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Cavity or raceway in gas cross-flow condition is common in various industrial processes such as
blast furnace, COREX process, granular drying, etc. Raceway size and shape play an important
role in the aerodynamics of these processes. There are many studies to determine the raceway
size; however, minimal work is available on determination of its shape. Knowledge of stress
distribution is a necessary precursor to determine the shape of the raceway. Therefore, an
attempt has been made to predict the stress condition at the raceway boundary under gas cross-
flow condition based on continuum model. Two-dimensional (2-D) k-e turbulence model has
been solved for the gas flow, whereas solid phase has been represented by 2-D static stress
equations. Computed results have been validated with experiments. Based on numerical results,
normal stress distribution along the slip planes or characteristics has been plotted and it has
been found that raceway boundary is an isostress boundary.
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I. INTRODUCTION

THE formation of cavity or raceway in the gas cross-
flow condition is common in various industrial processes
such as blast furnace, COREX process, granular drying,
etc. The size and shape of the raceway plays a very
important role in the distribution of the gas flow within
the bed. Hence, it affects the overall heat and mass
transfer within the bed.

Due to the importance of raceway, it has been an area
of research interest since the middle of the last century.
Many investigators studied the raceway phenomena and
proposed a few correlations based on their experimental
(cold[1–4] and hot[5,6] model) and theoretical studies.[3,7–10]

One of the earliest mathematical models was developed
by Szekeley et al.[3] based on simple force balance
between the gas drag and the bed weight on the raceway
roof, ignoring the frictional forces. MacDonald and
Bridgewater[7] studied the formation of cavity in the
stationary and moving bed under the gas cross-flow
condition. Though they reported the importance of
frictional force in the cavity formation, they did not
consider it in their analysis due to the complexity. Apte
et al.[8] studied the one-dimensional (1-D) stress distri-
bution above the cavity formed by a vertical air jet
introduced at the bottom of the bed. They had consid-
ered the force balance between the frictional forces,
gas drag, and the bed weight along the tuyere axis.
Takahashi et al.[9] studied the stress distribution and the

buoyancy force at the lower part of blast furnace
assuming deadman as a conical body. They calculated
vertical normal stress near the raceway boundary at the
tuyere level. Rajneesh et al.[10] explained cavity forma-
tion considering the elemental force balance between the
frictional forces, gravity force, and the gas pressure
gradient, which is nothing but the manifestation of the
gas drag force under gas cross-flow condition. They
divided the entire system into two regions, Cartesian
and Radial region. In their 1-D analysis they considered
the frictional forces of two sidewalls, which were
acting over the cross-sectional area. They pointed out
that for better prediction of raceway size and shape a
two-dimensional (2-D) model is essential.
Solution of 2-D stress field in presence of gas flow

has been a challenge since 1976.[11] Plasticity theory
(Mohr–Coulomb failure criteria) is widely used to
calculate the stresses for designing the storage vessels
for granular material (packed bed) both in 1-D and
2-D cases.[12] A 2-D stress analysis in the presence of
fluid flow in a moving bed has been carried out by
Grossman,[11] where the wall stress was calculated for
1-D case under the uniform axial flow condition.
Pressure drop was considered between the two end
points and the pressure term in the governing equation
was omitted.
In this study, an attempt has been made to predict the

stress distribution at the raceway boundary under the
gas cross-flow condition from 2-D stress and gas flow
analysis. Stresses are found in the presence of fluid flow
from a complete 2-D analysis. Plasticity theory is used
to get the stress along the slip planes. Pressure profiles
are obtained by solving Navier–Stokes equations cou-
pled with k-e turbulence model. The effective stress is
calculated by subtracting the pore pressure from the
total stress. Results have been validated against the
experiments. It is observed that the raceway boundary is
an isostress boundary.
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II. THEORETICAL ANALYSIS

A 2-D mathematical model in the Cartesian coordi-
nate system has been developed to study the raceway
size and shape based on the following assumptions.

(1) Gas and solid phases exist as interpenetrating con-
tinuum.

(2) Gas flow is incompressible and steady state.
(3) Solid granular material is ideal Coulomb material.
(4) Movement of solid particle within the raceway is

negligible.

With these assumptions, the stress model has been
developed and the governing equations are as
follows.

A. Particle Phase

Figure 1 shows various forces or stresses acting on a
small element PQRS of a 2-D bed. The normal stresses,
rxx, act on planes PS and QR and the shear stresses, sxy,
act on the same planes, but in a direction parallel to the
y-axis. Similarly, the direction of ryy and syx are defined.
Other forces acting on the element are the fluid drag
manifested by a pressure gradient and the gravitational
force. Gravitational force is acting in the downward
direction at the center of the control volume shown in
Figure 1. Therefore, the governing equations for particle
phase[11–13] become
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At equilibrium sxy = syx. The third term in the above
equations shows the effect of pore pressure in the solid
force balance equation where P is the gas pressure, eg is
the bed porosity, qb is the bulk density, and g is the
acceleration due to the gravity. To get the pore pressure,
momentum equations are solved under turbulent con-
ditions and the governing equations for the gas
phase[14,15] are given by the following.

B. Gas Phase
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Conservation of momentum along y-direction (v):
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Turbulent kinetic energy (k):
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Rate of dissipation of turbulent kinetic energy (e):
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Fluid and particle interaction force along x-direction
in Eq. [4] is given by

Fx ¼ ðajVj þ bjVjuÞ ½8�

Fluid and particle interaction force along y-direction
in Eq. [5] is expressed as

Fy ¼ ðajVj þ bjVjvÞ ½9�Fig. 1—Schematic representation of stresses on an element.
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where velocity magnitude is given by
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
½10�

Turbulent (lt) and effective (le) viscosities are given
by
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The values of constants used in the turbulent model are

cl ¼ 0:09; c1 ¼ 1:44; c2 ¼ 1:92; rk ¼ 1:0; and re ¼ 1:3

½13�

where u and v are the velocities in x and y directions,
respectively; q is the density; and lg is the viscosity of
gas. Also, k is the turbulent kinetic energy, e is the
dissipation rate of turbulent kinetic energy, and le is the
effective viscosity of the turbulent flow. Momentum
transfer due to the gas-solid interaction along the x and
y directions (Eqs. [4] and [5]) has been modeled as Fx

and Fy, respectively. In Eqs. [8] and [9], a and b are
constants and have been evaluated based on either
Ergun�s equation when eg £ 0.8 (Eq. [14]) or Richardson
and Zaki�s formulation (Eq. [15]).
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where the drag coefficient, Cd, is related to the particle
Reynolds number, Rep, by the following equations:[15]
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Now the concept of total stress and effective stress
will be introduced and are given by the following
equation:[13]

r
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where r
0
xx and r

0
yy are the total normal stresses along

the x and y directions, respectively, and rxx and ryy

are the respective effective normal stresses along the x
and y directions. The pore pressure is represented by
egP. The state of effective and total stress has been
represented using Mohr circle in Figure 2. It also
shows internal yield locus (IYL) or coulomb line.
When IYL touches the Mohr circle, the material is
said to be in a state of incipient slip or incipient
failure.
Due to the development of pore pressure, egP, Mohr

circle for the total stresses has been shifted toward the
left and has been marked as Mohr circle for the
effective stresses. If the total normal and shear stresses
on a plane are given by r0h and s0h, respectively, then
the effective normal and shear stresses would be rh and
sh, respectively, due to the development of pore
pressure. In Figure 2, a point has been marked on
the total stress Mohr circle (r0h; s

0
h). That point has

been shifted toward the left and has been marked as
(rh,sh) on the effective stress Mohr circle due to
development of the pore pressure. The major and
minor principal effective stresses are r1 and r3, and r01
and r03 are the major and minor principal total stresses,
respectively. It can be seen that due to the development
of pore pressure, the normal stress has reduced but the
shear stress is same (i.e., s

0

xy ¼ sxy). The total shear
stress is s

0
xy.

In order to solve Eqs. [1] and [2], one additional
equation is required. Assuming that the material is in a
state of incipient or actual yield, Mohr–Coulomb yield
criterion has been used here. It has also been assumed
that the total stress obeys Mohr–Coulomb criterion
which is given subsequently.[11–13]
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where r
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, r

0
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, and s

0
xy can be written in terms of two

variables as

Fig. 2—Mohr circles for effective and total stresses.
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r
0

xx ¼ r
0 ð1þ sin/ cos 2wÞ

r
0

yy ¼ r
0 ð1� sin/ cos 2wÞ

s
0

xy ¼ r
0
sin/ sin 2w
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where / is the static angle of friction, w is the angle
measured anticlockwise from the x plane to the major
principal stress direction, and l is the coefficient of
friction. All of these parameters are shown in Figure 3.

Equation [21] automatically satisfies the limiting
equilibrium condition or yield criteria (Eq. [20]), and

r¢ is the distance from the center of the Mohr circle to
the point where Coulomb line meets the r-axis and is
given as

r
0 ¼

r
0
xx þ r

0
yy

2
½22�

Now r
0

xx
and r

0

yy
(total stress) are nothing but stress

distribution when pressure is zero (i.e., stress distribu-
tion before the fluid starts entering into the system), and
it obeys Mohr–Coulomb�s law. Thus, essentially the
stress distribution in the absence of fluid flow can be
solved and the effective stress can be obtained by
subtracting the pore pressure from the total stress as it is
given in Eq. [19].

III. BOUNDARY CONDITIONS

Figure 4 shows the computational domain boundary.
The gas phase boundary conditions are specified as
follows. At the inlet, all the dependable variables are
known and are given as u = uinlet, v = 0,
k ¼ 0:005u2inlet, and e ¼ (0:005u2inlet)

1:5=lm. At the outlet,
pressure has been set to atmospheric pressure, u = 0,
and zero normal gradient for k and e.

For wall boundary (except inlet and outlet), v = 0,
u = 0, zero normal gradient for k and e, and lm =

(0.33w)/2, where lm is the mixing length and w is the
opening of the tuyere slot.
Boundary conditions for particle phase are given as

follows: At the top (outlet), all the stress components are
zero and at the sidewall sxy = lrx. In terms of r andW, at
the top, r = 0.0 and W = 1.57 radian (assuming active
failure), and at the wall, W = Ww = 180 + - - /w
or = 180 - - + /w, where - = sin-1(sin /w/sin /).
Once the total stress distribution (r

0

xx
; r
0

yy
; s
0

xy
) is

known, the stress distribution along the slip plane can
be found as the slip plane lies at W ± ec, where
distribution of W is also known and ec is given by
ec = (90-/)/2. The following equations were used to get
the total stress (normal and shear) distribution at the
slip plane.
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IV. COMPUTATIONAL TECHNIQUE

The partial differential equations for the gas phase are
discretized using staggered grid control volume tech-
nique.[16,17] The power-law scheme has been used to
evaluate the convective transport term in the above
equations. Discretized equations were solved using
semi-implicit method for pressure-linked equations
(SIMPLE) algorithm with suitable boundary conditions.
Tri-diagonal matrix algorithm (TDMA) has been used
as a solver to get the solutions. Global mass balance was
put as a convergence criteria i.e., ((mass in – mass out)/
mass in) < 0.001. Near the tuyere, grid size was

Fig. 3—Definition of stress parameters. Fig. 4—Computational domain boundary.
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5 · 5 mm and away from the tuyere, grid size was
6 · 6 mm. These grid sizes were chosen after ensuring
that the solution is independent of grid size.

Particle phase equations were solved using the method
of characteristics.[12,18] In this method, partial differen-
tial equations are reduced to ordinary differential
equations along some particular paths, which are called
characteristics. Those lines are generally called a and b
characteristics. The equation of a characteristic is
expressed by

dy

dx
¼ tan ðW� ecÞ ½25�

Similarly, the equation for b characteristic is given by

dy

dx
¼ tan ðWþ ecÞ ½26�

The normal stresses presented here are on the charac-
teristic lines or slip planes unless it is mentioned
otherwise. Computer code was developed in Fortran-
90. Simulation parameters are given in Section VI
wherever they are required.

V. EXPERIMENT

In order to validate the predictions of the mathemat-
ical model, experiments were carried out in a 2-D model.
A schematic diagram of the experimental setup is shown
in Figure 5. It was made of 10-mm-thick Perspex sheet.
The model was 1800-mm high, 600-mm wide, and 60-
mm thick. It was supported by iron bar reinforcement to
prevent outward bulging. The tuyere opening was
5 mm, which protruded 50 mm inside the bed across
the entire thickness of the bed, i.e., it was a slot tuyere.
There was a stainless steel screen support at the bottom
of the packed bed. Spherical plastic beads of 5.8-mm
diameter were used during the experiments as it gave
reasonable sized raceways before fluidization occurs
above the raceway.

The bed was filled with plastic beads up to 1 m height
from the tuyere level. Room-temperature compressed

air was used as a gas, which was blown into the rig. The
flow rate was measured using a variable area flow meter
corrected for any pressure effects. The inlet velocity of
air at the tuyere varied from 0 to 103 m/s. In order to
measure the pressure at various points within the bed,
6-mm-diameter pressure-taping holes, each 10 cm apart,
were made along the bed height. The holes were 6 cm
away from the tuyere sidewall. Near the raceway, these
holes were 3 cm apart. At the tuyere level, along the
width and around it some holes were made to get the
pressure distribution. These holes were connected to
pressure transducers and manometers. Pressure trans-
ducers were connected to a computer through data
logger. All of the experimental data reported here are an
average of at least three experiments.

VI. RESULTS AND DISCUSSION

Figure 6 shows the velocity vector plots at inlet gas
velocity of 103 m/s. Tuyere protrusion is also shown in
the figure. Simulation parameters are given in Table I. It
is observed from the figure that the gas enters through
the tuyere at high velocity, spreads quickly inside the
bed with a uniform velocity, and escapes from the top of

Fig. 5—Schematic diagram of the experimental setup.

Fig. 6—Computed velocity distribution at 103 m/s inlet blast veloc-
ity, bed height = 1.2 m, bed width = 0.6 m, diameter of plastic
beads = 5.8 mm, and tuyere opening = 5 mm.
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the bed. The gas velocity becomes almost constant
(about 0.85 m/s) at an approximate distance of 0.2 m
from the tuyere level. It seems the gas is spreading out
radially, with the tuyere exit being the center. This
finding supports 1-D analysis of other researchers,[10] in
which it is assumed that gas velocity becomes constant
after a certain distance from the tuyere level. However, it
seems 1-D analysis would slightly underestimate this
distance compared to the 2-D analysis.

Figure 7 shows an enlarged portion of Figure 6,
which includes tuyere zone. Velocity at the tuyere exit
is 103 m/s, as indicated by the largest arrow. In front of
the tuyere, it reduces to about 60 m/s. Near the tuyere,
gas spreads radially, and about 2 cm from the tuyere tip,
it reduces to 2 m/s or lower.

Figure 8 shows the experimental pressure distribution
at different inlet gas velocities along the bed height at
0.06 m away from the tuyere sidewall. Tuyere is located
at 0.2 m above the bottom of the bed as marked by the

arrow in Figure 8 and it is protruded 0.05 m inside the
bed. Theoretical results obtained by the model under
similar operating conditions are also shown in this
figure. A good agreement between the two lends support
to the gas flow model developed in this study. It can also
be seen that maximum pressure is in front of the tuyere
and it decreases as one goes either side of it (i.e., above

Table I. Parameters Used in Other Simulations

Parameters Value

Bed length 1.2 m
Bed width 0.6 m
Void fraction within
the bed (eg)

0.47

Internal angle of friction 30.65 deg
Wall angle of friction 10.76 deg
Particle diameter 0.0058 m
Density of gas 1.178 kg/m3

Viscosity of gas 1.983e-5 PaÆs
Density of the particle 1080 kg/m3

Void fraction within
the raceway (er)

er = 1.0 for r < 0.0
er = 1.0 + ((0.5–1.0)/(rr – 0.0))*r
for (r > 0.0 and r < rr)

Fig. 7—Computed velocity distribution at 103 m/s inlet blast veloc-
ity near the tuyere, bed height = 1.2 m, bed width = 0.6 m, diame-
ter of plastic beads = 5.8 mm, and tuyere opening = 5 mm.

Fig. 8—Comparison of theoretical and experimental pressure pro-
file at 103 m/s inlet blast velocity, bed height = 1.2 m, bed width =
0.6 m, diameter of plastic beads = 5.8 mm, and tuyere open-
ing = 5 mm.

Fig. 9—Computed a-(dotted lines) and b-(solid lines) slip planes, bed
height = 1.2 m, bed width = 0.6 m, and diameter of plastic
beads = 5.8 mm.
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or below the tuyere). Below the tuyere, pressure gradient
is less than that above it, as bottom of the apparatus is
closed.

The results of stress analysis are shown in
Figures 9–14. Figure 9 shows the possible slip planes.
Parameters, which have been used in simulation, are
given in Table I. Dotted lines and solid lines represent
a- and b-slip planes, respectively, and the star repre-
sents the point where two characteristics meet each
other. The region bounded by OAB in the figure shows
the zone where stress is being transferred from the top
only. The effect from both sidewalls is not felt. The
effect of stress from the top as well as from the left and
right sidewall is felt in the regions bounded by ABC
and OBD, respectively. Below BCD the effect from
both sidewalls is present (effect of stress from the top is
not directly transferred). One can observe that at the
points where characteristic lines cut the wall, a new
family of characteristics generate and transmit the
information of that point.

Figures 10 and 11 show the total normal and shear
stress distribution along a-slip plane, respectively. The
total normal and shear stress distribution along b plane
are given in Figures 12 and 13, respectively. From these
figures it can be seen that along both slip planes normal
stresses are positive and the same in the magnitude.
However, the shear stresses are different and opposite in
direction. This can be explained using Figure 14, where
it can be seen that there are two incipient slip planes

(S and S¢) at the critical stability, which have the same
normal stress. However, though the magnitudes are
same, the shear stresses are opposite in direction. The
magnitude of shear stress in the figure increases from
top to bottom of the bed and also toward the left
sidewall for a-slip plane. For b-slip plane the magnitude
of shear stress increases toward the right sidewall from
the top to the bottom. The magnitude of the normal
stress is the maximum at the center of the bed in both
the cases and increases from top to bottom.
The results on normal stress, which are reported in

this section, are on the slip plane to avoid any confusion
about the active or passive failure. Therefore, total
normal stress on the slip plane will be used as normal
stress or stress throughout in this article.
In order to validate the stress model, theoretical

vertical stress profile under the static condition at the
bottom has been compared with published experimental
stress profile and is shown in Figure 15. All the
parameters used in the simulation are taken from
Reference 19 and are mentioned in Table II. There is
an excellent match between the theoretical and exper-
imental vertical stress profile, which validates the
current stress model.
The vertical stress profiles in the bed, under similar

conditions as in Figure 15, are shown in Figure 16. Note
that the vertical normal stress is more at the center when
going from top to bottom. Unfortunately, experimental
data are not available in the literature for comparison.

Fig. 10—Computed total normal stress on a-slip plane, bed
height = 1.2 m, bed width = 0.6 m, and diameter of plastic
beads = 5.8 mm.

Fig. 11—Computed shear stress on a-slip plane, bed height = 1.2 m,
bed width = 0.6 m, and diameter of plastic beads = 5.8 mm.
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After validating both the gas flow and stress models,
either with experiments or against published data, full
analysis of the stress and pressure was conducted for the
actual experimental conditions as described in Section
V. Stresses were computed in the presence of gas flow. In
all of the simulations, a relation between the void
fraction and normal stress in the raceway region was
used, which is given in Table I. This relationship was
obtained based on the analysis of void fraction results
given by various researchers.[20]

Figure 17 shows the normal stress distribution at
103 m/s inlet gas velocity on slip planes. Near the tuyere
region stress goes below zero, which implies the absence
of particles in this region. Moving away from the tuyere
region (above the tuyere axis/level) the normal stresses
start increasing to a certain distance and then start
decreasing. However, the magnitude of stresses above
and below the tuyere level is always lower than the
magnitude of stresses computed in the absence of gas
flow (Figures 10 and 12 under similar conditions). The
reason is that in the presence of gas flow the weight of
the burden is not transferred as much as it was
transferred before (without the gas flow). That is to
say that gas drag is playing an important part in the
stress analysis and cannot be ignored.

Pressure distribution at 103 m/s inlet blast velocity is
given in Figure 18. Maximum pressure is found at the
tip of the tuyere and decreased moving away from the

tuyere. It decreases more rapidly above the tuyere than
along the tuyere axis or below it. Pressure drop
becomes almost constant above 20 cm from the tuyere
level.
Figure 19 shows the normal stress distribution (along

the slip plane) at the raceway boundary at 103 m/s in
increasing inlet gas blast velocity condition. In this
simulation experimental raceway size and shape was
used as an input parameter. Stars with dotted line show
the experimental raceway and the solid line is the stress
contour. It is found that stress contour of 1500 Pa is
exactly lying over the experimental raceway boundary.
Due to the movement of the particles near the raceway
boundary, the stress along the raceway boundary
fluctuates fast in the range of ±200 Pa. It is obvious
from this figure that raceway boundary is an isostress
boundary, which is an important finding and may be
used to evaluate the raceway shape and size in other
packed bed processes.
It should be noted that in 3-D studies, Mohr–

Coulomb criterion becomes invalid. Therefore, the
proposed stress model could be used in the 3-D case,
considering axisymmetry in one of the directions. Also,
the discrete element method (DEM) approach[21] can be
used to solve the problem. However, due to limitations
of existing computational power, it is not possible to use
DEM to simulate the real blast furnace in the near
future.

Fig. 12—Computed total normal stress on b-slip plane, bed
height = 1.2 m, bed width = 0.6 m, and diameter of plastic
beads = 5.8 mm.

Fig. 13—Computed shear stress on b-slip plane, bed height = 1.2 m,
bed width = 0.6 m, and diameter of plastic beads = 5.8 mm.
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Fig. 14—Mohr–Coulomb failure criterion.

Fig. 15—Comparison of theoretical and experimental[19] vertical
stress profile, bed height = 1.285 m, and bed width = 0.75 m.

Table II. Parameters Used in the Simulations for Validation

of Stress Profile[19]

Parameters Value

Bed length 1.285 m
Bed width 0.75 m
Internal angle of friction 32 deg
Wall angle of friction 20 deg
Bulk density 620 kg/m3

Fig. 16—Computed vertical stress distribution (Katayama et al.[19])
throughout the bed, bed height = 1.285 m, and bed width = 0.75 m.

Fig. 17—Computed stress distribution at 103 m/s inlet blast velocity,
bed height = 1.2 m, bed width = 0.6 m, diameter of plastic
beads = 5.8 mm, and tuyere opening = 5 mm.
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VII. CONCLUSIONS

A 2-D mathematical model has been developed to
predict the stress distribution along the raceway
boundary. Stresses are presented along the slip planes
and it is found that normal stress along both the slip
planes are the same but shear stresses are different and
opposite in direction. The theoretical stress profile
matches very well with published experimental vertical
stress profile and agreement between the computed and
experimental pressure profile is good, which lends
support to the model. Computed results show that gas
drag substantially contributes in supporting the packed
bed and thus reducing the stress in the entire bed. It is
also found that the raceway boundary is an isostress
boundary.

NOMENCLATURE

x length in horizontal direction (m)
y length in vertical direction (m)
ux gas velocity along x direction (m/s)
uy gas velocity along y direction (m/s)
k turbulent kinetic energy of the blast (m2/s2)
g acceleration due to gravity (m/s2)
P gas pressure (Pa)
lm mixing length (m)
w tuyere opening (m)
Rep particle Reynolds number (dimensionless)
cd drag coefficient
dp particle diameter (m)
cl constant used in the turbulence model

(dimensionless)
c1 constant used in the turbulence model

(dimensionless)
c2 constant used in the turbulence model

(dimensionless)
Fx fluid-particle drag force along x direction (N)
Fy fluid-particle drag force along y direction (N)

Greek letters

/ internal angle of friction (deg)
/w wall angle of friction (deg)
e rate of dissipation of turbulent kinetic energy (m2/s3)
qg density of blast gas (kg/m3)
qb bulk density (kg/m3)
lg viscosity of the blast gas (kg/m/s)
eg bed porosity (dimensionless)
er bed porosity in and around the raceway

(dimensionless)
rxx normal stress along x direction (Pa)
ryy normal stress along y direction (Pa)
rr normal stress on slip plane at raceway boundary (Pa)
sxy shear stress along x plane (Pa)
l coefficient of friction (dimensionless)
r0xx total normal stress along x direction (Pa)

Fig. 18—Computed pressure distribution at 103 m/s inlet blast veloc-
ity, bed height = 1.2 m, bed width = 0.6 m, diameter of plastic
beads = 5.8 mm, and tuyere opening = 5 mm.

Fig. 19—Isostress contours of raceway (computed and experimental)
at 103 m/s inlet blast velocity, bed height = 1.2 m, bed width = 0.6 m,
diameterofplasticbeads = 5.8 mm,andtuyereopening = 5 mm.
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r0yy total normal stress along y direction (Pa)

s0xy total shear stress along x plane (Pa)

rk constant used in the turbulence model
(dimensionless)

re constant used in the turbulence model
(dimensionless)

le effective viscosity of the blast gas (kg/m/s)
lt turbulent viscosity (kg/m/s)
r¢ average of r0xx and r0yy (Pa)
r0h total normal stress on any arbitrary plane (Pa)
s0h total normal stress on any arbitrary plane (Pa)
w angle measured from x plane to the major

principle direction (rad)
x sin-1(sin/w/sin/)
ec (90 - /)/2 (rad)

REFERENCES
1. J.F. Elliott, R.A. Bachanan, and J.B. Wagstaff: Trans. AIME,

1952, vol. 194, pp. 709–17.
2. J.B. Wagstaff and W.H. Holman: Trans. AIME, 1957, Mar.,

pp. 370–76.
3. J. Szekely and J.J. Poveromo: Metall. Trans. B, 1975, vol. 6B,

pp. 119–30.
4. P.J. Flint and J.M. Burgess: Metall. Trans. B, 1992, vol. 23B,

pp. 267–83.
5. M. Hatano, B. Hiraoka, M. Fukuda, and T. Masuike: Iron Steel

Inst. Jpn., 1977, vol. 17, pp. 102–09.

6. M. Nakamura, T. Sugiyama, T. Uno, Y. Hara, and S. Kondo:
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