distanceq L/D = 3.0, 5.0, 7.0 and 9)0, for a conveying
velocity of 30 /s, and for air-to-solids loading ratios of
A/F=3.0 and 1.0. As can be seen from these figures,
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Fig. 13. Measured radial variations of the particle concentration and velocity profiles as a function of nozzle bétax&tig= 30 m/s; A/F = 3.0;
L/D=3.0,5.0,7.0and 9)0 .

there are significant non-uniformities in measured particle  The CFD predictions of the particle concentration and
concentrations and velocities, particularly at three diame- velocity profiles downstream of the nozzles with= 0.5

ters away from the bend exit. At /D = 3.0, the largest and 0.67 are compared with the measurements performed
particle concentratiofi or strongest rope-like structure was by the fiber optic probe in Figs. 15 and 16. A total of 5000
measured downstream of th@= 0.83 nozzle, while the  spherical particles was tracked through the flow domain.
B = 0.5 nozzle created the lowest peak particle concentra- The effect of the flow turbulence on the particle behavior
tion. The dispersion of the rope structure was almost was modeled by a stochastic method proposed by Gosman
complete five diameters downstream of the bend exit for and lonnided 16 . However, the influence of the particles
B=0.5 and 0.67. However, a non-uniform particle con- on fluid turbulence was not modeled. While the interac-
centration and velocity distribution persisted until nine tions between particles and the wall were modeled using a
diameters downstream of the bend exit for the nozzle with coefficient of restitution, particle—particle interactions were
B =0.83. ignored.
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Fig. 14. Measured radial variations of the particle concentration and velocity as a function of nozzle béta y&tlg= 30 m/s; A/F =1.0; L/D = 3.0,
5.0,7.0and 90 .

The magnitude of the peak particle concentration, ob- concentration profiles were observed after approximately
served in the center of the pipe By/D = 3.0, was under-  five diameters downstream of the elbow. The local in-
estimated by the CFD predictions for both nozzle beta crease in the mean particle concentration adjacent to the
ratios. On the other hand, the particle concentrations at thewall was produced by longitudinal vorticés or streamline
pipe wall were overestimated by the CFD predictions. curvaturg¢ which carried the particles into the viscous
However, the CFD predictions were able to qualitatively sublayer where they became trappel 7 .
predict the presence of particle restratification in the vicin- In order to facilitate a quantitative comparison between
ity of the wall. For 8= 0.5 and 0.67:‘U” shaped particle  the cases, a mixing index Ml was defined based on the
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Fig. 15. Comparisons of particle concentration and velocity distributions downstream of a nozz|e wikb.

particle concentration profile along the pipe diameter at a 5.2. Lateral jet injection
given axial location. The mixing index NI was computed

using: The use of air jets to break up a particle rope and avoid
1 1 n 2 Y saltation in long horizontal pipes was first suggested by
MI = clno1 ) (Cm( k) — Cp) (10) Weintraub, in a discussion of Patterson’s papér 8. How-
P k=1 ever, no study has been reported since then to investigate
where C, is the mean particle concentration in the pipe the effect of air jets on rope dispersion. In a study by
cross-section,C.(k) is the local particle concentration Johnson and Mearis] 9, air jets were used in an attempt to
measured at equally spaced radial locations inxuirec- reduce erosion in bends. In the Johnson and Means’ study,
tion, andn is the total number of measurements along the the erosion rate in a 9GIbow with an air injection was
pipe diameter. Eq( 10 gives the degree of variation in reduced by about 50% compared to that for a standatd 90
concentration as a standard deviation. The flow is assumedelbow.
to be well mixed when MI tends to zero. The mixing In the present study, the use of air jets was investigated
performance for each flow condition was estimated and as a possible rope dispersion technique. A jet injector was
compared by using the mixing index parameter. designed to create an air jet in a plane perpendicular to the
Fig. 17 shows MI for four combinations o), and main flow stream as shown in Fig. 19. In preliminary
solids loading with theB = 0.5 nozzle. The restratification  experiments, the effect of jet flow rate on the mixing
phenomenon described in earlier paragraphs is particularlyperformance was studied by varying the injected flow rate.

2

noticeable from these curves at larger valued gD with These measurements were performed at seven pipe diame-
U, =15 m/s. Fig. 18 compares the values of Ml for the ters away from the bend exit for three different jet flow
three nozzles, all withU,=30 m/s and A/F = 3.0. rates(m,). These results show fairly well dispersed flow

These results show there were large improvements instructures at the measurement location with an air injection
mixing as the nozzleg8 ratio was reduced from 0.83 to 0.5. rate of 5.4% of the total flow rate in the pige see Fig) 20 .
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Fig. 16. Comparisons of particle concentration and velocity distributions downstream of a nozzj@ wiit67.

In order to determine the best orientation for the jet tested. The mixing performance with each configuration
injector, three different circumferential positions were then was first evaluated by visual inspection using a transparent
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Jet at Inner Wall

test section, which was located betweepD = 2.0 and
4.0. Detailed fiber optic measurements were then per-
formed. According to the visual observations, the jet injec-
tor was able to destroy the rope better when it was located
either at the inner wal inner jet or outer wall outenjet
(see Fig. 19 . The least effective rope dispersion was

;_,/ "_"““i\..‘“_:‘i \ observed when the jet injector was located on a side wall.
| e Detailed fiber optic measurements were performed for
Mo //ﬂ | two jet configurations, inner jet and outer jet, for a con-
Jet at Outer _ stant normalized jet flow ratém,) of 5.4% and for a
Jet at Outer Wall . . . ! o
Wall e conveying air velocity of 30 rys. In addition, the effect of
——— g /,/j?/ N ‘f \ Flow air-to-solids loading ratio was investigated for each config-
—=k. | /J r+ uration. Since the flow was not symmetrical about the
e e \/ x-axis, the fiber optic measurements were performed over

the pipe cross-section by traversing the probe along the
radius at eight circumferential locations, °4&part from
each other. In each case, the jet injector was located one
diameter downstream of the bend exit/D=1.0) as

Fig. 19. Plane jet injection system for inner and outer jets. shown in Fig. 19.
3 Uo=30 m/s m‘!io.O ZA’ 6k e Uo=30 m/s a - mi=0.0 %
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Fig. 20. Effect of air injection rate foA/F = 1.0 and 3.0.
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5.2.1. Plane jet from inner wall metrically distributed over the pipe cross-section. The
Fig. 21 illustrates the particle concentration contour majority of the particles were located in the central region

plots for A/F =3.0 and 1.0. At three diameters away with peak particle concentrationi§p) ranging from 1.0 to

from the bend exit plane, the particle rope was positioned 2.0 (kg/m?3). TheseC, values are significantly lower than

unsymmetrically, having moved towards a side wall. The those for the case of the plain elbow no flow mixing

asymmetrical particle concentration distributionlatD = device .

3.0 was probably caused by nonuniformities in the particle

concentration distribution in the horizontal pipe upstream 5.2.2. Plane jet from outer wall

of the elbow. The experiments were repeated for the case when the jet
However, at five and seven diameters downstream of injector was positioned at the outer wdll referred to as

the bend exit, the particle concentrations, were fairly sym- outer jed . The particle concentration contour plots at dif-

Inner Jet Inner Jet
A/F=3.0 A/F=1.0
R/D=1.5 R/D=1.5

L/D=3.0

Air Jet

Fig. 21. Measured particle concentration contours downstream of the inner jet injectyy For 3.0 andU, = 30 my/s.
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ferent axial distances are shown in Fig. 22. The particle 5.3. Swnirl vanes

rope does not appear to be affected by the air jet at three

diameters away from the bend exit plane for either solids Swirling two-phase flows are encountered in many
loading rate( A/F =3.0 and 1.0, however, the effect of gngineering applications, including combustion systems
the air jet is clearly seen at /D =5.0. At this location  anq cyclone separators. Extensive research efforts have
(L/D=5.0for A/F=3.0and 1.0, the rope was divided peen expended in understanding and characterizing the
into several small ropes, each of which had relatively low gffects of swirling flows[ 10-18B .

particle concentrations and was ngated at a side wall.  Tpe degree of swirl usually is characterized by a swirl
Moreover, downgtream Of_ the mixing plane, th? flovy numberS, which is a nondimensional number representing
exhibited a rotational particle motion. Once again, this he axial flux of angular momentum divided by the product

probably occurred because of the asymmetrical particle ot e pipe radius and axial momentum flux. The swirl
distribution in the horizontal inlet pipe. The rotational ,,mber is defined as follows

motion was more pronounced for low solids loading rate

(A/F=3.0. R wr2d
Quantitative comparisons between the inner and outer /o uwr=dr

jets were made by using the mixing indéx Fig)23 . These S= T

comparisons reveal that the inner jet established a more f verdr

homogeneous flow distribution over the pipe cross-section.

These results clearly show how the orientation of the jet whereu and v are tangential and axial velocities, respec-

(11)

injector is important to obtaining optimal mixing. tively, and R is the pipe radius.
Outer Jet Outer Jet
A/F=3.0 A/F=1.0 L/D=3.0

Uo=30 m/s Uo=30 m/s

Fig. 22. Measured particle concentration contours downstream of the outer jet injecfyrfor 1.0 and 3.0 andl, = 30 m/s.
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Fig. 23. Comparison of mixing indices between inner jet and outer jeAjdf = 3.0 and 1.0.

Recently, swirling flow has been applied to pneumatic rope exiting the 90 elbow). Although the original rope
conveying systems to reduce pressure drop, pipe blockagewas destroyed by the swirl vanes, the rotational motion of
pipe wear, and particle depositipn 114 . each smaller particle rope persisted further downstream.

In the present study, the swirling flow was used to More importantly, the peak particle concentration of each
disperse the particle rope created by the elbow. The calcu-rotating particle structure remained relatively unchanged as
lation of the swirl numbefS) was based on the swirl vane the flow moved downstream. In fact, a slight increase in

angle, ¢, as suggested by Lilley 10. the peak particle concentration was observed after three
5 pipe diameters from the bend exit. As mentioned by Hirai

S~ —tan¢ (12) and Takagi[ 15, owing to the body force field resulting
3

from the swirling motion, a counter effect of the swirling
motion was observed further downstream of the flow, and

For vane angles of 15, 30 and 60, for example, approxi- the particle mixing was retarded.

mate swirl numbers are 0.2, 0.4 and 1.2, respectively. Here
100% efficiency is assumed for the swirl vanes.

Fig. 24 shows a sketch of the experimental test section,
where a counter-clockwise rotation was generated at the
exit of the elbow, betweenL/D = 0.0 and 2.0, using
vaned swirlers. Two different designs for generating
swirling motion were used. In the first design, eight swirl

vanes were installed inside the test section, providing a /
swirl number(S) of 0.13. In the second design, a swirl ¢/¢'
number(S) of 0.26 was achieved with four swirl vanes

placed inside the test section. Therefore, the results show
the combined effects of both the swirl number and the

number of swirl vanes on the rope dispersion character-
istics.

A
The fiber optic probe measurements of particle concen- /// ?
/5

r>

A-A SECTION

FLow
tration were performed over the pipe cross-section at three -

different axial locations forA/F = 3.0 andU, = 30 my/s. /

Fig. 25 illustrates the particle concentration and velocity SWIRL L_

contours forS= 0.13 and 0.26. It can be seen from Fig. 25 VANES 03D

that for the S= 0.13 case, the rope created by the elbow

was split into several rope-like structures by the swirl

vanes and each individual flow structure spiraled around i FLow
the pipe circumference. These smaller rope structures had ]

relatively small particle concentrations compared to the D—-
original rope( here, the terrforiginal rope refers to the Fig. 24. Experimental test section and swirl vanes.

Rotation
L ,/"\
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Swirl Vanes - 1
A/F=3.0
S=0.13

R/D=15 UD=3.0

L/D=5.0

Rotation

Swirl Vanes - 2

L/D=5.0

L/D=7.0

Fig. 25. Particle velocity and concentration contoursSer 0.13(A/F = 3.0,U, = 30 m/s andR./D = 1.5).

The mixing index values for both swirl numbers are values of the mixing indices slightly increased further
compared in Fig. 26. As can be seen from this figure, the downstream of the swirl vanes, indicating a strengthening

Mixing Index, Ml

gl —e— 8,013 AIF=3.0
’ - Uo=30 m/s

I o 8,,=0.26 RO
20
15 -

e R
1.0 - o
05 -

I | s L | s | L | L | . |

3 4 5 6 7 8 9

Axial Distance From Bend Exit, L/D
Fig. 26. Mixing index values as a function of axial distance.

of the smaller rope structures.

6. Summary and conclusions

Rope dispersion characteristics in the absence of sec-
ondary flows were investigated in the first part of this
study. It was observed that the rope dispersion rate was
significantly reduced when the double vortex structure
formed by the elbow was eliminated with a flow straight-
ener installed immediately after the elbow. Furthermore,
no significant particle dispersion in the radial direction
towards the inner wall was observed in the absence of the
flow straightener. These findings confirm the importance
of secondary velocities in transporting the particles from
within the rope to the particle-free regions.
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In the second part of the study, the rope dispersion Re,
characteristics of several types of mixing devices were S
studied. These included convergent nozzles, air jet injec- &
tion, and swirl vanes. U

The fiber optic measurements for the= 0.5 and 0.67 U

0o

Particle Reynolds numbéiRe, = p|JR|dp//.L)
Swirl number

Stokes numbetst = p,d,U,/18uD ;)

Local fluid velocity (m/s)

Conveying air velocity( m's)

nozzles showed that the local particle concentration at theu, ', w Fluctuating air velocitie$ ms)

pipe wall increased slightly after approximately three di-
ameters downstream of the bend exit, caused by a partial| vl
restratification of the flow further downstream. Moreover,
a strong dependency of rope dispersion on the conveyingVs
air velocity, air-to-solids loading ratios, and nozzle beta Vr
ratios was found, with more uniform particle distribution
over the pipe cross-section occurring for higher conveying v,
air velocities, lower solids loadings and smaller beta ratios. x/D
All mixing techniques, except the3 = 0.83 nozzle,
were able to disperse the particle rope within nine pipe ,
diameters from the bend exit plane. However, there are
some disadvantages of these designs for practical applica-
tions. For instance, the nozzles witA=0.5 and 0.67

— 2
rms air veIocity(IdI = \/u’_2 = Ek)’ (m/s)

Particle velocity( nys)

Relative particle velocity( with respect to hir
U,—V)

rms particle velocity(lu’pl = \/E) (m/s)
Dimensionless transverse distance from outer wall

of elbow(m
Transverse distances in pipe cross-section m

cause excessive pressure drop. The pressure drop cause@reek letters

by the 8 =0.83 nozzle was 9 kP& 36 in.,H)O for an pp
average conveying air velocity of 30,8 and A/F = 3.0. 2
The air jet injection technique requires additional fan p
power and also increases the total flow rate of conveying ¢
fluid carried by the pipe. With swirl vanes, an effect of B
swirling motion on particle mixing was observed further
downstream of the flow. As a consequence of the centrifu- €
gal forces, local particle concentration increased at the pipe
wall, causing some particle restratification as the particles
were transported downstream.

The CFD predictions are in good agreement with the

Particle density( kgm®)

Fluid viscosity( kgyms)

Air density (kg/m?®)

General Variable

Ratio of orifice diameter to pipe diametéB =
d/D)

Turbulence dissipation rate 4rs®) and Voidage
(e=1-V,/Vy)

measurements performed with the fiber optic probe. De- References

spite slight differences from the experimental data, the
CFD predictions were able to predict the most important
flow phenomena observed by the measurements.
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