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Abstract

The motion of clusters of particles at the wall of a circulating ~uidized!bed "CFB# has been observed using a thermal!
imaging technique for ~ow visualization[ Dynamic properties of clusters adjacent to the wall were measured\ including
the residence time of the clusters at the wall and the velocities at which they travel[ The properties were measured for
variations in super_cial gas velocity\ external solids recirculation rate\ density of the solid material\ and average particle
diameter[ Average cluster velocities were measured in the range of 0[0Ð0[1 m s−0\ with little dependence seen on any of
the operating conditions[ Average clusterÐwall contact times were measured in the range of 9[04Ð9[49 s\ with some
dependence on solid density observed[

A simpli_ed model for the motion of clusters near a wall has been developed\ treating the clusters as permeable bodies
traveling adjacent to a wall in a quiescent ~uid[ This model allows for the application of computational methods to
study the ~ow in and around clusters\ as well as the calculation of lift "normal to the wall# and drag "parallel to the
wall# forces on the clusters[ These simulations show the presence of a substantial drag force\ which helps explain the
magnitudes of the observed cluster velocities[ The simulations also show the presence of a lift force\ which can be used
to predict the observed clusterÐwall contact times[ The agreement between the simulations and the measured contact
times is an indication that the lifting force is the phenomenon governing the removal or shedding of clusters from the
wall region[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

A area
c speci_c heat capacity
cd drag coe.cient
cl lift\ drag coe.cient
dp mean particle diameter
D diameter
Dcl cluster diameter
f fraction of wall covered by clusters
F lift\ drag force
` acceleration due to gravity
Gs solid recirculation rate
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h heat!transfer coe.cient
hconv total bed!to!wall convective heat transfer coe.cient
hgas gas!phase heat transfer coe.cient
k thermal conductivity
L riser height
mcl cluster mass
P pressure
R thermal resistance
Re Reynolds number
t contact time between cluster and wall
T bed temperature
u velocity
ucl cluster velocity
umf minimum ~uidization velocity
u9 gas super_cial velocity
v velocity
x axial position of cluster
x? axial velocity of cluster
xý axial acceleration of cluster
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y lateral position of cluster
y? lateral velocity of cluster
yý lateral acceleration of cluster
y� dimensionless clusterÐwall gap[

Greek symbols
ocl cluster void fraction
k permeability
m dynamic viscosity
r density
rg gas density
rs solid density
r� solidÐgas density ratio[

0[ Introduction

A circulating ~uidized bed "CFB# is a gasÐsolid ~ow
reactor in which the net ~ow of gas and solid particles is
upward in a chamber referred to as the {riser|[ In a CFB\
solid particles move upward in the core of the riser and
fall downward in the vicinity of the walls\ giving much
longer solid!residence times than in pneumatic conveying
systems[ The solid particles which leave the riser are sep!
arated in a cyclone and returned to the bottom of the
riser[ In the last decade or so\ CFBs have found appli!
cation as boilers for power or steam generation in which
the fuel is coal or some other sulfur!emitting fuel[ In these
applications\ the solid phase in the reactor is limestone or
dolomite "calcium!based solids# which absorbs gaseous
sulfur emissions by mixing with the products of combus!
tion[ As circulating ~uidized!beds become more widely
used as boilers\ it is important to understand the mech!
anisms for heat transfer at the walls of CFBs[ A means for
accurately predicting heat transfer will allow for better
designs and more e.cient systems[

The heat transfer in a CFB typically takes place on the
periphery of the riser with water tubes that comprise the
wall of the riser\ so that the mechanisms for heat transfer
can be described by the interactions between the bed
material\ the gas and the wall[ In a core!annular ~ow
regime\ as seen in the upper portion of a CFB\ the ~ow
of bed material in an annular region near the wall is
predominantly downward in groups of particles known
as clusters ð0\ 1Ł[ The net ~ow of solids is upward\
however\ because the cross!section of the annular region
is small compared to the core region in which solid par!
ticles are ~owing upward[ Other investigators have found
clusters to have the following features] the characteristic
size of a cluster\ based on the dimension normal to the
~ow over it\ is roughly 9[4Ð1[9 cm ð2\ 3Ł^ the typical
concentration of solid particles in a cluster is approxi!
mately 09Ð29) ð1\ 4Ł^ a typical descent velocity is
between 9[4 and 1[9 m s−0 ð2\ 5Ł^ and the typical shape
projected at the wall is somewhat oval or elliptical ð3Ł[

A model for convective heat transfer at the wall of a

CFB has been developed by others ð4\ 6Ð8Ł and presented
in an earlier work by the authors ð09Ł[ In short\ the
model neglects radiant heat transfer "considering it to be
additive# and accounts for the parallel e}ect of convective
heat transfer from the gas phase and transient conduction
from the particle phase "also known as particle con!
vection#[ Based on this model\ an expression for the total
convective heat!transfer at the wall of a CFB is presented
in the following equation]

hconv �"0−f # = hgas¦f = 0Rcontact¦X
pt

"krc#cluster1
−0

[ "0#

A number of the heat!transfer parameters in equation "0#
are functions of the hydrodynamics in a CFB\ such as] f\
the fraction of the wall covered by clusters^ Rcontact\ the
contact resistance between the cluster and the wall^ t\ the
time of contact between clusters and the wall^ and k\ r

and c\ the physical properties of the cluster\ which are
dependent on cluster porosity ð00Ł[ Since so much of
equation "0# is based on hydrodynamic phenomena\ the
ability to observe\ measure and predict these phenomena
under various operating conditions will allow for a better
understanding of them and the ability to predict bed!to!
wall heat!transfer rates under various operating
conditions[

In this work\ we are interested in measuring the resi!
dence time of clusters at the wall\ t\ as well as the velocity
of these clusters as they travel adjacent to the wall[ The
motion of the clusters is of particular interest because of
the {renewal| mechanism in the cluster layer[ In other
words\ the heat transfer model is predicated upon the
steady deposition and shedding of clusters to and from
the wall region[ The causes of cluster deposition and
shedding at the wall are generally unknown\ but in this
paper\ we attempt to at least explain the mechanism for
shedding[ This is done by determining the e}ect that
varying operating conditions in the CFB has on these
hydrodynamic characteristics\ and then using this infor!
mation to gain insight into the fundamental behavior of
the ~ow of solid particles near the wall of the riser[ The
development of a technique to measure clusterÐwall con!
tact times and cluster descent velocities was reported in
a previous paper\ and these results were presented for
one type of bed material ð09Ł[ In this work\ the data
for cluster velocities and clusterÐwall contact times are
expanded by varying both the average particle size and
material density\ as well as the gas super_cial velocity and
solid recycle rate[ Also in another study\ a computational
~ow model capable of solving for ~ow near permeable
bodies\ such as the clusters found in a CFB riser\ was
developed ð01Ł[ In this work\ the model is extended to
include the presence of the riser wall[ Results from the
model show the existence of lateral lift and vertical drag
forces that govern cluster motion at the riser wall and
result in the motion of clusters away from the wall "i[e[
shedding#[
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1[ Description of experiments

1[0[ Scale!model CFB

All the experiments reported here were conducted in a
cold!~ow scale!model CFB which was originally built as
a 0:3!scale model of a 1!MWth combustor ð02Ł[ The riser
is 1[33 m high with a square cross!section measuring 9[048
m on each side^ the walls are made of clear polycarbonate
plastic[ There are eleven pressure taps along the riser\ so
that ten di}erential!pressure measurements are available
for the calculation of the average solid!concentration
pro_le in the riser based on the assumption that the
pressure drop is equal to the weight per unit area of solid
particles suspended in the riser[ The riser has a sharp 89>
exit at the top\ and the solids are returned to the bottom
of the bed via an aerated L!valve[ Figure 0 shows a
schematic of the scale!model CFB[

Three sets of particles were used in these experiments\
and they are] steel powder with a material density of 5879
kg m−2 and a mean particle size of 58 mm^ silica sand
with a material density of 1559 kg m−2 and a mean
particle size of 017 mm^ and silica sand with a material
density of 1549 kg:m−2 and a mean particle size of
071 mm[ Particle densities were measured using a helium
pycnometer[ The distributions of particle sizes were
measured by sieving\ using a series of stackable trays
with screened bottoms of varying _neness\ and the mean
particle size was calculated based on the average surface!
to!volume ratio of the size distribution ð03Ł[ Figures 1"a#Ð
"c# present the particle size distributions for each set of
particles[ Using scale!up rules for CFBs ð04Ł\ it can be
shown that the use of steel allows for the simulation of a
larger CFB combustor operating at atmospheric pressure
while the use of sand allows for the simulation of a larger

Fig[ 0[ Schematic for scale!model CFB[

Fig[ 1[ "a# Particle size distribution for steel powder[ "b# Particle
size distribution for 017 mm sand[ "c# Particle size distribution
for 071 mm sand[

CFB combustor operating at a pressure of 2[4 atm[ Table
0 gives the general speci_cations of the cold scale!model
CFB and the hypothetical full!sized CFBs being simu!
lated by the use of the various particles[

1[1[ Experimental technique

The technique used to measure both cluster velocities
and cluster!wall contact times is called Thermal Image
Velocimetry\ or TIV[ This technique was recently
developed by the authors\ and a more detailed description
can be found in an earlier paper ð09Ł[ In short\ TIV is a
thermal marking technique in which the bed material



P[D[ Noymer\ L[R[ Glicksman:Int[ J[ Heat Mass Transfer 31 "0888# 0278Ð03920281

Table 0
Speci_cations for scale!model and hypothetically scaled!up CFBs

Scale model 3 ] 0 Scale model 3 ] 0
Parameter w:steel particles scale!up w:sand scale!up

L "m# 1[33 8[65 1[33 8[65
D "m# 9[048 9[525 9[048 9[525
Cross!section shape Square Square Square Square
T "K# 299 0099 299 0099
P "atm# 0[9 0[9 0[9 2[4
rg "kg m−2# 0[1 9[22 0[1 0[0
rs "kg m−2# 5879 ¼1499 1559 ¼1499
dp "mm# 58 ¼129 017 154
Typical u9 "m s−0# 2 5 2 5
Typical Gs "kg m−1 s−0# 14 07 04 17

near the wall is heated and the motion is subsequently
tracked with an infrared camera[ To accomplish this\
however\ the wall material must be transparent to infra!
red radiation[ A special wall was constructed of low!
density polyethylene to meet this requirement[ Figure 0
also shows the position of the TIV test section in the
scale!model CFB[ TIV has several advantages] it is a non!
invasive method for marking the clusters and tracking
their motion at the wall\ as no instrumentation is required
in the ~ow path^ and it does not require the addition of
tracer particles to the ~ow to enhance ~ow visualization\
which is bene_cial since such particles might a}ect the
hydrodynamics in the riser[ The simple method of mark!
ing the clusters with heat does not require a special bed
material "such as photo!luminescent substance#[ This
allows the selection of a material which will yield sim!
ilitude with any desired full!sized con_guration[

1[2[ Experimental operatin` conditions

The scale!model CFB was run at a total of sixteen
di}erent operating conditions for these experiments[
Eight of these were with the steel particles\ six were with
the 017 mm sand and two were with the 071 mm sand[
By changing the bed material\ we were able to observe
variations in cluster!wall contact with both solid density
and particle size "or minimum ~uidization velocity\ alter!
natively#[ It should be noted that the steel and the 017
mm sand can be shown to have approximately the same
minimum ~uidization velocity*0[1 cm s−0 for the steel\
and 0[5 cm s−0 for the 017 mm sand ð03Ł[ The gas super!
_cial velocity and solid recycle rate were varied in order
to understand the e}ect of these operating conditions on
wall hydrodynamics[ When possible\ attempts were made
to match u9 and Gs on both a dimensional and a dimen!
sionless basis between experiments with di}erent solid
particles\ in which the dimensionless gas velocity is given
by u9:umf and the dimensionless solid recycle rate is given

by Gs:"rsu9#[ Table 1 lists the operating conditions along
with the average local solid concentrations in the test
section[ The average local solid concentrations were cal!
culated by measuring the local pressure drop along the
riser and equating that to the weight of solids suspended
in that region[

2[ Experimental results

2[0[ Overview

With the TIV technique\ clusters of particles are heated
as they pass into the test section and the infrared camera

Table 1
Experimental operating conditions and results

Avg[ local Avg[ total
Bed u9 Gs solid conc[ contact
material "m s−0# "kg m−1 s−0# ")# time "s#

Steel 1[2 8[2 9[14 9[38
1[7 00 9[10 9[26
1[7 08 9[35 9[34
1[6 29 9[45 9[26
2[2 07 9[13 9[26
2[2 17 9[31 9[31
2[5 14 9[17 9[27
2[5 23 9[38 9[22

017 mm 1[4 02 9[52 9[11
sand 1[4 10 9[78 9[13

1[8 00 9[40 9[20
2[1 03 9[35 9[19
2[2 07 9[43 9[10
0[7 00 9[89 9[03

071 mm 1[8 04 9[64 9[39
sand 2[3 04 9[50 9[17
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can be focused at di}erent elevations for a certain period
of time[ Analyzing the resulting videotape in slow motion
yields both the velocities of the clusters via measurement
of distance traveled over elapsed time\ as well as a prob!
ability distribution function for cluster presence at the
wall[ The decay of this probability function can be shown
to be equal to the probability function for cluster motion
away from the wall\ and the average of the subsequent
probability function has been shown to be one!half the
average cluster!wall contact time ð05Ł[ Since the detection
of clusters depends on their temperature\ it may be poss!
ible that the disappearance of clusters results from
cooling^ however\ it has been shown that the heater has
enough power to su.ciently raise the temperature of
almost all of the clusters such that they can be observed\
or such that they have not cooled down\ by the end of
the entire test section ð06Ł[ This ensures that the measured
changes in the passing frequency are due to clusters mov!
ing away from the wall\ and not from clusters cooling
down[ Details of this technique are discussed in a pre!
vious paper ð09Ł[

2[1[ Measurements of cluster descent velocities

Cluster velocities at the wall of the riser were measured
under the operating conditions listed in Table 1[ The
uncertainty error associated with the velocity measure!
ments is roughly 229) ð09Ł[ The average cluster velocity
measured in all the cases was between 0[0Ð0[1 m s−0[
These values are roughly independent of variations in
operating conditions] gas super_cial velocity\ solid recy!
cle rate\ solid density and average particle diameter[ Our
observations are roughly consistent with results that have
been widely reported which show that cluster velocities
at the wall of a CFB are typically on the order of 0 m s−0

ð06Ł[ We may be missing some of the smaller variations\
however\ since the relatively poor resolution of the
measurement system for measuring cluster velocities
results in a relatively large error[

2[2[ Measurements of clusterÐwall contact times

The residence times of clusters at the wall of the riser
were also measured under the operating conditions listed
in Table 1[ The total uncertainty of the measured dis!
tribution function of contact times from the infrared
videotape is about 204)[ The measured velocities are
used in reducing the video data for contact times\ so
that a root!mean!square method for combining these
uncertainties ð07Ł yields a total uncertainty for contact
times of about 224) ð09Ł[

Figures 2Ð5 show how the clusterÐwall contact times
vary with the gas super_cial velocity\ the solid recycle
rate\ the average local cross!sectional solid concentration
"equivalent to Gs#\ the solid density and the average par!
ticle diameter[ As with the velocity measurements\ the

experimental uncertainty may hide some trends[
However\ there appears to be no dependence of contact
time on super_cial velocity\ solid recycle rate or the local
cross!sectional void fraction "see Figs 2Ð4#[ Figure 5
shows that there is a fairly direct correlation between
contact time and solid density\ as well as with average
particle size for the same density[ It seems somewhat
intuitive that larger or heavier particles will be more
di.cult to move away from the wall and clusters of these
particles will therefore have longer residence times[

2[3[ Relatin` clusterÐwall contact to heat transfer

One way to evaluate the impact of the observed di}er!
ences in clusterÐwall contact times is to use them in con!
junction with the model presented in equation "0# to
calculate bed!to!wall heat!transfer coe.cients[ This
model requires knowledge of several other hydrodynamic
parameters\ but estimates for these can be made based
on previous research ð4Ł] f ¼ 9[49\ hgas ¼ 01 W m−1 K−0\
Rcontact ¼ 9[9913 m1 K−0 W−0\ and z"krc#cluster ¼ 099 m1

K−0 W−0 s−0:1[ For the contact times measured\ one can
estimate that use of the lighter particles might results in
nearly a 29) increase in heat transfer when compared to
the heavier particles[ This seems to indicate that a CFB
running at elevated pressure\ in which the particles are
lighter relative to the gas\ will have higher heat transfer
rates^ higher heat transfer rates in pressurized CFBs vs[
atmospheric CFBs have been observed in some instances
ð08Ł[ However\ the heat transfer model for CFBs requires
knowledge of other hydrodynamic parameters\ such as
the fractional wall coverage by clusters and the clusterÐ
wall contact resistance\ which are likely to change with
operating pressure and therefore make it di.cult to con!
clusively compare the relative merits of pressurized or
atmospheric CFBs for heat transfer[

3[ Modeling the clusterÐwall interaction

3[0[ Motivation

Given the observations and measurements of cluster
motion near the wall in a CFB\ we now turn our attention
to an explanation of the observed behavior[ One clue
for an explanation is in the dependence of clusterÐwall
contact time on the inertia of individual particles[ Par!
ticles of larger diameter and denser materials tend to have
longer contact times[ To a _rst approximation\ then\ one
could assume that clusters of these particles would also
be heavier\ leading to more inertia and greater resistance
to forces that might be controlling the near!wall motion
of the clusters[ These concepts led us to investigate the
aerodynamic forces acting on a cluster resulting from the
relative motion between the cluster\ the wall and the gas
~owing in the CFB[ To simplify the model\ the gas ~ow
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Fig[ 2[ ClusterÐwall contact time vs gas super_cial velocity[

Fig[ 3[ ClusterÐwall contact time vs solid recycle rate[

near the wall can be neglected[ Rashidi et al[ ð19Ł found
that particle!laden ~ows exhibited delayed boundary
layer growth away from the wall\ creating a larger zone
of low gas momentum near the wall[ This phenomenon
also appears in our results\ in that the cluster descent
velocity is apparently independent of the super_cial gas
velocity[ This indicates that the gas velocity can be
neglected for the purposes of simplifying this modeling
process[

3[1[ Back`round

There does not appear to be any previous work under
exactly the same ~ow conditions studied here^ namely\

no one has ever studied the ~ow past a permeable body
moving relative to a stationary wall in a quiescent ~uid[
There are\ however\ studies of ~ow past permeable bodies
and ~ow past solid bodies near walls\ but not both[ Most
of the previous studies have been conducted at relatively
low Reynolds numbers\ where the Reynolds number is
de_ned as the product of the velocity of the body and the
diameter of the body divided by the kinematic viscosity
of the surrounding ~uid[ For clusters of particles in a
CFB\ a typical Reynolds number might be on the order
of 0999\ using 0 m s−0 for a typical descent velocity\ 0 cm
for a typical cluster length scale ð2\ 10Ł\ and 09−4 as an
order!of!magnitude value for the kinematic viscosity of
the ambient air in a cold!~ow CFB[
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Fig[ 4[ ClusterÐwall contact time vs solid concentration[

Fig[ 5[ ClusterÐwall contact time vs solidÐgas density ratio[

Goldman et al[ ð11Ł showed that the motion of a sphere
near a wall in a quiescent ~uid can increase drag by
a factor of about _ve\ with the augmentation of drag
depending on distance from the wall[ Sa}man ð12Ł
showed that a sphere in the boundary layer of a viscous
~ow near a wall will experience a force directed away
from the wall\ or a lifting force[ Both of these results are
for {vanishingly small| Reynolds numbers\ and therefore
potentially lack applicability to the current con_guration[
At the other end of the Reynolds number spectrum\ Carr
ð13Ł tested scale models of automobiles in a wind tunnel
with Re × 094 and with a conveyor belt to simulate rela!
tive motion between the automobile and the ground[
Carr|s results show that the proximity of the body to the

ground can either increase or decrease drag\ depending on
the shape of the body[ Similarly inconclusive results were
compiled by Hucho ð14Ł\ although it appears that drag
and lift tend to increase with decreasing ground clearance
for automobiles with increasing underbody convexity[

These previous results say nothing conclusive about
cluster motion at moderate Reynolds numbers\ but they
indicate that the presence of the wall should have an
e}ect\ and that lift and drag might both increase with
proximity to the wall if the cross!section of the cluster is
considered to be convex or simply round[ As a result
of the lack of directly applicable work\ we developed a
computational model to study the hydrodynamic forces
acting on a cluster moving near the wall in a CFB[



P[D[ Noymer\ L[R[ Glicksman:Int[ J[ Heat Mass Transfer 31 "0888# 0278Ð03920285

3[2[ Description of CFD model

A commercially!available program for computational
~uid dynamics "CFD# was used in this study[ The CFD
program is PHOENICS\ Version 1[0[0\ produced by
CHAM Ltd ð15Ł[ PHOENICS employs _nite!volume
methods for the solution of the governing equations for
~uid dynamics\ and provides as output the pressure and
velocity _elds on the user!speci_ed discrete com!
putational domain[ Internal to PHOENICS are some
built!in functions to assist in computations for more com!
plex ~ows\ accounting for the e}ects of turbulence or
permeability\ for example[ The use of these is discussed
later[

For simplicity and to make the problem tractable\ a
cluster is modeled as a permeable cylinder*a round\
two!dimensional object with no relative motion among
the particles within the cluster[ Although the results from
such a model will not be exactly applicable to clusters in
a CFB\ the results will indicate the presence and sig!
ni_cance of forces acting on a permeable body moving
near a wall[ Figure 6 gives a schematic of the model and
the pertinent nomenclature[ The computational domain
is a Cartesian coordinate system that is distorted into a
round shape in the region of the cylinder[ In this study\
the origin of the coordinate system has been de_ned at
the point on the cylinder that is closest to the wall[ The
computational domain and the discretized elements are
shown in Fig[ 7[ The domain extends three cylinder diam!
eters upstream of the windward face of the cylinder\ 09
diameters downstream of the leeward face of the cylinder\
and 4 diameters above the top!most point on the cylinder[
The gap between the cylinder and the wall is one of
the parameters to be varied in this study[ One hundred
elements comprise the cylinder itself\ for which the per!
meability can be varied[ The size and _neness of the
computational domain were determined after conducting
a variational study in order to verify accuracy and con!
vergence of solutions[ A similar computational model
was used to study the drag on permeable cylinders relative

Fig[ 6[ Schematic of computational model[

to solid cylinders in unbounded ~ow at similar Reynolds
numbers ð01Ł[

Within the permeable cylinder\ mass conservation and
D|Arcy|s Law for ~ow in a permeable body are applied
in order to solve for the pressure and velocity _elds[
The mass conservation equation for two!dimensional\
incompressible ~ow is given by the following expression
ð16Ł]

9 = v� 9 "1#

and the conservation of momentum is expressed in D|Ar!
cy|s Law ð17Ł]

9P �
mv

k
"2#

A modi_cation to D|Arcy|s Law established by Brink!
man ð18Ł is a more general statement of momentum con!
servation for the inner region[ However\ an order!of!
magnitude analysis shows that Brinkman|s formulation
reduces to equation "2# when the ratio of permeability
and the square of the system length scale is less than
unity[ In subsequent sections\ we de_ne this ratio as the
{permeability ratio| and in this study\ the permeability
ratios considered are generally orders of magnitude smal!
ler than unity[ As a result\ we believe that equations
"1# and "2# adequately describe the ~ow _eld within the
porous cylinder without Brinkman|s modi_cation[

Outside of the permeable cylinder\ the mass con!
servation expression of equation "1# is applied\ while
the two!dimensional\ incompressible form of the NavierÐ
Stokes equation is used to solve for the momentum of
the ~uid ~ow ð16Ł]

rv =9v � −9P¦m91v[ "3#

The solutions for pressure and ~ow are matched at the
interface of the two regions\ and the boundary conditions
that are speci_ed are the ambient pressure on the exterior
of the domain and the cluster velocity on the exterior of
the domain to the windward side of the cylindrical body[
Matching the mass ~ow of the outer region to that of the
inner region at the interface between the two provides
the second boundary condition for velocity required by
equation "3#[ In addition to the boundary conditions
already speci_ed\ the wall is de_ned as a solid surface
moving at the same velocity as the incoming air "i[e[ the
air is quiescent relative to the wall and in motion relative
to the cluster#[ No initial conditions are required since
the ~ow is considered steady[

The e}ects of turbulence were ignored for the purposes
of this study[ PHOENICS has a variety of self!contained
turbulence of the {kÐepsilon| type[ The use of these models
at the Reynolds numbers in question only a}ected the
results for drag coe.cient on a solid cylinder by about
9[0)^ this was not deemed su.cient to warrant the added
computational time "approximately double when includ!
ing turbulence# or complexity ð01Ł[ This is likely due to
the fact that turbulence does not play a signi_cant role
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Fig[ 7[ Computational domain for motion of a cylinder "cluster# near a wall[

in the boundary layer on a cylinder for Re ³ 09 999^ the
conditions studied here represent 09 ¾ Re ¾ 0999[

As a _nal word on the computational methods\ some
discussion of the {post!processing| of the raw output is
warranted[ As mentioned previously\ the PHOENICS
output consists of the pressure and velocity _elds in each
discretized element[ A linear momentum balance on a
control volume away from the cylinder surface yields the
following expression for the net force on the body as a
function of the change in momentum of the ~uid passing
through the control volume and the net pressure force on
the control volume]

Fi � gA

P dAi−gA

rviv = dA "4#

where i represents one of the directions and Ai represents
the area per unit length of cylinder projected in the ith
direction[ In the x!direction\ Fi � Fx is the drag force\
while in the y!direction\ Fi � Fy is the lifting force[ Given
either component of the force on the cylinder\ the drag
and lift coe.cients can be calculated from their de_ni!
tions for a cylindrical body ð14Ł]

cd �
Fx

0
1

ru1D
and cl �

Fy

0
1

ru1D
"5#

where u is the free!stream velocity in the model "the
velocity of the cluster#\ and D is the diameter of the
cylindrical body[

4[ Results of modeling and comparison to experiments

4[0[ Results of CFD modelin`

There are three independent dimensionless parameters
in this study] the Reynolds number based on the diameter

of the cylinder^ the ratio of the permeability\ k\ to the
square of the cylinder diameter\ D\ which is inversely
related to the solid fraction of a cluster ð29Ł^ and the {gap
ratio|\ or the ratio of the gap between the cylinder and
the wall to the cylinder diameter[ The gap ratio is rep!
resented by the symbol y� � y:D[ For brevity\ a para!
metric study was run for only a select number of
conditions[ Figures 8Ð03 present the lift and drag
coe.cients for the geometry of Figs 6 and 7 as a function
of permeability ratio for Re � 09\ 099 and 0999 and
y� � 9[09\ 9[90 and 9[990[ These values were chosen as
representative values found in CFBs\ and lift and drag
were computed for permeability ratios between 09−4 and
09−2 for the same reason[ The drag coe.cients are pre!
sented as {drag ratios|\ or the ratio of the computed drag
coe.cient to that for an equivalent solid cylinder in an
unbounded ~ow _eld[ The drag coe.cient for a solid
cylinder in an unbounded ~ow _eld varies with Reynolds
number^ computed values for these can be found in a
previous paper ð01Ł or empirical values can be found in
textbooks ð20Ł[

The results show that the drag on a permeable cylinder
near a wall increases by a factor of two to three compared
to a solid cylinder far from a wall\ and the increase in
drag increases with proximity to the wall[ Similarly\ there
is an appreciable lift coe.cient that also increases as the
gap ratio decreases[ Depending on the speed\ gap size
and permeability\ the lift coe.cient is roughly 9[4Ð0[4[
Both the lift coe.cient and the drag ratio approach free!
stream values\ as expected\ as y� increases\ and similar
trends with permeability ratio are seen with cylinders in
unbounded ~ow ð01Ł[ Interestingly enough\ there is little
change in either lift or drag from y� � 9[90 to
y� � 9[990[ This is likely due to the fact that such a small
gap creates a ~ow resistance of similar magnitude to the
permeable body itself[ As the gap size decreases\ the ~ow
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Fig[ 8[ Drag ratio vs permeability ratio\ Re � 09[

Fig[ 09[ Lift coe.cient vs permeability ratio\ Re � 09[

resistance in the gap may increase but that region
becomes negligible relative to the permeable cylindrical
region and therefore has a negligible e}ect on the overall
results[ The presence of this lifting force also helps explain
the existence of the contact gap between the cluster and
the wall which was measured by Lints and Glicksman ð4Ł[

4[1[ Comparison of dra` results to measured cluster vel!
ocities

Simple aerodynamic drag calculations for a solid body
of similar size and weight far from a wall tend to over!

predict the terminal velocity of a cluster by a factor of
about three "when using the typical value of 09) for the
solid fraction in the cluster ð4Ł#[ This indicates that such
a simple analysis under!predicts the actual drag force
by a factor of roughly 09[ Given the results from the
computational model\ it appears that the combination of
permeability and wall proximity only double or triple the
drag relative to the simple aerodynamic drag[ It should
be noted\ though\ that the many simpli_cations in this
model can contribute to this shortfall[ For example\
neglecting the upward gas ~ow opposing the cluster\
strictly speaking\ is not correct[ Given typical cluster
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Fig[ 00[ Drag ratio vs permeability ratio\ Re � 099[

Fig[ 01[ Lift coe.cient vs permeability ratio\ Re � 099[

sizes and distances from the wall\ the gas velocity in the
boundary layer might be 09Ð49) of the gas super_cial
velocity in the CFB based on single!phase calculations[
This represents a substantial velocity opposing the
motion of the cluster and would create a signi_cant
increase in the drag force on a cluster[ However\ the
applicability of single!phase boundary layer calculations
to gasÐparticle ~ows are suspect\ and the gas ~ow in the
wall region is expected to be lower in a CFB[ Also\ the
shape of the cluster is not necessarily regular[ Analysis
by Lim et al[ ð3Ł suggests that considering an elliptical
shape for a cluster can double the drag coe.cient in

unbounded ~ow relative to a round body\ while Potter
and Foss ð21Ł present similar results for objects of square
cross!section[ Simply applied to the present results for
drag near a wall\ this would suggest a four! or six!fold
increase in drag which begins to approach the increase
required to explain the observed velocities[ The fact that
there is a net drag force on the cluster of particles also
implies that a cluster will deform and not be round or
even have a constant cross!sectional shape[ The e}ect of
shape factor is also likely to be di}erent when considering
the presence of the wall\ however\ and this may increase
the drag ratios even further[
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Fig[ 02[ Drag ratio vs permeability ratio\ Re � 0999[

Fig[ 03[ Lift coe.cient vs permeability ratio\ Re � 0999[

4[2[ Comparison of lift results to measured clusterÐwall
contact times

The laws of motion can be used to apply the computed
lift and drag coe.cients toward understanding the clus!
terÐwall contact interaction[ Force balances on the clus!
ter in both the vertical "x#! and lateral "y#!directions can
be written as follows]

SFx � mclxý � mcl`−cd

0
1

rg"x?#1Dcl "6#

SFy � mclyý � cl

0
1

rg"x?#1Dcl "7#

where mcl represents the mass per unit length of the cyl!
indrical body and the superscripts ? and ý represent the
_rst and second derivatives with respect to time[ From
these equations\ the following di}erential equations can
be written to describe the motion of a cylindrical cluster]

xý � `−
1
p

cdrg"x?#1

rs "0−ocl#Dcl

"8#
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yý �
1
p

clrg"x?#1

rs "0−ocl#Dcl

"09#

In equations "6#Ð"09#\ the added mass terms have been
neglected since rs Ł rg[ Solutions of these equations for
x"t# and y"t# are clearly di.cult*equations "8# and "09#
are coupled\ and they are both non!linear with non!con!
stant coe.cients "both cd and cl vary with x? and y#[ With
a few simple assumptions\ however\ a solution can be
generated for comparison to the CFB experiments[

First\ consider that the cluster velocity is nearly con!
stant as a function of time\ at a value of 0 m s−0 perhaps[
This results in a constant value for the lift coe.cient as
well\ say about 9[4 judging from the results presented in
Fig[ 01[ Assuming the other parameters to be constant
and assuming initial values y"9# � y?"9# � 9\ equation
"09# can be integrated to yield]

y"t# �
0
p

clu
1
clt

1

r�"0−ocl#Dcl

[ "00#

Furthermore\ it can be argued that at some critical dis!
tance ycr from the wall\ the cluster will either be far
enough from the wall to have a negligible contribution
to heat transfer\ or it will stray into a region of high
enough gas velocity to be dragged upward with the core
~ow[ Based on heat transfer arguments\ a clusterÐwall
gap of 4 mm results in a thermal resistance similar in
magnitude to that from gas convection in a CFB^ it can
also be shown that 4 mm is about the thickness of the
viscous sub!layer of the turbulent boundary layer if calcu!
lated based on single!phase gas ~ow[ Taking ycr � 4 mm\
then\ a solution for the time to reach ycr can be obtained
from equation "00#]

Fig[ 04[ Application of lift!model predictions to experimental results[

t �X
ycrr�"0−ocl#pDcl

clu
1
cl

[ "01#

Values for the other parameters can be estimated]
r� ¼ 5999 as with steel particles\ ocl ¼ 89)\ Dcl ¼ 0 cm\
cl ¼ 9[4[ Substituting these values into equation "01#
yields t ¼ 9[3 s\ which is bout the same as the average
measurements for steel[ It is gratifying that such a simple
analysis can be used to predict the contact time within an
order of magnitude\ especially considering the uncer!
tainty of the values for ocl and Dcl as well as the approxi!
mations made to linearize the di}erential equation[ In
fact\ the most important point that can be drawn from
equation "01# is this] the contact time predicted varies
with zr�\ which is the trend observed in the experimental
data taken in the CFB[ For a factor of 1[5 variation in
r�\ a factor of about 0[7 variation in t was observed^
equation "01# predicts a factor of 0[5 variation in t for
the same variation in r�[ This agreement is extremely
close and it lends credence to the hypothesis that the lift
force on the cluster governs the clusterÐwall contact time[
Figure 04 presents the magnitude and trends for contact
times predicted by equation "01# superimposed upon the
experimental results[

This analysis can be further re_ned by integrating
equation "00# while accounting for the variation in lift
coe.cient with distance from the wall[ Figure 05 presents
the computational results and curve _t for lift coe.cient
as a function of distance for a 0 cm cylinder with a 09)
solid fraction moving at 0 m s−0 in room temperature air[
The functional form of the curve _t is cl �
9[24−9[18 log"y:Dcl#[ Since lift varies with the square of
velocity\ it can be assumed that the lifting force is very
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Fig[ 05[ Lift coe.cient vs distance from wall[

small at low velocities and that most of the lifting force
occurs near the maximum velocity[ This allows for the
assumption that the "x?#1 term in equation "00# is nearly
constant[ With this and the functional form of cl\ equa!
tion "00# can be numerically integrated to yield a similar
result as before*showing that it takes 9[25 s for the
cylinder to travel 4 mm laterally[ This level of analysis
retains the dependence of contact time on the square!
root of solid density seen in Fig[ 04[

5[ Conclusions

In a cold scale!model CFB\ a relatively new exper!
imental technique was used to measure the residence
times and velocities of clusters at the wall of a CFB[ It
was found that for a smooth!walled CFB of square cross!
section\ the cluster velocities are between 0[0Ð0[1 m s−0\
with no apparent variation with operating conditions[
These results are consistent with previously reported
cluster velocities[ ClusterÐwall contact times were also
measured in the range of 9[04Ð9[49 s\ with a dependence
on solid density observed[ In modeling the motion of a
cluster adjacent to the CFB wall as a permeable body
moving in a quiescent ~uid near a solid boundary\ com!
putational methods were employed to study the horizontal
"lift# and vertical "drag# forces on the body[ This analysis
showed that the presence of the wall results in a lifting
force on the cluster\ which helps to explain the observed
shedding of clusters from the wall region in a CFB[
Analysis of the motion of a cluster in the presence of the
lifting force predicts the magnitude and trends observed
for clusterÐwall contact times[ This lends credence to
the hypothesis that these near!wall hydrodynamic forces

contribute substantially to the motion of clusters at the
wall and also to heat transfer in a CFB\ for which cluster
motion is an important parameter[
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