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Abstract. Under certain circumstances, an industrial hopper which operates under the “funnel-flow” regime can
be converted to the “mass-flow” regime with the addition of a flow-corrective insert. This paper is concerned
with calculating granular flow patterns near the outlet of hoppers that incorporate a particular type of insert, the
cone-in-cone insert. The flow is considered to be quasi-static, and governed by the Coulomb-Mohr yield condition
together with the non-dilatant double-shearing theory. In two-dimensions, the hoppers are wedge-shaped, and as
such the formulation for the wedge-in-wedge hopper also includes the case of asymmetrical hoppers. A perturba-
tion approach, valid for high angles of internal friction, is used for both two-dimensional and axially symmetric
flows, with analytic results possible for both leading order and correction terms. This perturbation scheme is com-
pared with numerical solutions to the governing equations, and is shown to work very well for angles of internal
friction in excess of 45°.
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1. Introduction

Granular materials are used extensively throughout the world in most industrial processes,
where these materials are stored in hoppers (or silos), which are large containers designed
to provide easy retrieval. Disruptions to the flow of the material from a hopper often arise
due to phenomena such as arching (see [1] for a thorough review) and rat-holing (see [2-4]).
For both phenomena the underlying mechanisms of initiation and formation are not properly
understood, and to gain a better understanding of these situations, improved models are nec-
essary. The ability to accurately predict the flow distribution of material from a hopper is of
great importance, especially when disruptions to flow reduce the productivity and profitability
of the industrial process concerned. Ideally, hoppers should be designed to operate in a pre-
scribed manner, giving reliable flow-rates, which in turn leads to an increase in both the profit
and viability of the industrial process.

In general, the desired flow pattern in an industrial hopper is where the entire material in
the hopper is simultaneously in motion, commonly referred to as “mass-flow”. Conversely, an
undesired flow pattern is where flow occurs only in a central region that is surrounded by a
stagnant region, and is referred to as “funnel-flow”. Parameters that contribute to whether the
flow pattern is mass-flow or funnel-flow include the slope and smoothness of the walls and the
cohesiveness and the inter-particle friction of the material. As such, studying the flow behav-
iour for varying parameters should lead to a deeper understanding of hopper flow of granular
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materials, enabling improved predictions as to whether a particular hopper with a particular
material will give rise to mass-flow or funnel-flow.

One of the methods of converting a funnel-flow hopper into a mass-flow hopper is to use
an insert (for experimental studies, see: [5-8]; and for numerical simulations, see: [9,10]). An
insert is an apparatus (usually metal), which is fastened at a fixed position in a silo or hop-
per, in order to influence the flow of granular material in such a way as to prohibit the for-
mation of funnel-flow. The three most common types of inserts are “cone-in-cone”, “inverted
cone” and “double cone”, as shown in Figure 1. Here we are primarily interested in inves-
tigating the effect of the cone-in-cone inserts [5,9,10]. As described by Dantoin et al. [11],
funnel-flow hoppers can cause serious problems to industrial processes. In [11], a situation is
described where due to the build-up of stagnant material in a coal funnel-flow bunker at a
power plant, an explosion occurred that caused in excess of $US 4 million in damages and
loss production. Further, after the event, another $US 1.2 millon was spent in upgrading the
funnel-flow bunker to a mass-flow bunker. Accordingly, any improvement in our understand-
ing of the flow patterns of hoppers with inserts has the potential to provide the particulate
industries with a much cheaper option in regard to converting a funnel-flow hopper into a
mass-flow hopper.

Gravity flow of granular material from a hopper has been studied extensively throughout
the literature, with a review of some developments given in [12], and some more recent studies
in [13,14], for example. Early progress for this problem was made in [15-18], where the so-
called “radial stress field” solutions are studied for quasi-static flow of incompressible materi-
als which obey the Coulomb-Mohr yield condition. These solutions are similarity solutions,
and are valid in the neighbourhood of the hopper outlet. In this case the equilibrium equa-
tions and the Coulomb-Mohr yield condition reduce to two highly non-linear coupled ordi-
nary differential equations, which in general can only be solved numerically. Recently, some
exact parametric solutions to these equations have been determined by Cox and Hill [19] and
Hill and Cox [20] for the limiting case of sin¢ =1, where ¢ is the angle of internal friction
of the material. Furthermore, these exact solutions have been recently used by Thamwattana
and Hill [21] as leading order terms in a regular perturbation valid for 1 —sin¢ <« 1. There
do exist granular materials that possess angles of internal friction around 60 to 65°, as sup-
ported by the experimental data given in [22, p. 23], [23-25]. Such materials give rise to values
of sin¢ around 0-87 to 0-91, and we refer to materials with 1 —sin¢ <« 1 as being “highly fric-
tional”. Of course, we must be cautious when studying high-friction granular materials, as the
physics involved in taking the limit ¢ — 7/2 is not well-understood (and could be the subject
of experimental investigations). However, in the present study, as with [21], we are interested
in deriving solutions for 1 —sin¢ small but finite, so the question of the validity of setting
¢ =m/2 is not relevant here.
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Figure 1. Schematic diagram of conical hopper with a cone-in-cone insert (a), an inverted cone insert (b), and a
double-cone insert (c).
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The use of the Coulomb-Mohr yield condition to predict stress fields in quasi-static gran-
ular flows is quite widely accepted, and produces results that are well in accord with experi-
mental data. However, the correct formulation of the accompanying velocity equations is still
controversial. To accompany the radial stress fields described above, [15,17] use the coaxial
flow rule to describe the velocity fields. This approach assumes the principal axes of stress
and strain-rate coincide. An alternate flow rule comes from the double-shearing theory, orig-
inally proposed by Spencer [26,27]. In this theory, every deformation is assumed to consist
of simultaneous shears along the two families of stress lines, and (for quasi-static flow) the
characteristic curves for the stresses and velocities coincide. For the flow of material near the
outlet of a hopper, [28,29] show the coaxial theory used in [15,17] yields physically unaccept-
able predictions in the velocity field, whereas the double-shearing theory predicts results which
are certainly reasonable. Further, [30] compares the double-shearing theory with experimental
results for this problem, and the agreement is excellent. Exact velocity fields for the limiting
case of ¢ =m/2 have been calculated in [31] using the double-shearing theory. These solutions
have yet to be employed as leading-order terms in a perturbation series, and this is one of
the goals of the present study.

In this paper, we consider the two-dimensional problems of quasi-static granular flow
through asymmetrical wedge hoppers and hoppers with wedge-in-wedge inserts, as well as the
axially symmetric problem of flow through conical hoppers with cone-in-cone inserts. In the
following section we formulate the governing ordinary differential equations which apply near
the outlet of the hoppers, and derive the appropriate boundary conditions in each case. In
Sections 3 and 4 we attack the problems by considering a regular perturbation series, follow-
ing [21], by assuming that the quantity 1 —sin¢ <« 1, remembering that ¢ is the angle of inter-
nal friction. The first two terms of the expansion are found parametrically, and it is shown
that these analytic results provide excellent approximations to the exact numerical solutions
for values of ¢ in excess of 45°, particularly for steep hoppers, and the necessary physical con-
dition of the rate of work being non-negative is examined in Section 5. Finally, in Section 6
we make some concluding remarks.

2. Mathematical formulation

In this section we briefly state the governing equations for steady quasi-static granular flow
through two-dimensional and axially symmetric hoppers under gravity. In two-dimensions,
boundary conditions are given for hoppers whose walls have unequal slopes, a situation which
includes the case of a wedge-in-wedge insert. For axially symmetric flows, boundary condi-
tions are given for the case in which there is a cone-in-cone insert.

2.1. GOVERNING EQUATIONS IN TWO-DIMENSIONS

We consider here steady flow of a granular material in two dimensions, and use cylindrical
polar coordinates (r,0) as defined by Figures 2(a) and (b). By assuming the flow is quasi-
static, the inertia terms in the momentum equations may be neglected, so that the compo-
nents of the Cauchy stress tensor o,,, 0gg and o,¢ satisfy the equilibrium equations

do,r 1009 0 —0gg . dog  10d0ps 2079
— =pgsinb, —

_ 2.1
ar 7 90 p ar 1 o0 pg cost, @D

where p is the bulk density and g is acceleration due to gravity. In this study the material is
taken to be incompressible, so that the density p is constant. We note the stress components
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Figure 2. Coordinate system for a two-dimensional asymmetrical wedge hopper (a), and a two-dimensional hopper
with a wedge-in-wedge insert (b).

are assumed to be positive in tension, so that a positive force will produce a positive exten-
sion.

To close the system of equations, we assume the material yields according to the Cou-
lomb-Mohr yield condition. Thus, for every surface through an arbitrary point within the
material, the magnitude of the tangential component of the traction vector t, is bounded by
the critical value

|Th| <c—optang, (22)

where o, is the normal component of tensive traction on the surface. Here, ¢ >0 denotes the
cohesion of the material, while 0 <¢ < /2 is the angle of internal friction, both assumed con-
stant. We note if equality holds in (2.2), then the material yields at that point along the par-
ticular surface whose tangential and normal components of traction are given by 7, and oy,
respectively.

Now, to utilize the above equations, we introduce the stress angle ¥ defined by

2076

tan 2y = (2.3)

Orr — 090 ’
where physically y corresponds to the angle between the direction corresponding to the max-
imum principal stress and the r-axis, in the direction of increasing 6. Next, upon introducing
the generally positive stress invariants p and ¢ defined by

1 1 1 1 ) 21172
p= —5(01 ‘o= _E(Urr +ogg), q= 5(01 —or)= 5 {(Urr —099) +4<7r0} . (24
the usual stress decomposition arises
Orp =—p+qCos2y, ogg=—p—qCcos2y, og=q sin 24, (2.5)

where o; and oj;; denote the maximum and minimum principal stresses respectively, and
physically speaking, p represents an average pressure, while ¢ is the maximum magnitude of
the shear stress. This stress decomposition enables the equilibrium equations to be expressed
in terms of an equivalent formulation using p, g and .

To express the Coulomb—Mohr yield condition using these three variables, we note that
for an arbitrary surface whose unit normal n makes an angle of § with the positive x-axis,
the normal tensive component and the magnitude of the tangential component of traction are
given by

on=—p+qcos2(8—v), |ml=q|sin2(5—v)l. (2.6)



Perturbation Solution for flow through Symmetrical hoppers 67

As the quantity |1,|+ o0, tan¢ attains its maximum possible value when
To¢
=y +{——=, 2.7
ve(3-%) @)

then from (2.2), yield only occurs along surfaces whose normal n makes an angle of § given
by (2.7). Further, we denote the normal tensive component and the magnitude of the tangen-
tial component of traction of such surfaces by o and t, respectively, so that from (2.6) and
(2.7) we find

o=—p+gsing, T=gcose. (2.8)
As a result, for yielding material, we can express the Coulomb-Mohr yield condition in the
more useful form of

g=psing+ccose. 2.9

Now, [16,17] show that a radial stress field solution is a reasonable approximation for the
stress distribution near the outlet of a hopper. This involves a radial wedge field solution of
the form

Y=v(0), q=pgrF@®), (2.10)

so from (2.5) and (2.9) we find that the equilibrium Equations (2.1) give rise to two non-lin-
ear coupled ordinary differential equations, namely

dF _ Fsin2y — Bcos(d +2¢) 1+d_¢_ F(B~' = B) +sin6 + Bsin(6 +2v) @11
do B+ cos 2y ’ do 2F (B +cos2y) ’ '

where here and throughout the paper we use the notation 8 =sin¢. We can eliminate F' from
the governing Equations (2.11), and deduce the single second-order ordinary differential equa-
tion for ¥ (0)
(B +cos2y)[sinf + B sin(@ +2y) " =2(1 + ) {sin 2y [sin O + B sin(6 + 2y) |y’ +
+2B cos(8 +2v) (B + cos 2y )y + (3/32 +2Bcos2y — 1) cos(6 +2v)}, (2.12)

where the primes denote differentiation with respect to 6. With i determined, the function F
can be recovered from
_ Blsin 6 + Bsin(6 + 2v¢r)]
T 2B(B+cos2y)(1+y)+p2—1"
As mentioned in the Introduction, the above equations are generally accepted as a reason-
able basis for the determination of the plane-strain stress field for gravity flow from a hopper;
however, the prescription of the governing equations for the determination of the velocity field
is not as readily agreed upon. In this study we assume the velocity profile is governed by the
non-dilatant double-shearing theory derived by Spencer [26,27], which is based on the idea
that deformation arises as a result of shear along the surfaces defined by (2.7) on which the
critical shear stress is mobilized, and which coincide with the slip-lines in quasi-static flows.
In particular, if v, (r,8) and vg(r, 6) are the components of velocity in the r and 6, directions,
respectively, then the double-shearing theory provides that they satisfy the following equations

(2.13)

dv,  1ovg v

ar ' r o | r
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where the quantity Q is defined to be

oY | v oY
Q=v,— 4+ ——. 2.15
U T a0 @.15)
Following [15], for hopper flow we assume the particular velocity profile
0
00 =2 0 =0, (2.16)
r

which ensures that flow can only occur in the radial direction, and (2.14); is automatically
satisfied. In this case, recalling that ¢ = (0), then (2.14), becomes simply

j—g(ﬂ +c0s29) = —2u sin 2y, (2.17)

which implies that

0 :
sin2y d@} , (2.18)

9 PB+cos2y

for some constants 6, and u# such that i« =u(6.). We note that u is the arbitrary constant
of integration arising from solving (2.17), while 6, is a constant that has been introduced
to ensure that u/ii=1 at some specific angle 6 =6, (which is done in order to facilitate the
comparison of the perturbation solution with a numerical solution). In particular, we choose
6. =m/2 for the asymmetrical wedge hopper, and 6, =y, for the hopper with a wedge-in-
wedge insert.

u:ﬁexp{2

2.2. BOUNDARY CONDITIONS FOR TWO-DIMENSIONAL FLOW

In this subsection we specify appropriate boundary conditions for the problems of flow in an
asymmetrical wedge hopper and flow in a hopper with a wedge-in-wedge insert, as shown in
Figure 2(a) and (b). For the latter problem we need only consider half of the hopper, since
the flow field is symmetric. The two mathematical problems are essentially the same, with the
exception being the physical range of values of y; and y,. In particular, for the asymmetrical
wedge hopper we have 0 <y <7 /2 <y, <m, while for the hopper with an insert we instead
have 0 <y; <y, <m/2 (with the other half of the flow given by reflection). We note that the
problem of an asymmetrical wedge hopper is in some respects similar to the non-axially sym-
metric hopper flows considered recently in [14].

In all the problems we are considering in this study, it is assumed that the cohesion is zero
(c=0), and as the material flows along the sidewalls of the hopper and the sidewalls of the
insert, it is reasonable that a Coulomb friction condition should apply along these walls. In
this case, upon examining the geometry of the problems as depicted in Figure 2, we find that
the two-dimensional Cauchy stress components must satisfy the boundary conditions

org=0ggtanpuy at @ =y, op9=—0ggtanuy at 6=y, (2.19)

where p; and wy denote the angles of wall friction of the sidewall of the hopper along 6 =y,
and 6 =y», respectively. Thus, from (2.5) and (2.9) we find for a cohesionless material that the
two-dimensional boundary conditions (2.19) become

sin g ) sin o

. at 0=y, sin[ur —2¢ (y2)]=——

sin ¢ sin ¢

which are valid provided pu; <¢ and s < ¢. If the material is such that u;>¢ or ur» > ¢,
then the material will slip on itself at the wall, and here the wall is referred to as being “per-
fectly rough”. We do not consider this case in the present study. We note that if we assume

sinfey +2¢ ()] =— at 6=y, (2.20)
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the cohesion is non-zero, then the Coulomb friction conditions cannot be satisfied (unless ¢ =
7/2), as detailed in [32].

In summary, the problem of computing the stress and velocity fields near the outlet of
a two-dimensional asymmetrical wedge hopper reduces to solving the non-linear ordinary
differential equation (2.12) subject to the boundary conditions (2.20), with F(0) and u(0)
then given by (2.13) and (2.18), respectively. In general, this can only be achieved by solving
(2.12) numerically, with a finite-element scheme, for example. However for large values of
the angle of internal friction ¢ we seek analytic progress in Section 3 using perturbation
analysis.

2.3. GOVERNING EQUATIONS WITH AXIAL SYMMETRY

For axially symmetric flows through conical hoppers it is appropriate to use spherical coordi-
nates (R, ®, @), as defined by Figure 3. In this case the four independent components of the
stress tensor, denoted by ogg, 0ee,0epe and ogre, are independent of the variable ®. We will
employ the usual stress decomposition

oRr=—P+ Qcos2V¥, ocgep=—P —Q0cos2¥, ore=0sin2V¥, 2.21)

where P and Q are the stress invariants given by

1 1 1 1 ) 5 112
P=_E(UI+UII[)=_§(URR+U®®)a Q=§(UI_UIII)=§{(URR_U®®) +4GR@} , (2.22)

with o7 and o7;; denoting the maximum and minimum principal stresses, respectively. Fur-
ther, W is the stress angle defined by

2ore
tan2w = — 2RO (2.23)
ORR — 00O

where physically W corresponds to the angle between the direction corresponding to the
maximum principal stress and the R-axis, in the direction of increasing ©.

z
A

gravity

Figure 3. Coordinate system for a three-dimensional hopper with a cone-in-cone insert.
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For quasi-static flow, the stress components satisfy the equilibrium equations

do 1 dore , 20rr —00e —O ORe
kR | 1 dore RR 006 7900 | RO (. t©=pgcos®,

3R R 90 R R

2.24
dogre 1 doee  0ee — 0o cot® + 3ore _ sin © -
dR R 00O R R ’

which can be rewritten in terms P, Q, ¥ and o¢, but we leave out the details here. In addi-
tion, we have the Coulomb-Mohr yield condition (2.2), which is written in terms of P and

Q as
Q=Psin¢+ccose. (2.25)

We therefore have three Equations (2.24) and (2.25) to describe the stress field, with the four
unknowns P, Q, V¥ (or oggr, 0o, 0re) and opg.

To close the system of equations we need to make an assumption about the hoop stress, in
order to determine an expression for opg in terms of P, Q and W. It has been stated in [33]
that the plastic regimes which agree with the Haar-von Kdrman hypothesis will give rise to
solutions that are most likely to be of the greatest significance to axially symmetric problems
of interest. In particular, the heuristic Haar-von Karman principle states that under an axially
symmetric condition the hoop stress is equal to either the maximum or minimum principal
stress. This condition gives rise to the idea of Haar-von Karman regimes, and in particular,
either oy =ogpe =0y >0y Or 0] >01 =09pe =077, Where o7y denotes the intermediate prin-
cipal stress, and in both cases the hoop stress ogpe is assumed to be a principal stress. Here,
we choose the former, from which we may deduce

opp=—P+ 0. (2.26)

We note that this choice differs from the traditional view (see [15,16,28]), in which more phys-
ically realistic results for the converging conical hopper problem are believed to be produced
by choosing o¢pe =077, leading to

O‘q>q>=—P— Q, (2.27)

while (2.26) is believed as being more applicable for diverging flow. However, with (2.27) we
have been unable to determine an exact parametric solution for the limiting case of ¢ =m/2,
and as such, analytic progress with a perturbation scheme for 1 —sin¢ « 1 has not been pos-
sible. We therefore adopt (2.26) and we keep in mind that the results obtained may not be as
physically applicable as those obtained when ogq is given by (2.27).

Now, following [15-17], we assume a stress field solution of the form

U=U(0®), Q=pgRG(O), (2.28)

so from (2.21), (2.25) and (2.26) we find that the equilibrium Equations (2.24) give rise to two
non-linear coupled ordinary equations, namely

dG  2Gcos W{sin W — BcosecO® cos(® + W)} + B sin(® +2W)

de B+cos2W¥
(2.29)
I+ dv G(1—B){B~ 1 (14+28)—cosec® sin(O+2W)}+cos O+ cos(O+2W)
doe 2G (B +cos2W) ’

where again we adopt the notation B =sin¢. We can eliminate G from the governing Equa-
tions (2.29), and deduce the single second-order ordinary differential equation for W (®)
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2(B +cos2W)[cos ® 4 B cos(© +2W)|w”
—2(14+ V) [ cosec® [ B(B +cos 2W)[1 +cos(2(O + W)}]—
—[cos ® + B cos(® +2W)][2sin O sin 2W + (1 — B) cos(© +2W)]+
+2(1 = B) sin(® +2W)[(14+26) sin ® — Bsin(O + 2W))] ] +

201+ v [ sin 2W[cos © + B cos(© + 2W)] — 28 5in(O +2W) (B —i—cosZ\IJ)] } +
+(1 - ﬂ)cosech) { sinf{2(® 4+ W)}[cos ® + B cos(O +2W)]—
—[1 4 cos{2(® + W)[(1 +28) sin © — Bsin(® + 2W)] ] : (2.30)

where prime denotes differentiation with respect to ®. With W determined, the function G
can be recovered from
G Blcos ® + B cos(® +2W)]
2B8(B+cos2W)(14+ W) — (1 — B)[1+28 — Bcosec® sin(O +2W¥)]’

We note the choice of the Haar-von Karman regime (2.27) leads to a system of coupled non-
linear ordinary differential equations analogous to (2.29), where the only differences involve
sign changes (see [19] for full details). For this case, [34] identify a simple exact solution that
provides an envelope for solutions in (¥, ®) space for the problem of converging flow through
a conical hopper without an insert. This envelope can be very useful, as it provides a bound
for the hopper angle. If the hopper angle is larger than that given by the envelope curve, then
the material must be in funnel-flow. Unfortunately, for the choice of (2.26), the correspond-
ing exact solution (see Equation (2.29) in [19]) does not take real values, and hence cannot
be used as an envelope curve. We therefore do not have a simple criterion for mass-flow when
adopting (2.26).

Now, upon assuming the velocity profile is governed by the non-dilatant double-shearing
theory, and if Vg(R, ®) and Vg (R, ©®) are the components of velocity in the R and © direc-
tions respectively, we obtain

Ve 1dVe 2Vk Ve
R "R90 TR TR

Ve 109V Ve aV 10Veg V Ve 109V Ve
0, LoVe Vo) oy (VR _LdVo Vi\g oy g(2Vo 10Ve Vo )0\
R R 00 R R R 0® R oR R 0©® R

where the quantity Q is defined to be

(2.31)

cot® =0,

v Vg ow
Q=Vp—+ ——. 2.33
k3R TR 90 (2-33)
Following [15], we assume the velocity profile
U®
ViR, &)= V(R 0)=0, (2.34)

which ensures that flow can only occur in the radial direction and (2.32); is automatically
satisfied. In this case, recalling that ¥ =W (®), then (2.32), becomes simply

dU
%(ﬂ +c0s2W) =—3U sin 2V, (2.35)

which implies that

(2.36)

- ©  sin2w
U=Uexpy-3 )

©. B+cos2W
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for some constants ©. and U such that U=U(®.). We note that U is the arbitrary constant
of integration arising from solving (2.35), while ®. is a known constant that has been intro-
duced to ensure that U/U =1 at some specific angle ©® =©,. In particular, we choose O, =a>
for the hopper with a cone-in-cone insert.

2.4. BOUNDARY CONDITIONS FOR AXIALLY SYMMETRIC FLOW

In this subsection we specify appropriate boundary conditions for the problem of flow in a
hopper with a cone-in-cone insert, as shown in Figure 3. We note that the physical range of
values of «; and ap must satisfy 0 <ay <@ <m/2.

As with the two-dimensional problem, we assume that the cohesion is zero (¢ =0), and
that a Coulomb friction condition applies along the hopper walls. It follows from the prob-
lem geometry (see Figure 3) that the axially symmetric Cauchy stress components must satisfy

ore=—0getanu; at ®=«|, Oore=0getanu, at ® =y, (2.37)

where ©1 and py denote the angles of wall friction of the sidewall of the hopper along ® =«
and ® =ay, respectively. Thus, from (2.21) and (2.25) we find for a cohesionless material that
the axially symmetric boundary conditions (2.37) become

sin . sin
Ploat @=ar,  sin[uy+2W(a)] = — ——2

sin[uy —2W ()] =— sing sin ¢

at O=a,  (2.38)

which are valid provided p; <¢ and uy <¢. As with the two-dimensional case, we mention
that, if either p;>¢ or ur > ¢, then the material will slip on itself at the appropriate wall, the
wall being referred to as “perfectly rough”. Since we are primarily concerned with materials
with high angles of internal friction, we do not consider this case here.

In summary, the problem for computing the stress and velocity fields near the outlet of an
axially symmetric hopper with a cone-in-cone insert reduces to solving the non-linear ordi-
nary differential equation (2.30) subject to the boundary conditions (2.38), with G(®) and
U(®) then given by (2.31) and (2.36), respectively. In general, this can only be achieved by
solving (2.30) numerically, however, in Section 4 we derive analytic solutions via a perturba-
tion scheme valid when the quantity 1 —sin¢ < 1.

3. Highly frictional limit in two-dimensions

In this section we seek analytic solutions to the two-dimensional problems formulated in Sec-
tion 2 by considering the asymptotic limit ¢ — /2. For ¢ = /2 there has been a great deal
of success recently in deriving exact solutions for gravity-driven quasi-static flow (see [35], for
example), and for the particular case of the similarity solutions described by (2.10) and (2.16),
these solutions have been used as leading-order terms in perturbation series for 1 —sin¢ <1
in [21]. Here we extend this analysis to hold for asymmetrical wedge hoppers and hoppers
with wedge-in-wedge inserts.

3.1. PERTURBATION ANALYSIS

We analyse the governing Equations (2.12), (2.13) and (2.18) by writing out the solutions in
the form

U =10(0) +ey1(0) + 0(€?), F=Fy0)+eFi(0)+0(?), u=up®)+eui(®)+0(?), (3.1)
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where e=1—8=1—sin¢ and € < 1. To leading order we find that v satisfies the non-linear
ordinary differential equation

Yo =21+ ) {cot(® + o) (1 4+ ) —tan o} , (3.2)
and Fy and ug are given in terms of ¥ by

_sin(@ +o) - be
Fo—m, uo—uexp{Z/Q tanwodé‘}. (33)

The leading-order terms v, Fy and ug are evidently the solutions for the ideal limit ¢ =7 /2.

These equations were first solved by Hill and Cox [20], and the solution procedure is briefly
described here. We make the transformation

h()=cot(@+ ), &=tand, 3.4
and (3.2) becomes

(h+&n"+2n"=0, (3.5
where the primes here indicate derivatives with respect to &. This equation can be solved by

introducing the substitutions v(§) =h+§&, w(v)=1—1V/'(§), for some intermediate variable v,
the result being that the solution is given parametrically by

I 2 —1/2 . 0/2 _ I
h=cot®@+yp) =2 & _tang=22 "¢ @ (3.6)
Cy C
where w acts as a parameter, /(w) is the integral defined by
w
I(a)):/ 112! 2dr + ¢y, (3.7)
0

and C; and C, are arbitrary constants. It follows that the solutions for Fy and ug are given
parametrically by

Fo— 1 o™ 2em2[CF + I ()] wy— i |{C2+ 207122 — [ ()]} .
4 {C%+[2a)71/2ew/2_](a))]z}l/Z’ o {C§+[2w§1/2ewc/2—1(wc)]2}’ (3.8)

where the parameter value w =w, corresponds to 0=6,.
The correction term for the stress angle v is found to satisfy the linear equation

Wi =29 {2 + 1) cot(6 + o) — tan o } + v (1 [3 tan o — cot (8 + vo)] —

25+ D[ + 3 tan v cot(d + ¥o)] + 2(¥ + D[2 tan® Yo — tan yrg cot (6 + o) — 1]} +

~|—(1//6+1)2[tan Yocosec? (O+p)+sec’ o (tan Yo—cot(0+yo)]—(¥y+1) sec2yry cot(0-+y),
(3.9)
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where v is given by the leading-order solution (3.6). The method for solving this ordinary
differential equation is presented in Appendix A, along with the analysis for determining F)
and uy. The result is that the correction terms are given by

_ 11r, 1/2 w/2 @
Y1 —m {C4(1 —w)+ 720 12622 4 (1 — w) I (w)] |:/é (1 —t)K(t)dl+C3i| —
—1a —a))/w[Ztl/ze'/Z—i—(l —t)I(t)]K(t)dt},
0
1/2—w/2
Fl=F2 e2 [C3 + I*(w)] {8C2% +4Coy1 4 (1 + w)o V2e™2[C2 4+ 1P (w)]- (3.10)
8C5 dw
—1/2.0/2 72
_6I(a))+—8w ) il (w)}
C3+ 12 (w)
u = —2 {e—wc[cg + P (0 —e °[C + (@)
8C3

i) t71/2671/2[C§ + 12(t)][2c2¢1 + I(t)]dt},

(9
where C3 and C4 are constants of integration, Fy given by (3.8);, uo given by (3.8),, and the
function K given by the expression

1 2
K(w)= —Ew”/ze*w/zl(w)[cf + I’ (w)] - C—Zar1/2ew/2[2ar1/2ew/2 —I(w)]+

1
+—we [C3 4 Qo 2?2 — [(w))*P. (3.11)
4C,
32 APPLICATION OF BOUNDARY CONDITIONS

By substituting the perturbation series (3.1); in the boundary conditions (2.20), we find that

Yo=—un1, Yi1=—j3tanpu; on O=y,
Yo=p2,  Yi=jtanu; on O=y. (3.12)

In this subsection we use these conditions to determine the values of the constants C; and
C; in the leading-order solution ¥ given by (3.6)—(3.7), and the constants C3 and C4 in the
correction term ¥ in (3.10);. Throughout this section we will use the integral

J(w)=f 11262 dr, (3.13)
0
so that from (3.7) we have I (w)=J(w)+Cj.

3.2.1. Wedge-in-wedge insert

For the case of a wedge-in-wedge insert (see Figure 2) we need only consider the domain y; <
6 <y», since the flow is symmetric about 6 = /2. We suppose that the parameter w in (3.6)
takes the values w=w| and w=w, at 6 =y| and 6 =y», respectively. By applying the boundary
conditions (3.12); and (3.12)3, we find the constants C; and C;, are given in terms of these
parameter values by

20, e /2 - J(w1) + T (@2)

Ci=Cycot(yr +p2) —J(w2), Ca=
1 2c0t(y2 + u2) (@), C2 tan y; +cot(y2 + u2)
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while the values of w; and w; are determined by the pair of transcendental equations

cot(yr — u1) —cot(yr + u2)

1172 —wy/2 —
5w, "€ J(w1) = J(w2)]=
201 [ ) tan y; +cot(y; — u1)

(%) 172 Ry tan y; +cot(y; —u1) .
] tan y, +cot(yz2 + u2)

The other two boundary conditions (3.12); and (3.12)4 provide the following equations for
C3 and C4

1
— mM(w2) — M (w))

+—on [ MOK©Od—mM @)
0

w1

Cs {2(mtanm[c§+12(w2)]+tanm[cg+12(w1)])+

wz(l—t)K(t)dt—l—M(wl)/wl(l—t)K(t)dt},
0

B 1 {_ 1
T mM(w)—M(wy) | 2(1—wp)

Cy (tanju; M(0)[C3+1* (@p)]+tan M (@)[C3+17 (@)D —

—W wl(l—t)K(t)dt+l[mM(a)2) w]M(t)K(t)dt—M(a)l) wZM(t)K(t)dt]},
d(1—=w2)  Jo, 4 0 0

where M (w) and m are defined by

1—
M(w) =222+ (1 —w)l(w), m il

T l—wy’

respectively.

3.2.2. Asymmetrical wedge hopper
For the case of an asymmetrical wedge hopper, the application of the boundary conditions
is not as straightforward. Here we must split up the domain into two parts, namely y; <6 <
/2 and /2 <6 <y, and treat each region separately. The solutions in each part are then
matched by ensuring that the stress angle ¢ and its first derivative ¥’ are continuous at 6 =
/2.

For the first region, y; <0 <m/2, we suppose the relevant solutions are given by (3.6)—
(3.8); and (3.10)1—(3.11), with w =0 corresponding to 6 =n/2 and w =w; corresponding to
0 =1v,. In this case, from (3.6) and (3.12), we find

Catany =20; 2e? — J (@)~ €1, Cacot(yr — 1) =J (@) +C1. (3.14)
which upon solving for C; and C;, gives
=1/2 w2 =1/2 w12
2w e/~ cot(y; — 2w e?!
c =2 W=D . o= 1 . (3.15)
tan y; +cot(y; — u1) tan y1 +cot(y; — u1)

The other condition on 6 =y; (3.12); provides the equation
]
— L tan i [C3 + P ()] =Ca(1 —y —%(l—a)l)/ [2:12e2 + (1 — )1 (1)K (t)ds
0
11n, 1/2 w12 1
+1Rw, e + (1 — o) ()] (1-HK@)dr+C3|, (3.16)
0

which we will come back to.
For the other region in the hopper 7/2 <6 < y,, we suppose that the general solutions
are also given by (3.6)—(3.8), and (3.10);—(3.11), except now we assign different labels to the
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parameter and the constants of integration. Instead of the parameter w we shall use s, and
instead of the constants Cy, Cy, C3, C4 we shall use Dy, D;, D3, Dy, respectively. So for 7/2 <
0 <y, by I(s) we mean J(s)+ Dy, where J(s) is defined in (3.13). For reference, these solu-
tions are listed by Equations (B.1)-(B.4) in Appendix B. Note that in this region the param-
eter s takes the value s=0 at 6 =7 /2. We denote the value at 6 =y, to be s=s,. From (B.1)
and (3.12)3, we find

Dytany,=2s, e/ — J(s5)— D1, Dycot(ys+pa)=1J(s2) + D1, (3.17)
which upon solving for D; and D,, gives
2s2—1/2esz/2

2S2_1/2es2/2cot()/2+“2) J(s2), D
— - . B

, (3.18)
tan y» + cot(ys + 12) tan y» 4+ cot(ys + uo)

Thus, once w; and s, are known, (3.15) and (3.18) constitute four expressions for the arbi-
trary constants Ci, Cy, D1 and D,. The condition (3.12)4 on 6 =y, becomes

Ltan o[ D3 + 1% (s2)] = Da(1 —52) — (1 —52) /OSZ[2t1/2ef/2 +(1=I®OK ()dr +
st 2en 2 1 (1= 5p) 1 (50)] [/Sz(l —t)K(t)dH—Dg} . (3.19)
0

Next, we need to ensure that v (9) and ¥'(9) remain continuous throughout the entire
domain. Clearly, these quantities are continuous within the two regions y; <6 < m/2 and
/2 <6 <y, and as such, we need only examine the boundary between the two the solutions
at 0 =m/2. From (3.6) and (B.1), we find at 6 =7/2 (w=s=0) that

C D
cot[7r/2 + Yo (m/2)] = C—; - F;’ (3.20)
so it must be that
Cy D
Ci= . 3.21
=7, (3.21)

Further, we want dvy/dé to also be continuous at 8 =x/2. To do this, we first note that

d 4e® + C2w — 4o ?e®/? (J () + C1) + w (J (w) + C1)?

ﬂ+l: ;o —4w d (J(@)+C+o(J(w)+Cr) <6</,
de C5cosec? (6 + o)

d de* + D3s —4s'2e/2 (J (s) + Dy) +5 (J () + D1)?

ﬂ+l: s —4s (J(s)+D1)+s(J(s)+ Dy)  nj2<6<p,

de D3cosec?(6 + 1)
so that at 6 =7/2 (w=s5s=0) we find
dyrg 1 4 4

+1= = . 3.22

do |o_ C3cosec?[m/2+o(/2)]  D3cosec?[r/2+ Yo (m/2)] (3-22)
Clearly, for diy/d6 to be continuous, from (3.22) we require C%:D%, so that

Cr=—Ds, (3.23)

and consequently, from (3.21) we find

Ci=-D. (3.24)
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Similarly, by taking the limits @ — 0 and s — 0 in (3.10); and (B.3); we find
4C4+ C1Cs _ 4D4+ D1 D3

(r/2)= = ,
V= el T awi+ o))
dy _ G —4C1C4—C3CY) __2(1)3—41)11)4—031)%)
d6 |p—y 2 C2(C3+C3) Dy(D?+D3) ’

so that by making use of (3.23) and (3.24), we have
C3=—D3, Cy4=Das. (3.25)

Hence, from (3.15),, (3.18), and (3.23), we get

W22 [tan 1 +cot(y —ul)} 12g0/2 (3.26)
! tan y -+ cot(ya + u2) | 2 ’

and from (3.15)1, (3.18); and (3.24), we obtain

cot(y2 +u2) —cot(y _Ml)i|s_1/zes2/2, (3.27)

J(w))+ J(s0)=2
(@ +7(2) [ tan y» 4+ cot(ys + uo) 2

and as such, (3.26) and (3.27) constitute as two transcendental equations for w; and s,. Fur-
thermore, together with (3.25), the conditions (3.16) and (3.19) provide simultaneous equa-
tions for C3, C4, D3, Dy.

3.3. RESULTS

In this subsection, we compare the analytic results obtained from the perturbation scheme
(3.1) with the numerical results for the problem of two-dimensional flow from a hopper with
a wedge-in-wedge insert, as depicted in Figure 2(b). In what follows, we choose y; =7/3 and
yy =51 /12, noting from [5] that the angle 7w /2 —y; is generally chosen to be twice the angle
/2 — y,. Furthermore, we assume the typical values pu; =uy =m/12, so that both the insert
and the hopper are assumed to be made of the same material.

Figures 4, 5 and 6 show, respectively, plots of v, F and u/u versus the angle w/2—6 for
the four values of the angle of internal friction ¢ =77 /18, n/3, n/4 and 7 /6. In each case the
solid curves correspond to the leading-order terms (3.6) and (3.8) (which are also the solu-
tions for the limiting case ¢ = /2), while the dotted curves correspond to the first two terms
in the perturbation expansion (3.1), with the correction terms given by (3.10). Finally, the
dashed curves denote the full numerical solution of the governing Equations (2.12), (2.13) and
(2.17). Here, the numerical solution to the second-order ordinary differential Equation (2.12)
is solved using a non-linear finite-difference scheme, as described in [36, page 601], while u
is found by applying a fourth-order Runge-Kutta scheme, as given is [36, page 259]. From
Figure 6 we see that the material is flowing the fastest near the middle of the material, while
it slows down towards both the insert and the hopper walls, due to the material being “held
up” on the walls. Further, we note that due to gravity the material is moving faster at the
insert wall than the hopper wall.

From these three figures, it is clear that the perturbation scheme performs extremely well
for high angles of internal friction such as ¢ =77 /18 and ¢ =mx/3, which is to be expected.
However, somewhat surprisingly, the scheme still provides an excellent approximation for the
moderately high value ¢ =n/4, and even provides a reasonable estimate for ¢ =7/6, which is
by no means a high angle of internal friction. We comment that qualitatively similar results
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Figure 4. Comparison of the numerical, the zeroth-order and the full perturbation solutions for ¥ (/2 —0) for ¢ =
T /18, w/3, w/4 and 7/6.

are found for different sets of o, oy, w1 and up, with the general trend being that the per-
turbation scheme works better for steeper hoppers.

For the sake of brevity we do not provide figures for the two-dimensional asymmetrical
wedge hopper. The results are, not surprisingly, qualitatively similar to those found for the
symmetric hopper, and we refer the reader to [21].

4. Highly frictional limit with axial symmetry

This section is dedicated to analysing the axially symmetric problem formulated in Sections
2.3 and 2.4 under the asymptotic limit ¢ — 7r/2. It is the analog of Section 3. We extend the
analysis of Thamwattana and Hill [21] to hold for hoppers with cone-in-cone inserts, and we
also determine the associated velocity profile according to the non-dilatant double-shearing
theory.

4.1. PERTURBATION ANALYSIS
We seek solutions to (2.30), (2.31) and (2.36) of the form

U =U,(0)+ eV (O)+ 0(€2), G=Gy(®)+€G1(0)+ 0(e?), U =Uy(®) + eU; (®) + O (),
(4.1)
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Figure 5. Comparison of the numerical, the zeroth-order and the full perturbation solutions for F(x/2—6) for ¢ =
T /18, w/3, n/4 and 7/6.

where e=1—8=1-sin¢ and € « 1. To leading order, ¥, satisfies the equation

Wi =(1+¥j){cot® — 3tan Wy — 2(1 + W) tan(® + Wy)}, 4.2)
while Gy and Uy are given by
cos(® + W) _ /@)
Go=——-—7—""—, Uy=U -3 tan ¥od® ¢ . 4.3
0 2(14 W) cos Wy 0 exp{ O, o @

The leading-order terms Wy, Fy and Uy represent solutions for the ideal limit ¢ =7 /2, with
(4.2) and (4.3) first solved by Cox and Hill [19]. The solution procedure is analogous to that
described earlier for (3.2) and (3.3), and produces the parametric result

I (®) 3w~ 13e?/3 — [ (w)
H=tan(®+¥Yy)=——, £E=cot® = ,
Cy C

where w is the parameter, / (w) the integral defined by

4.4)

I(co):/ BB dr 0y, 4.5)
0
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and Cy and C, constants of integration. Furthermore, Gy and Uy are given parametrically by

_ Uo{C3 43w e — 1 ()2}

G 1 w_2/3e_w/3[cg+l2(w)]
0= 0= ’
wc{C% + [3w;1/3ewc/3 _ I(wc)]2}3/2

T 6{C2+[Bo A3 — [P}

(4.6)

where the parameter value w=w, corresponds to ® =0,.
The correction term for the stress angle W, is found to satisfy the linear equation

20 =20 {—4(1+¥)) tan(O+Wp)+cot 6 —3 tan Wo 42 { ¥ [tan(O+Wy)+3 tan W]
2(1+ lIJ(’))[(l + \IJ(’))(3 cos ® sec Wy sec(® + Wy) —4) +tan(® + Yp)(2tan ¥y — cot ©) +
+3tan? \115 —cot © tan Wy — 1]} + ¥ [2 — tan ¥y tan(O + W) + tan® Wo] +
+2(1 4 W))*[tan(® 4 Wp) (3 + 2 tan? W) + tan Wy (2 + tan? Wo)]+
+(14+¥))[—2(2+tan® Wp) (cot ®—tan Wo) —(tan Wo-+tan(O+Wy))(14-cot © tan Wo) +
+tan Wo(5+3 tan? U) +tan(® + ¥o) (3 + tan? Wo)]+ 2 tan Wp(cot ® —tan \110)2,
4.7
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where W is given by the leading-order solution (4.4). The method for solving this ordinary
differential equation is presented in Appendix C, along with the analysis for determining G
and Uj. The result is that the correction terms are given by

__ L v Yr3w3el3 1 (1 U‘” _ }
qjl_c§+12(w) {C4(1 ©) + 530 e + (1 — ) )] i (1—1)K (t)dt + Cs
—é(l—w)/ [3;2/3ef/3+(1—t)l(z)]K(r)dt},
0
w~'Pe 203G, 23 w312 L 72 dv; v 2, 2,2

—Bo™ e [(w) — €3 — I*()][60* 3 I (w) — (1 + w)[C5 + 12(0))]]} ,

U w
U :__02 / 17237 B3+ 1P ()][2C2 W + 1 (1)]dr
6C3 Jo,

U w
+ 02/ 1~1B3e=2B1C3 + 1P (1)Pdr, (4.8)
18C2 Jo,

where C3 and Cy4 are constants of integration, Gy given by (4.6)1, Uy given by (4.6),, and the
function K given by the expression

—1/3 312
2+[21(w)—3w /3e0/3] +Cia)’l/3e“’/3[3a)’1/3e“’/3—I(a))]+

K(w)=

Crw )
1
+fw*4/3e*2w/3[c§ + ()33 1 (0) - C3 - I ()] -
2
1
—farlﬁe*w“(l +0)[C3 + Bo~ e — 1(0))*1. (4.9)
2

4.2. APPLICATION OF BOUNDARY CONDITIONS

From (4.1); and (2.38) we see that the appropriate boundary conditions are

Wo=pur, ‘I’1=ltanul, on O=ou,
’ 1 (4.10)
Vo=—u, Y1=—5tanpuy, on O=ay,

which are used to determine the values of the constants C; and C; in the leading-order solu-
tion W given by (4.4)—(4.5), and the constants C3 and Cy4 in the correction term W) in (4.8);.
The analysis for this procedure is given in Appendix D.

4.3. RESULTS

In order to examine the accuracy and applicability of the full perturbation solution given by
(4.1) of an axially symmetric hopper with a cone-in-cone insert, as depicted in Figure 3, we
choose oy =m/6 and ap =7/12 (x; =30° and ap =15°), noting from [5] that the angle that
the sidewall of the hopper makes with the z-axis is generally assumed to be twice the angle
that the insert makes with the z-axis. Further, we assume u; =u>=m/12, so that the surface
on both sidewalls possess the same level of friction, and for four values of the angle of inter-
nal friction, namely ¢ =7n/18, n/3, n/4 and /6, Figures 7, 8 and 9, respectively, show the
comparison of ¥(®), G(®) and U(®)/U as determined from a full numerical solution of the
governing Equations (2.30), (2.31) and (2.35), the zeroth-order approximation given by (4.4)
and (4.6), and the full perturbation solution given by (4.1) and (4.8). We note that ¢ is a
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Figure 7. Comparison of the numerical, the zeroth-order and the full perturbation solutions for ¥(®) for ¢ =
T7/18, =/3, m/4 and 7 /6.

decreasing function of 7/2—6 in Figure 4, while W is an increasing function ® in Figure 7.
This behaviour arises since ¥ is measured from the r-axis in the direction of increasing 6 (not
/2 —0), while W is measured from the R-axis in the direction of increasing ®. From Figure 9
we again find that near the middle of the material the magnitude of the velocity is greatest,
while due to the material being “held up” on the walls, the velocity decreases towards both
the insert and the hopper walls. Finally, due to gravity the material is again moving faster at
the insert wall than the hopper wall.

From the figures, we see that the full perturbation solution gives an excellent estimate to
the full numerical solution for values of angle of internal friction as low as ¢ =mx/4, while
still providing a reasonable estimate for an angle of internal friction equal to ¢ =m/6. For
all cases considered, the full perturbation solution gives a much improved estimate than the
zeroth-order solution, and we note that the steeper the sidewall of the hopper, the better the
estimate from the full perturbation solution.

5. Rate of work
In this section we check the necessary physical condition of the rate of work being non-neg-

ative for both the two-dimensional and axially symmetric perturbation solutions presented in
Sections 3 and 4, respectively.
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5.1. RATE OF WORK FOR THE TWO-DIMENSIONAL PROBLEM

To examine the rate of work for steady quasi-static plane strain gravity flow through a two-
dimensional hopper with a wedge-in-wedge insert, we find from [37, page 482] that for the
solution to be physical, the rate of plastic work is required to remain non-negative, resulting
in the inequality

dw
— =tr(od) >0, 5.11
dr (od) 2 (5.11)
where dW/dr denotes the rate of plastic work, tr denotes the usual trace of a tensor, o is the
Cauchy stress tensor and d is the strain-rate tensor. In terms of cylindrical polar coordinates
(r,0) for two-dimensional plane strain flow, as defined by Figure 2(b), the non-zero compo-
nents of o are o,,, 0r9, 0py and o,,;, while the non-zero components of d are given by
a 110 d 10
_ vy 4 |:_ vr+ ) Ugjl’ dop— 1 v v

dyy = =— =—— 4 —. 5.12
T o ro 2 r89+r ( )

r 060 or
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Figure 9. Comparison of the numerical, the zeroth-order and the full perturbation solutions for U(®)/U for ¢ =
T /18, 7/3, /4 and 7 /6.

Thus, from (2.5), (5.11)—(5.12), we require

dW 1 v, dvr dvg Vg n 1 dvg n vy
dr ”a roo ar r| | rae T
131)9
r 89
Bv, 10vg v, dvg 10v, vy
- 2 - - — 2 5.13
H: r 00 ri| Sw_'_[ar—’_ra@ ri|sn 1/[} ( )

so that from (2.14); and (2.16), the inequality (5.13) becomes
. du
sin 21//£ —2ucos2y >0, (5.14)

noting that ¢ >0. Further, from (2.17), (5.14) simplifies to give

1+sin¢cos2w>
sing+cos2y —
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since u <0 (the flow of material is towards the apex of the hopper). We can immediately
see that for the extreme case ¢ = /2 the rate of working is always positive. Given we have
restricted ourselves to the range —7 <y <m, for ¢ <m/2 it follows that we must have

T 1
|1/f|<z+§¢ (5.15)

for the rate of energy dissipation to remain non-negative.

For the two-dimensional problem considered in this paper, it is straightforward to test the
rate of working condition (5.15). All that is required is to check the plots of i versus 6, like
those presented in Figure 4. In fact, given the boundary conditions (2.20), we know that

T 1 T 1
W(V1)>—<Z+§¢>, w(V2)<Z+§¢,

so a sufficient condition for (5.15) to hold is that there are no local minima or maxima over
the range y; <6 <y». We have checked that the condition (5.15) holds true for a variety of
parameter values, as required.

5.2. RATE OF WORK FOR AXIALLY SYMMETRIC PROBLEM

For axially symmetric flow in terms of spherical polar coordinates (R, ®, ®) as defined by
Figure 3, the non-zero components of ¢ are denoted by orgr, ore, cee and ogpe while the

non-zero components of the rate-of-deformation tensor d are given by
oVg 1 |:l aVg Ve V@] 10Ve Vg

“°"R90 R’

Vr

Vo
. Tk 26 DD R cot® + R

2|90 TorR R
Thus, from (2.21), (2.26) and (5.11), we require

dw Vi 1aVe Ve Ve 1aVe Vi Vo Vi
=2 g2 ol = =& _0 oo | — 2 4 IR 29 cot@+ R
dr ~ ORRGR +0RO[R 50 TR R |T7°|R9e TR T RO R

Ve 1aVe 2V Ve Ve 1dVe Vi

— p]ZR, AL IR IR 29Y0 TR osow
{8R+R8®+R+RCO Tk R0 ® OV
[1 Wk Ve Vo Vi

. Ve
— — 20+ —cot®+— 3 >0
R 30 ' 9R R}Sm TR +R}_’

which, after substituting (2.32); and (2.34), becomes
. dUu
sm2\IJE+U(1—3COSZ\I!)20, (5.16)

noting that Q >0. Further, from (2.35), (5.16) simplifies to give the rate of work inequality

3—sing+ (3sing — 1) cos2W -
sin ¢ + cos 2W -

(5.17)

We again note that for the special case of sin¢ =1, the rate of work inequality (5.17) is always
satisfied. For all other values of ¢, we must have

T 1
Yl < —+ =¢. 5.1
Wl <F+56 (5.18)

This condition has been checked for a variety of parameter values for the problem considered
in Section 4, and was found to hold true in each case. We conclude that the choice of hoop
stress (2.26) is not inconsistent with the important requirement (5.11).
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We mention that if the alternate condition (2.27) for the hoop stress was chosen, then
(5.17) would be replaced with the similar condition

3+4sin¢g+ (3sing + 1) cos2W -0
sin ¢ + cos 2W -

However, this inequality also implies (5.18), so the necessary condition for non-negative
energy dissipation would remain unchanged.

6. Conclusions

We have considered the problem of gravity flow of granular materials both in symmetrical
hoppers with inserts and asymmetrical hoppers. These inserts are primarily used to influ-
ence the flow of the material to ensure that mass-flow occurs, rather than funnel-flow. For
flow near the outlet of the hopper, we have applied the radial field stress similarity solutions,
which give rise to highly non-linear coupled ordinary differential equations, while the flow
fields have been determined using the non-dilatant double-shearing theory. We have analyti-
cally calculated the first two terms of a perturbation scheme valid for 1 —sin¢ <« 1, for both
the stress and velocity fields, which are then applied to the problems considered. The pertur-
bation results are in excellent agreement with a full numerical solution for large values of ¢,
as expected, and also gives reasonable predictions for values of ¢ as low as 45°.

We note here that the dynamic equations for Spencer’s double-shearing theory are known
to be linearly ill-posed (as are many other plasticity-type theories for granular flow), in the
sense that small perturbations to existing solutions may grow exponentially in time (see [38],
for example). This property puts some doubt on whether the steady solutions examined in
this study actually describe real granular flows, although, as mentioned in the Introduction,
there is experimental evidence (see [30], for example) that suggests the double-shearing theory
is indeed appropriate for flows in the neighbourhood of a hopper outlet. This topic is still a
matter for debate, and we have not pursued it here.

One of the goals of this study was to ascertain whether or not the perturbation solutions
for highly frictional granular materials could be utilized for asymmetrical hoppers and sym-
metrical hoppers with inserts, in order to calculate the granular flow patterns near the outlet
of the hopper. This has been achieved, and with the use of the non-dilatant double-shearing
theory we have confirmed that the solutions presented satisfy the physically necessary require-
ment that the rate of working be non-negative. At present it is not precisely clear under what
conditions an insert will convert a funnel-flow hopper into a mass-flow hopper (a simple idea
involves the use of an envelope curve as discussed in Subsection 2.3) page 12, but with any
future developments the results presented here may prove useful.

Appendix A. Correction terms in two-dimensions

Here we consider the ordinary differential Equation (3.9). With use of the change of variables
(3.4), we can transform this equation into

d?yn dyry 2 14h?
2 2 / 12 /
(1+h )(h+§)—d§2 +2[1+h +2h(h+5)iz]—¢§ +2| (h+&)h e B |y
_n | ) h(d+h%)
=h [(h+§)2 s(h+s)}+ NTE ,
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which, after substituting the parametric solutions for 4 and & (3.6), can be transformed into

d? d
20[C3 + 12(60)]szl + {80! I (@) + (1 — w)[C3 + I’ (0)]} % +{4e” + I’ (w) + C3n
__L 2 2 _i oy, —1/2.0/2 L 3/2 \—w/2[ 2 —1/2 /2 _ 212
= 2CQI(a))[Cz + I7(w)] Cze [~/ ¢ I(w)]+ 4C2a) e [Cy + Qw™ /e I (w)T,

where w is the parameter. Progress can be made by noting the left-hand side of this equation

is simply
d’®

o
dw?

where the variable @ is defined by ®=[C22+I 2(w)]¥1, so that we can integrate twice to find

2 —i—(l—a))d—q)—i-cb,
dw

®=Cu(l— ) + 20" + (1 — ) (»)] Um(l — K (1)dt +C3} —
0
—3(l-w) / "R (- Ik (0,
0

where C3 and C4 are constants and K () is given by (3.11).
Now, by substituting the perturbation expansions (3.1); and (3.1), in (2.13), we find that

F / /
- 2(TO%){_M‘ + 291 (1 4+ ) [tan v + cot (6 + o)+

+(1+ ) tan Yo[tan Yo — cot(8 + Yo)] + sec? Yo},

where Fy is given by (3.3);. After making the transformations in (3.4), we arrive at the expres-
sion

Fi

) (1+hH)(h+8)* dy >
Fl_z(h+§)2 {2 o ¥+2(1+h Yh+E)Y +
252
= he)(1 2 iy~ LEI

which can be simplified further to (3.10), with use of the parametric solutions (3.6).
Finally, from (2.18), (3.1)1, (3.1)3, (3.4) and (3.6) we find that u; is

e
Uy =ug f (241 + tan yg) sec” Yodo
6

= {e”f[cg + P ()P —e[C3 + P@) +
8C3
42 / 1712e712[C2 + 12 ()][2Ca +I(t)]dt} ,

where ug is the leading-order solution (3.8)>, and v is the correction term (3.10);. This
expression may be simplified to give (3.10)3.

Appendix B. General solution for asymmetrical wedge hopper

For an asymmetrical wedge hopper, the general solutions for the leading-order and correction
terms in the region 7 /2 <6 <y, are given here. The leading-order solution for g is

I(w) 25 12e8/2 I (5)

cot(9+1//o)=D—2, tanf = D (B.1)
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where s acts as a parameter, I(s)=J(s) + D;, and D; and D, are arbitrary constants. The
solutions for Fy and ug are given parametrically by

sT12e52[D3 4+ 1%(s)] it s {D3+[2s71%e2 — 1(s)]}

, U= B.2
{D%+[2s‘1/zes/2—I(s)]z}l/2 (B2)

Fo= ,
Se {D§ 25, Pese/2 - 1<sc)12}

FNY-

where the parameter value s =s. corresponds to 6 =6,.. The correction terms are given by

1 1 \
%:71)%“2(3) {D4(1—s)+4[2s1/2e P4 (1—s5)I(s)] [/0 (l—t)K(t)dt+D3i| —
—i(l—s)/S[Ztl/ze’/z—i-(l—t)I(t)]K(t)dt},
0
1/2,—s/2
Fi= Fo%[D%Jrlz(s)] {SDZCL‘T +4Dyy 4 (1+5)s e[ D3+ 1%(s)] (B.3)
2 s

—1as 72
TP 87,1}

D3 +12(s)

u1=8”l§2{e*[D§+12(sc)]2—e5[D§+12(s)12+2 / 1712 DI+ 1P (O)[2D2y + 1 (1)]dt ¢,
2 Se

where D3 and D4 are constants of integration, Fy given by (B.2)1, ug given by (B.2),, and the
function K given by the expression

1 2 ,
K(s)= —2—D2s*‘/2e*~‘/21(s)[13§ +IP()F - D—zs*”ze‘/z[zs”ﬂes/2 —1(5)]
) (B.4)
+ES€—S[D% + (2s—1/zes/2 _ I(S))Z]Z'

These expressions are equivalent to (3.6)—(3.8), and (3.10);—(3.11), except we have assigned
different labels to the parameter and the constants of integration.

Appendix C. Correction terms in axial symmetry

Here we consider the ordinary differential equation (4.7). With use of the change of variables
(4.4), we can transform this equation into

d>y, dw, 31+ H?)
1+ H? H 4HE+H)H +3(1+ HH)— + |26+ H)H? - ———H' | W
(I+H*)(E+ )déz +[AHE+H)H +3(1+ )]d§+ E+H) ErH 1
(1+8%)? (1+8)? (1+H»)(HE 1)
= +H)———— |H?— |1+ (H—-£)>— H' + :
|:E($ ) (E+H)? (=) (E+H)? (¢+H)?
which, after substituting the parametric solutions for H and & (4.4), can be transformed into
2,72 dZ\yl 2/3 w/3 2, 72 dv, 1/3 .2w/3 2, 72
3w[C5+17(w)] P +H1207 e [ (w)+(1—w)[C5+1 (a))]}a—}-{&o e +Ci+H17 (w) IV

3 1
=Czw’1/3e‘“/3+C—wl/Sezw/3[3w’l/3ew/3—I(w)]—fwwe’“’/}(l+w)[C§+(3w’1/Se“’/3—I(w))2]2—|—
2 2

1 1
+Fw*1/3ew/3[21(w)—3ar1/3ew/3]2+f(ﬁ”e*wﬁ[c§+12(w)][3w*1/3ew/31(w)—c§—12(w)],
2 2
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where w is the parameter. Progress can be made by noting that the left-hand side of this equa-
tion is simply
d’o
o
do?
where the variable ® is defined to be CD:[C% + I?(w)]¥1, so that we can integrate twice to
find

do
3 +(1—-—w)— + &,
dw

P=Cs(l—w)+ %[3602/%”’/3 +(1—w)(w)] [/w(l —t)K(t)dt+C3]
0

—é(l —w) /Ow[3r2/3ef/3 +(1=nIO]K (H)dr,

where C3 and Cy4 are constants and K (¢) is given by (4.9).
Now, by substituting the perturbation expansions (4.1); and (4.1); in (2.31), we find that

+2W¥[tan(® + ¥p) — tan Yo

G Go | 2¥] +cot © tan Wy — 2 tan® Wy — 1
) 1+

—tan Yo[tan(® + Wy) 4 tan \IJO]} ,

where G is given by (4.3);, and can be simplified to (4.8), with the use of the parametric
solutions (4.4).
Finally, from (2.36), (4.1)1, (4.1)3 and (4.4), we find that U; is

30y

U= >

)

f(2\111+tan\llo)seczllfo de,

CH

_ U0 [ 53 —ij3cp2, 12 Uo [ 13 —2/3;2 L 1202

= 5 t e P[Cy+1 (t)][2C2\I/1+I(t)]dt+—2 t e [C5+17(1)]"dt,
6C2 8C2 /..

we 1 2
where Uy is the leading-order solution (4.6);, and W; is the correction term (4.8);. This
expression may be simplified to give (4.8)3.

Appendix D. Constants of integration for axial symmetry

In the following, we will use the integral
w
J(w):f 1B Bds, (D.1)
0

so that from (4.5) we have I (w)=J(w)+ C;. Now, for the case of a cone-in-cone insert (see
Figure 3) we need only consider the domain «y <® <«y, since the flow is symmetrical around
®=0. We suppose that the parameter w in (4.4) takes the values w=w; and w=w, at @ =0
and ® =0, respectively. By applying the boundary conditions (4.10); and (4.10)3, we find the
constants C; and C; are given in terms of these parameter values by

3w, Pe2/3 — J(w)) + J (1)
cotan +tan(oy + )

Ci=Crtan(oy + u1) — J(w1), Cr= (D.2)

’

while the values of w; and w; are determined by the pair of transcendental equations
tan(oq + ) — tan(on — ©2)
cotay +tan(oy — o)
1/3
<a)2) / c@1—w2)/3 _ cotay +tan(oy + wq)

| cotay +tan(ay — o)

1
s e L @) — T @)=
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The other two boundary conditions (4.10); and (4.10)4 provide the following equations for

C3 and Cy4
= 1 2 2 2 2 2
= M on —mM@) {2(m‘a““2[cz+’ (@2)]+tan py[C3 + I (@) +
H—on [ M(’)K(f)d“rmM(wz)/wz(l—t)K(t)dz—M(wl)/wl(l—t)K(t)dt},
w) 0 0

Cy

1 1
" M(w)—mM (w) {_2<1—w2>

M (w1)M (w2) w(ll_t)K(t)dt _ ll:mM(a)z)/w;\/[(t)K(t)dt — M(wl)/wZZW(t)K(t)dt]} ,
9(1—602) ) 9 0 0

(tan 1 M (0)[C3 412 ()] H+tan ua M (0)[C3+1% (02)])+

where M(w) and m are defined by

1—
M(w) =303+ (1 —)(®), m=—02L,
1—wy
respectively.
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