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Bridging or arching of flowing solids particles is a serious hazard in the operation of moving bed systems. The mechan-
ics of the arching has been extensively analyzed in the context of particle discharge from a hopper with conical geome-
try by considering the particulate layer stress distribution. However, bridging can also occur in a moving bed system
with cylindrical geometry during the continuous mass flow of solids particles. Experimental work conducted in this study
reveals that the appearance of solids bridging is normally accompanied by the presence of fine particles in the coarse
moving particles as well as by the countercurrent interstitial gas flow. In this study, a stress analysis of the layered par-
ticles distributed in a cylindrical, vertical moving bed that flows downward opposing to upward flow of the interstitial
gas is developed to quantify the bridging phenomenon. The analysis takes into account of the effects of presence of fine
powder in the coarse particle flows and properties, such as particle-size distribution, bed voidage, and interstitial gas
flow rate. The experimental validation of the present stress analysis for moving bed systems with varied fine and coarse
particle concentration distributions, and interstitial gas velocities is also conducted. The stress distributions of the par-
ticles under flowing and arching conditions are obtained. An arching criterion is formulated, which indicates that the
critical radius of the standpipe to avoid arching phenomenon is only related to the property of the bulk solids in the
present geometric configuration of the flow system. © 2014 American Institute of Chemical Engineers AIChE J, 60:
881-892, 2014
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Introduction

Granular materials in bulk are widely used in industrial
systems. Processing of granular materials can be conducted
in fluidized mode or nonfluidized mode. The fluidized mode
is typically represented by fluidized beds as in bubbling bed,
turbulent bed, and dense or dilute pneumatic conveying,
while the nonfluidized bed mode is typically represented by
fixed beds as in hoppers, bunkers, silos, and bins or by mov-
ing beds as in standpipes and diplegs. For nonfluidized bulk
solids which are of interest in this study, they can support
static shear stresses. Such a property yields a tendency of
bridging or arching of bulk solids in nonfluidized mode
transport. As can be seen in Figure 1, bridging or arching of
bulk solids in reactors commonly associated with such sys-
tem operational issues as solids agglomeration, local over-
heating, and formation of undesired reaction species.
Bridging or arching of bulk solids caused by the presence of
fine particles also occurs but is not well understood. It is,
thus, necessary to examine the behavior of the fundamental
stress properties of bulk solids in a moving bed condition,
particularly when fine particles are present.
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The problem of bridging of bulk solids in gravitational
flow in silos is well known and extensively analyzed. As
early as 19th century, the pressure distribution exerted by
granular solids on the silo wall along the silo height was
deduced by Janssen,' among others. Jenike derived system-
atic equations based on principles known in soil mechanics
that describe stress distributions in silos and provide a guid-
ance on designing the geometry of a mass flow silo includ-
ing the angle and diameter of the silo outlet.”? Following
Jenike’s studies, considerable research has been conducted
both experimentally and analytically to ascertain their appli-
cations under different operational conditions as well as to
enhance the accuracy of the equations by improving over-
simplified assumptions in Jenike’s analysis, which, in their
original forms, ignored the possibility of an arch sliding
along the hopper wall and the stresses on the top of the sol-
id’s layer.‘l_8 As summarized by Nedderman et al.,” most
studies have indicated no dependence of the particle dis-
charge rate through the bottom nozzle on the height of the
materials in the hopper and reported correlations relating the
mass flow rate to the opening diameter and particle proper-
ties. Improved particle flowability of the hopper system has
included injection of aeration gas near the hopper outlet.'*"?
Considerable studies using the computational technique to
simulate the stress distribution for the granular flow through
hopper outlet have also been carried out.'*'°
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Figure 1. Photograph of arching.

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

Relatively little, in contrast, is reported on the arching
phenomena of nonfluidized particles in vertical columns. Li
studied the mechanism of arching in moving-bed standpipe
with an interstitial gas flow from the particulate media
mechanics. The study leads to the determination of a critical
standpipe radius that is required to avoid arching as a func-
tion of particle properties and flow conditions.'”'® However,
arching phenomena can be significantly affected by the pres-
ence of the fine particles as well. Fine particles can be gen-
erated from attrition of the coarse particles in the operation
of a fluidized bed when coarse particles are used. Therefore,
the effect of the fine particles on the aching in a moving bed
downcomer of coarse particles operated in a circulating flu-
idized bed system is required to be considered. Attrition
could be attributed to mechanical and/or chemical stresses
induced by particle—particle or particle-wall collision, ther-
mal expansion, molar volume variation of reaction products
in the course of circulating fluidized bed reactor operation.
Thus, fine particles are present in a coarse particle flow sys-
tem and their interactive effect on such flow properties as
arching is inherent. Arching can cause serious operational
hazard for a circulating fluidized bed reactor system. A typi-
cal example of such a system where arching can occur and
needs to be avoided is the chemical looping reaction system
for fossil fuel combustion or gasification.'® A direct applica-
tion of this study is, thus, the chemical looping reaction
system.

Experiments conducted in a circulating fluidized bed sys-
tem of coarse particles as shown in Figure 1 indicate the
occurrence of solids bridging normally accompanied by the
accumulation of fine powders in the coarse particles, and a
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change in the interstitial gas flow. The countercurrent inter-
stitial gas flow to the solid flow provides an interphase drag
thereby inducing opposing resistance that prevents a continu-
ous downward solids flow driven by gravity. Thus, the
change in the interstitial gas flow may yield stress redistribu-
tion in a layer of the coarse particles, causing interlocking of
the particles and hence bridging formation. The accumula-
tion of the fine powders will serve to alter the flow proper-
ties of the solids particles as well as to decrease the local
voidage in the coarse particle moving bed. The latter may
increase the interphase drag, whereas the former may alter
the tendency of bridging for solids particles. It is important
to ascertain the relationship between the tendency of bridg-
ing/arching and the flow properties under different opera-
tional conditions so as to provide proper actions to avoid
bridging/arching occurrence. Included in this study is a theo-
retical stress analysis that is used to evaluate the tendency of
arching/bridging of layered particles in a vertical moving
standpipe with countercurrent interstitial gas flow. The anal-
ysis takes into account of the flow properties and characteris-
tics of fine particles such as particle size, flowability, angle
of repose, and unconfined yield stress. The effects of the par-
ticle size change, the volume fraction variation due to
particle-size distributions, and the gas flow rate change on
the tendency of bridging/arching are also studied. A valida-
tion of the present analysis is conducted with a simple
experiment which is designed to measure the onset intersti-
tial gas flow for forming an arch under the condition where
a layer of fine particles is placed between coarse particles in
a standpipe flow.

Mechanistic Analysis and Experiments

When bulk solids are filled into a cylinder and loaded on
top with a normal stress, g, the bulk solid will be consoli-
dated and compressed due to the effect of consolidation
stress. If the bulk solid specimen prepared is then loaded
with a vertical compressive stress, as shown in Figure 2, the
bulk solid consolidates and the stress distributions inside
the specimen can be described by the Mohr circle.”’ With
the increasing of vertical load, the diameter of the Mohr
circle increases correspondingly. When the Mohr circle is
below the yield limit, as shown as B; and B,, the bulk solid
specimen only undergoes elastic deformation. The failure
and/or incipient flow of bulk solids occur when the Mohr
stress circle reaches to a critical value, given as circle Bsj.
The stress in the bulk solid specimen cannot exceed the yield
limit, which is defined as unconfined yield strength. If at the
same time, a horizontal stress, ¢,, is also exerted on the
specimen, the specimen will consolidate (shown stress circle
A). Until the stress circle touches the yield limit of the bulk
solids (stress circle C), failure or incipient flow of bulk sol-
ids will occur. Thus, the yield limit is the envelope of all
stress circles that indicate failure of a bulk solid sample.

The yield limit or the flowability of different bulk solids
is different. The flowability of a bulk solids is normally
characterized by the flow function, ff., which is defined as
the ratio of consolidation stress, gy, used for preparing the
specimen, to the unconfined yield strength, f; as given by

e

_9%
e
A larger flow function represents a better flowablity of

bulk solids. Normally, the flow behavior of bulk solids can

ey
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Figure 2. Consolidation and yield process of a bulk solid specimen.?

be classified as following according to Jenike as seen
in Figure 3.%

obtained for bulk solids showed that the major and the minor
consolidating stresses during steady flow approaches to a
constant value®? as given by

fe<1 not flowing

1 <ffe <2 verycohesive
2 <ffe <4  cohesive

4 < ff. <10 easy-flowing
10 < ff free-flowing

Flowing solids in vertical cylindrical standpipe

Consider a solid flowing in a vertical cylindrical stand-
pipe. The bulk solids are assumed to be filled by layers,
which consist of excentric circles with centers on the center-
line of standpipe, as shown in Figure 4.

The two principal stresses exerted on any layer of bulk
solids, o, and o0,, are assumed to be tangential and normal
to the circle. Inside each layer of bulk solids, the two princi-
pal stresses are assumed to be uniform, which means the val-
ues of principal stresses are kept constant in the layer,
although the directions will change along the circle. The
continuous steady downward mass flow of bulk solids is due
to the plastic deformation of each layer under the compres-
sion and shearing of stresses. Previous experiment data

ffe=1

ff=2
cohesive

not flowing
fo=4

easy-flowing

free-flowing

0 c:

Figure 3. Instantaneous flow function and lines of con-
stant flowability.2°
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Figure 4. Piles of bulk solids in cylindrical standpipe.
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Figure 5. Yield locus and principal stresses of bulk
solids.
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where J is a constant value determined only by material
properties. The parameter is characterized by the effective
angle of friction. The relationship of two principal stresses
given by Eq. 2 represents a straight line named effective
yield locus, passing through the origin with the inclined
angle J to the ¢ axis, as shown in Figure 5. The effective
yield locus is tangential to the Mohr stress circle of bulk sol-
ids to form an envelope determining the consolidating pres-
sures during the mass flow.

Defining o= 2% the following equations can be easily
obtained from relationships shown in Figure 5

a,=a(1+sin dcos 2f)
oy=0(1—sin dcos 2f3) 3)

T,y =0sin ésin 23
where f is the angle between the direction of major principal
stress and the direction perpendicular to the wall.

Although the above relationship has been known for a
long time, it is not found to be applied on the stress analysis
of flowing solids particles in a vertical moving bed stand-
pipe. In the following section, the details of the derivation
on the stress distribution of solids particles along the stand-
pipe height by coupling the above relationship with the force
balance equation are illustrated.

Under the condition of steady mass flow along the standpipe,
the solids near the wall slide down on the wall and the fric-
tional force on the solids from the wall can be expressed by

Ty =0 tan @ 4)
where ¢ is the angle of the friction between the powder and
the wall.

Comparing Egs. 3 and 4, the following equation can be
obtained

sindsin 2= (1+sin d cos 2f) tan ¢ 5)

which gives

sin (2f—¢)= s

5o =sinvy (6)
Solving the above equation can give the angle between
the major principal stress and the direction perpendicular to
the wall, 5. There are two solutions for f§, which are located
in the regions of [0, /2] and [n/2,n], and are corresponding
to the passive and active states of stress. The passive state of
stress occurs during the filling of the pipe, while the active
state of stress occurs during the discharging of bulk solids.

884 DOI 10.1002/aic

Published on behalf of the AIChE

Under the condition of the steady mass flow rate, the bulk
solids will be in a dynamic equilibrium state without any
acceleration. The three forces act on each layer of the bulk
solids, namely the gravity of the bulk solids, the net com-
pressive force from the adjacent layers above and below,
and the lift force from the wall, will balance with each other,
which gives the following expression

AW=AF,+AF, @)
where AW is the weight of the layer and is given by
AW =nR}Ahpg ®)

Ry is the radius of the standpipe; p, is the bulk density of
the solids; g is the gravity; and A# is the thickness of a layer
of bulk solids.

The net lift force from the wall will be given by

AF,=2n RyAh(acos ffsin f—a; sin f§ cos ff)

=nRo Ah(a,—07) sin2f3 ©)

The net compressing force from the adjacent layers of
bulk solids can be written as

AF.=nR}Aa, (10)

Putting Egs. 8-10 into Eq. 7 and assuming Az — 0, a dif-
ferential equation describing the stress change along the
height of the standpipe can be obtained as

_ 2sindsin2f do,

“Smosmep ;4 4% 1
P8 Ro(1=sino) 2" an (D

Solving the above differential equation gives the distribu-
tion of minor principal stress of bulk solids along the height
of the standpipe as

or=b+(co—b)e " (12)
where the coefficients are
_ 2sindsin2f
N m (12a)
Ro(1—sin )
~ 2sinosin2p 8

and oy is the external minor principal stress exerted on top
of the bulk solids in the standpipe.

It is noted that with the presence of the countercurrent
interstitial gas flow, an additional upward drag force is
exerted on the bulk solids. Assuming the gas flow is uni-
formly distributed and the particle distribution is homogene-
ous, the drag force, Fp, which normally can be expressed by
the Ergun equation

2 2
e G
@ d o d,

Fp=150 (12b)

provides the same effect as the reduction of the solids
weight. With a new parameter, apparent bulk density, p.=p,
—Fp/g introduced, the stress distribution along the standpipe
height can be expressed in the same form as Eq. 12 except
that the coefficient b is redefined as

Ro(1—sino) ,
p= 059 12
2sindsin2f "8 (12¢)
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Arching solids in a vertical cylindrical standpipe

To investigate the stress distribution when the solids is
arching, a limiting case is considered, that is, when the sol-
ids are in transition from the flowing state to the arching
state. Under this condition, the bulk solid is in a critical
failure state of stress. As described in Section Flowing sol-
ids in vertical cylindrical standpipe, the stresses under the
critical failure state can be described by a Mohr circle,
which touches the yield line of the bulk solids. The incipi-
ent angle of yield line to the ¢ axis, ¢, is noted as the angle
of friction of the solids. It is observed that the angle of fric-
tion is not constant along the yield locus. However, the
yield locus can be assumed to be a straight line as shown
in Figure 5 when the major principal stress has a higher
value. The assumption is supported by the data from shear
cell tests with different solids, although it does not hold
when the Mohr circle approaches the t axis as the yield
locus must bend downward and intercept the ¢ axis at an
angle of 7/2.

From Figure 5, the relationship between the major and
minor principal stresses, g1 and @, is readily obtained as

1+sin¢ _

01=fct—7F—/0
1 fL. l—squ 2

(13)

The above known relationship reveals the general relation-
ship of principal stresses in a specimen of bulk solids under
a critical failure state of stress. By coupling it with the force
balance equation of arched solids particles in a vertical
standpipe, the stress distribution of solids’ particles along the
standpipe height can be obtained and analyzed.

Again, it is assumed that the bulk solids stored in the
standpipe are in layers as illustrated in Figure 4. However,
instead of the fully developed wall friction angle, which
occurs in the mass flow state, the angle f8’ of the solid layer
intercepting the wall with respect to the direction perpen-
dicular to the wall is more or less random as long as the
net lift force provided by the wall can count-balance the
downward force and prevent the solids from falling and/or
sliding down. Here, considering the limiting case that the
maximum lift force can be provided, one can find the criti-
cal angle from the following analysis.

The lifting force from the wall is related to the angle ' by

AF=nRAh(G|—G,)sin2f (14)

The lift force will reach to the maximum when sin2f’
attains its maximum, which means /3’=n/4. However, con-
sidering the limit of wall friction angle ¢, any value of angle
B’ larger than ¢ means the solids will slide along the wall
until the angle ' is smaller than ¢. Thus, it yields

p'=min (¢, m/4) 5)

Similar to the analysis in Section Flowing solids in verti-
cal cylindrical standpipe, the differential equation for stress

distribution along the standpipe height can be expressed as
ds
pog=(G1—52)sin2f + % (16)

With the aid of Eq. 13, the above differential equation can
be solved as

Gr=b(1—e ") +Goe " (17)

where
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2sin ¢ sin 28
g="> P
Ro(1—sin ¢)

_ Ro(1—sing)  f(1—sing)
 2sin¢sin2f Ps 2sin ¢

(17a)

gy is the external normal stress exerted on top of the bulk
solids in the standpipe. If there is no external normal stress
on top of the bulk solids, the equation can be reduced to

Gr=b(1—e ") (18)

Similar to the analysis in Section Flowing solids in verti-
cal cylindrical standpipe, the presence of countercurrent
interstitial gas flow can be treated as a reduction of the sol-
ids’ weight by the interphase drag, Fp. The stress distribu-
tion in the solids maintains the same form as Eq. 17 with
modified coefficient b as

b= RO(I_Sin¢) ’ _fc(l_Sin¢)
2 sin ¢ sin 28’ Ps 2sin ¢

(17b)

It should be noted that the above is a two-dimensional
analysis that reveals the stress distribution of arched particles
under a critical failure state of stress inside a vertical and
cylindrical standpipe, taking into consideration the symmetry
of the geometry and forces. In the case of inclined stand-
pipes or standpipes in other shapes, a much more compli-
cated nonsymmetric three-dimensional stress analysis in the
standpipe has to be analyzed. With the standpipe inclined,
the direction of gravity is no longer on the axis of the cylin-
der. The layers of bulk solids may not be assumed to be of
excentric layers. The principal stresses on the layers of the
bulk solids may not be tangential and normal to the circle.
The stress condition at different points on the standpipe wall
may be different. These factors greatly complicate the stress
analysis.

Experimental validation

There were no experimental results published for the flow
and bridging of bulk solids in a vertical moving bed with
fine powder and interstitial gas flow due to in part complex-
ity of gas-solid flows. The complexity is also due to the fact
that flow/arching criteria and pressure distribution are not
only related to particle properties but also pipe geometries
and the operational conditions. In this study, a simple experi-
ment is designed to verify an application of the present anal-
ysis. The experiment investigates the occurrence of arching
when a fine powder layer accumulates in between the coarse
particles in a standpipe with varying interstitial gas flow.

Figure 6 shows the schematic diagram of the experimental
setup. A clear plastic pipe with a diameter of 2.54 cm and a
height of 0.9 m is used for the moving bed standpipe. A
manual valve is installed at the bottom of the standpipe to
control the solids flow rate. An airtight container connected
to the bottom of the standpipe is used to store solids when
the solids flow out of the standpipe. A gas inlet port is
located on the side wall of the bottom section of the stand-
pipe. A gas outlet port is located at the top section of the
standpipe. The composite Fe,O3 particles with a diameter of
1.5 mm (coarse particles) are filled into the standpipe to
form a section of a solids bed. A layer of fine particles of
300 um is then placed above the bed of coarse solids.
Another section of the same coarse particles is added on top
of this layer of fine particles. The fine particle is a collection
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Figure 6. Schematic diagram of experimental setup.

of attrited coarse particles between the size range of 297-
350 um and has the same composition as the coarse par-
ticles. The effective angle of internal friction of the particles

for both sizes is 21.5° as the angle is generally related to the
type of materials used. When filling the fine particles to the
top coarse particles, a special care has to be taken so that a
minimal amount of fine particles falls into the bottom section
of the coarse particles, despite the fact that the fallen fine
particles do not affect the experimental result as the stress
distribution in the bottom section of coarse particles does not
affect the stress distribution in the layer of fine particles.
After all the particles are filled into the standpipe, the
heights of the fine particles and top section of coarse par-
ticles are recorded. During the experiments, the manual
valve is partially open to discharge the particle at a steady
rate. The interstitial gas flow is then provided. The gas flow
rate is controlled by a flow meter and is gradually increased
until the arching condition in the layer of fine particles is
observed. The arching condition is reflected by the occur-
rence of discontinuity in the flow of fine particles. The value
of the gas flow rate when the arching occurs is then
recorded. The experiments indicate the relationship between
the height of the layer of the fine particles and the apparent
density of the particles under a certain amount of external
force acting on the top of the fine particle layer. The varia-
tion of external force acting on the top of the fine particle
layer in the parametric study of the experiment is obtained
by changing the height of the top coarse particles as the
stress at the dividing line between the top coarse particle and
the fine particle layer can be related to the height of the top
section of coarse particles using Eq. 17, given that the prop-
erties of coarse particles are known. Table 1 gives the results
measured from the experiments, and the corresponding top
external stress and apparent particle density obtained assum-
ing the drag force can be calculated using Ergun equation.
The comparison of the experimental results with the analyti-
cal predictions is given in Section Occurrence of fine
powders.

It should be noted that the experiments are conducted in
this study in a standpipe of a small diameter to substantiate
the arching criterion developed. For experiments to be con-
ducted at a larger standpipe diameter, to observe the arching
phenomenon, it requires the size of fine particles to be
decreased dramatically due to the relationship in which the
required unconfined yield stress of the layer of fine particles
increases with the column diameter according to Eq. 20.
When the fine particle size substantially decreases, other fac-
tors such as particle-size distribution, gas flow uniformity,
and consolidation condition of very fine particles may come

Table 1. Experimental Data and Corresponding Conditions required for Arching

Top Coarse Fine Powder Predicted Gas Actual Gas Gas Superficial Top External Apparent Bulk
Particle Height Height Flow Rate Flow Rate Velocity Force Density

Case No. H (cm) h (cm) O, (scth) O, (scth) ug (m/s) (Pa) ps-Falg (kg/m‘”
1 5 3 2.25 2.37 0.037 348.76 896.84
2 5 4 1.25 1.44 0.022 353.12 1134.52
3 5 5 0.75 0.83 0.013 355.94 1291.79
4 7 3 2.68 2.89 0.045 394.92 763.88
5 7 4 1.56 1.65 0.026 401.67 1081.89
6 7 5 0.87 0.93 0.014 405.44 1265.64
7 10 3 3.12 3.30 0.051 429.26 657.03
8 10 4 1.75 1.86 0.029 437.97 1029.15
9 10 5 1.00 1.03 0.016 442.72 1239.47
10 15 3 3.12 3.10 0.048 451.61 710.51
11 15 4 1.81 1.86 0.029 459.41 1029.15
12 15 5 1.12 1.24 0.019 463.16 1187.05
13 15 6 0.62 0.72 0.011 466.21 131791

886 DOI 10.1002/aic Published on behalf of the AIChE March 2014 Vol. 60, No. 3 AIChE Journal



0 < -
N
Vi
0.1
0.2
Eos
=
.E" b—— O, = 0
-g — — 0y=500pa
goa{ P 0, =1000pa
i+ w0y =2000pa
0.5
0.6
500 1000 1500 2000 2500
0.7

Minor Principal stress, Pa

Figure 7. Minor principal stress distribution of flowing
bulk solids in standpipe with top external
force.

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

into play in the practical analysis of this already complicate
moving bed arching problem.

Results and Discussion

The flow/arching criteria and pressure distribution of bulk
solids in a vertical moving bed with fine powder and intersti-
tial gas flow are not only related to the particle properties
but also the pipe geometries and the operational conditions.
In this section, the parametric studies of the flow conditions
and stress distributions of different kinds of bulk solids are
conducted. The comparison of the analytical results with the
experiment results is also given.

Stress distribution in flowing powders

From Eq. 12, it can be observed that the minor principal
stress among flowing powders in a standpipe is an exponen-
tial function of the reactor height. The distribution of the
minor principal stress is also determined by effective angle
of friction, the angle between the direction of major principal
stress and the direction perpendicular to the wall, the exter-
nal minor principal stress exerted on top of the bulk solids,
the solids bulk density, and the diameter of the standpipe.

As expressed in Eq. 12, the external stress at the top of
the bulk solids has an effect on the stress distribution of the
bulk solids along the reactor height. Figure 7 shows the
minor principal stress distribution of the bulk solids along
the reactor height under different external stresses at the top
of the bulk solids. The bulk solids in the figure are assumed
to have an effective angle of friction of 20°; the angle
formed between the direction of major principal stress and
the direction perpendicular to the wall by the bulk solids in
the standpipe is 30°; The bulk density of the solids is 1500
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kg/m?; and the diameter of the standpipe is 2 in. As seen in
Figure 7, when there is no external stress on the top of the
bulk solids, that is, ¢¢p=0, the minor principal stress
increases exponentially from zero at the top of the solids bed
and approaches to a constant value after some distance
away. It is noted that the application of the external force on
the top of the bulk solids will only influence the stress distri-
bution among the bulk solids in a relatively short distance.

Equation 12 also reveals that the minor principal stress
increases with the increasing diameter of the standpipe, as
given in Figure 8. It is understandable as the amount of the
bulk solids proportionally increases with the cross-sectional
area of the standpipe which increases faster than the diame-
ter. It can, thus, be concluded that the wall of a standpipe
with larger diameter sustains more stress than that of smaller
diameter.

Figure 9 shows the minor principal stress distributions of
bulk solids with different effective angle of internal friction.
The maximum stress increases with the decreasing angle. It
is noted that as a special case in which the effective angle of
internal friction approaches to zero, it represents the property
of liquid. The minor principal stress, which is the same as
the major principal stress according to Eq. 2, equals the
gravity of the bulk solids and represents the pressure of the
liquid. This could partially prove the validity of the analysis.
A similar relationship can also be found between the stress
and twice the angle between bulk solids and the wall (2),
as seen in Figure 10.

Arching criteria

The steady flow of bulk solids in the standpipe occurs
only when the interparticle stress among bulk solids is big

0.1 NS

0.3

Reactor Height, m
=4 =
wn +—

o
=N

0.7 1

0.8

0.9 1

0 500 1000 1500 2000

Minor Principal stress, Pa

Figure 8. Minor principal stress of flow bulk solids in
standpipes with different radius.

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

enough to exceed the static shear stresses that the nonflui-
dized bulk solids can support. When the interparticle stress
is within the range that the bulk solids can sustain, bulk sol-
ids flow may transit to bridging or arching. From Section
Arching solids in a vertical cylindrical standpipe, when an
arch forms at a layer in the standpipe, the layer of bulk sol-
ids will sustain itself as well as the solids above this layer of
bulk solids without the supporting force from the bottom sol-
ids. Thus, the minor principal stress on the bottom surface of
the layer would be zero.

Minimum reactor diameter

It can be concluded from Eq. 18 that with the absence of
the top external force, the arch will form in the standpipe
when coefficient b reaches to zero, which gives

Ro(1—sin¢) _ fo(1—sin¢)

= 19
2sin ¢ sin 28’ Ps& 2sin ¢ (19

From this relationship, the critical, or minimum, radius of
a cylindrical standpipe can be obtained as

_ fesin2f
Ps8

Ry (20)

It can be seen that the critical radius is only related to the
property of the bulk solids, that is, bulk density, unconfined
yield stress, and the angle between solid layer and the wall.
To avoid the arching of homogeneously distributed bulk sol-
ids, the practical size of the standpipe should be designed to
be larger than the critical radius.

With the presence of the countercurrent interstitial gas
flow, the new critical radius of the standpipe is then
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. /
Ry =TS 20 26 1)
P8

Comparing Eqs. 21 and 20, a conclusion can be drawn
that the presence of the countercurrent interstitial gas flow
increases the tendency of arching/bridging of bulk solids
and, thus, a larger standpipe size is required, while a cocur-
rent interstitial gas flow is beneficial for the flowability of
bulk solids in standpipe.

It should also be noted that in practice, the determination
of critical radius of the standpipe is not as direct as the final
form of Eq. 20 or 21 indicates as the unconfined yield stress
and bulk density are not the intrinsic properties of solids
materials. Rather, they are influenced by a number of such
variables as particle-size distribution, particle shape, mois-
ture level, and packing condition. Detailed discussion on the
effects of these variables is given in following sections.

External force to break arch

When a change in the bulk solids property and/or an
increase in the gas flow rate lead to the failure in a standpipe
flow, it indicates that the coefficient b in Eq. 17 is less than
zero. From the equation, it can be noted that exerting an
external normal stress on the top of solids can keep the
minor principal stress larger than zero so as to prevent the
occurrence of arching. By letting the value be equal to zero,
a minimum external normal stress can be obtained as

1

It can be seen from the equation that the required external
normal stress for solids failure increases with the total height
of solids in the standpipe.
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Figure 10. Minor principal stress of flow bulk solids in
standpipes with different angle between sol-
ids layer and wall.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 11. Required top external force to avoid arching
of bulk solids with different unconfined yield
stress.

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

Figure 11 shows the external force needed to break an arch
formed by bulk solids for different unconfined yield stresses.
It can be seen that the external force needed increases dramat-
ically with the increasing unconfined yield stress. The parame-
ters used in the calculation are given in Table 2.

Influence of the particle size

The flowability or the tendency to arching of bulk solids
is directly related to the unconfined yield stress. It is due to
the existance of the unconfined yield stress in the bulk solids
that the layer of bulk solids can maintain the stress holding
material on a free surface and resist external forces that
attempt to break the surface. The unconfined yield stress of
bulk solids accounts for the interparticle forces in the over-
lapping layers of the particles. Several models with different
mechanisms proposed to quantify the unconfined yield
strength are given in Table 3. All of them conclude that the
unconfined yield strength is inversely proportional to a
power function of the particle diameter. Previously published
experimental data also confirmed the relationship. For exam-
ple, the unconfined yield strength of some alumina powders
with different particle sizes were measured by Kohler and
Schubert,” as shown in Figure 12. The moisture content in
the bulk solids in the experiments is about 0.2% wt. It is

Table 2. Parameters used in Theoretical Analysis

Parameter Symbol  Value Unit
Solids bulk density Ds 1500 (kg/m®)
Effective angle of internal friction 0 20 ©
Angle between solids layer and wall i 30 °
Standpipe diameter D, 0.0254 (m)
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Table 3. Relationship Between Unconfined Yield Strength
and Particle Size

Model Mechanism Source
fo= K, Van der Waals forces Mollerus®!
< p2
0 . e 122
e K, -/ C Capillary forces Rabinovich
c DP
fi= K3 Elastic fracture Rumpf*?
<~ pos
D,
Ky . . 24
fo= Dr Plastic-elastic fracture Specht

seen that the unconfined yield strength of the alumina pow-
ders increases dramatically with decreasing powder sizes.

With the relationship between the unconfined yield strength
and the particle size, the relationship between the critical reac-
tor diameter and the particle size can be obtained using Eq.
20. Figure 13 exemplified such a relationship using the experi-
mental data at a major consolidation stress of 10 kPa in Fig-
ure 12. Due to the dramatic increase in the unconfined yield
stress, the critical reactor diameter for small size of powders
is significantly larger than that for large size of powders.

Influence of fine powder mixing in coarse particles

It should be noted that the above analysis is based on spher-
ical particles of uniform particle size. The flowability of bulk
solids containing a mixture of powders with different sizes is
invariably affected by the presence of the fines fraction. This
can be explained by the fact that the shearing and bonding of
the bulk solids take place across the contact points of the par-
ticles. The fine powders provide more contact points than do
coarse particles. The effects of the interparticle forces among
fine powders are also greatly larger than those among coarse
particles. The mixing of fine powders with coarse particles
decreases the voidage of the bulk solids. This will also signifi-
cantly increase the drag force at the occurrence of interstitial
gas flow and, thus, decrease the flowability of bulk solids.

Occurrence of fine powders

The flowability of the bulk solids decreases due to the
increased unconfined yield stress of the particles when a
layer of fine powders is present in the standpipe. An arch

.
wn

&
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=
o

w

d5g=17 um

Unconfined yield strength, fc =

0 10 20 30 a0 kPa 50
Major consolidation stress o1

Figure 12. Experimental data of unconfined yield

strength of some alumina-powders with

different particle sizes.?®

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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yield strength in Figure 12;
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Figure 13. Critical reactor diamter for bulk solids with
different particle size.

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

may or may not form depending on the stress exerted from
larger particles on top of the fine powder layer, the thickness
of the layer, and the properties of the fine powders. Assume
that coarse particles are uniformly distributed with a height
of Hy on top of the layer of fine powders as shown in Figure
14. The stress on top of the fine powder layer can be treated

Ho

\4

—_—
]
i h
Figure 14. Standpipe flow with the presence of a fine
powder layer between bulk coarse solids.
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as external stress, which can be given in the following equa-

tion according to the analysis in Section Mechanistic Analy-

sis and Experiments

Go=02=b(1—e ) (23)
The minor principal stress distribution along the height of

the fine powder layer can be obtained by

Go=br(1—e ¥")+G e~ " (24)

where the values of coefficients af and b; are determined by
the properties of the fine powders.

The aching occurs at a location where its minor principal
stress reaches zero. Based on it, the critical thickness of the
fine powder layer, that is, minimum height to form an arch,
can be obtained as

he— Lo . (25)
a4 br—o,

The minimum height, & decreases when by increases and/
or 66 decreases. It should be noted that Eq. 25 is meaningful
only when by < 0, which means the occurrence of arching is
possible.

Figure 15 shows the relationship between the critical
thickness of the fine powder layer and the apparent bulk den-
sity of the bulk solids. It is found that with the increasing of
the apparent bulk density, through the actual increasing of
bulk density of solids and/or the decreasing of drag force,
the critical thickness of the fine powder layer will increase.
This means that the influence of the fine powder layer on the
flowability of bulk solids is less for particles with higher
densities or with less drag forces. It is also found that the
higher the top external force is, the larger critical fine pow-
der layer thickness will be.

Figure 16 shows the experimental results from Section
Experimental validation and their comparison with the ana-
lytical prediction. The unconfined yield stress of the fine par-
ticles can be obtained by translational shear tester based on
Jenike’s theory,” In this article, however, a value of 600 Pa,
which is extrapolated based on the obtained experimental
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apparent bulk density of solids, (ps-FD/g, Kg/m3)
Figure 15. Critical fine power thickness with different
apparent bulk density under different top
external pressure.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 16. Experimental validation on the relationship
between critical fine powder layer height
and apparent bulk density solids under dif-
ferent top external forces.

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

data, is used for the analysis. It is found that under different
top external forces, the analytical prediction on the relation-
ship between the critical fine powder layer thickness and its
apparent density matches the experimental data very well.
The slightly higher actual air flow rate used than the pre-
dicted flow rate on the arching formation (as shown in Table
1) is possibly due to the error induced in the measurements
and predictions of the unconfined yield stress, the effective
angle of internal friction, the influence of particle-size distri-
bution, and the interpenetration between the coarse particle
and the fine powder layer. The stability of experimental con-
ditions, such as the gas flow rate, consolidation of solids par-
ticles, also has significant influence on the experimental
results. The instability of the gas flow rate causes the insta-
bility of the stresses among the solids particles and may
cause the solids particle to deviate from the critical failure
status. The consolidation of the solids particles may greatly
alter the unconfined yield stress of the solids particles, lead-
ing to different experimental results. With special attention
on the stability issue by minimizing the consolidation of sol-
ids particles and the fluctuation of gas flow, repeated experi-
ments under different conditions were performed yielding
results in a range of deviation of = 7% and proving reliable
experimental results.

Concluding Remarks

In this study, a mechanistic analysis of flow and bridging
of bulk coarse particles in a vertical moving bed with inter-
stitial gas flow and with fine particle presence is conducted
to describe the solids flow condition and the coarse particle
bridging phenomenon. The analysis relates the flowability
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and arching criteria to pertinent intrinsic characteristics of
bulk solids including effective angle of internal friction of
bulk solids, arching angle between solids layer and wall,
unconfined yield stress of bulk solids, bulk solids density,
and such operational conditions as standpipe diameter and
drag force due to interstitial gas flow. The analysis provides
the stress distributions of moving bed particles along the
height of the standpipes under various operational conditions.
The arching criterion for the bulk solids is also obtained
from this analysis. The critical standpipe diameter to avoid
arching in the standpipe for specific properties of bulk solids
is given. The effects of external force, particle size, and
extent of fine particle presence on the occurrence of arching
are also illustrated. A simple experiment is performed to
substantiate the mechanistic analysis of this study.

Notation

Fp = drag force
AF) = net lift force from the wall
AF. = net compressing force from the adjacent layers of bulk solids
unconfined yield strength
[fe = flow function
= gravitational acceleration
h = the minimum height to form arch
Ah = thickness of a layer of bulk solids
Ry = standpipe diameter
AW = weight of solids layer
= angle between solids layer and the direction perpendicular to the

=
I n

wall
B’ = angle between arched solid layer and the direction perpendicular
to the wall
¢ = angle of the friction between powder and wall
0 = effective angle of friction
" = solids bulk density
" = apparent bulk density
0o = external stress exerted on top of the bulk solids
G = external stress exerted on top of arched bulk solids
o1 = principal stresses tangential to the circle
0, = principal stresses normal to the circle
&1 = major principal stress under arching condition
G, = minor principal stress under arching condition
0, = normal stress in x-direction
g, = normal stress in y-direction

7,y = shear stress in x-y coordinate
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