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Die filling from a stationary shoe in a vacuum and in the presence of air was numeri-
cally analyzed using an Eulerian-Lagrangian model, which employs a discrete element
method (DEM) for the particles and computational fluid dynamics (CFD) for the air with
a two-way air-particle interaction coupling term. Monodisperse and polydisperse pow-
der systems have been simulated to explore the effect of the presence of air on the die
filling process. For die filling with monodisperse powders, the influences of particle size
and density on the flow behavior were explored. The numerical simulations revealed that
the presence of air has a significant impact on the powder flow behavior, especially for
systems with smaller and/or lighter particles. Flow has been characterized in terms of a
dimensionless mass flow rate, and it has been shown that for die filling in a vacuum this
is constant. The flow characteristics for die filling in air can be classified into two
regimes. There is an air-inert regime in which the particle size and density are suffi-
ciently large that the effect of air flow becomes negligible, and the dimensionless mass
flow rate is essentially identical to that obtained for die filling in a vacuum. There is also
an air-sensitive regime, for smaller particle sizes and lower particle densities, in which
the dimensionless mass flow rate increases as the particle size and density increase. The
effects of particle-size distribution and adhesion on the flow behavior have also been
investigated. It was found that, in a vacuum, the dimensionless mass flow rate for poly-
disperse systems is nearly identical to that for monodisperse systems. In the presence of
air, a lower dimensionless mass flow rate is obtained for polydisperse systems compared
to monodisperse systems, demonstrating that air effects become more significant. Fur-
thermore, it has been shown that, as expected, the dimensionless mass flow rate
decreases as the surface energy increases (i.e., for more cohesive powders). � 2008
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Introduction

Die filling is an important stage in powder compaction
which is widely used in the powder metallurgy, ceramic,
pharmaceutical and chemical industries. Powder flow during
die filling is a key determinant of the outcome of the entire
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powder compaction process, and, therefore, exerts a signifi-
cant influence on the final properties of the products.1 Fur-
thermore, a high powder flow rate and low segregation tend-
ency during die filling are likely to improve the manufactur-
ing efficiency and product quality. This has motivated
increased interest in the study of powder flow characteristics
during die filling.2,3

The flow behavior of powders during die filling is deter-
mined by a number of factors, including powder characteris-
tics (particle size, size distribution, particle shape, density,
initial packing or surface properties), apparatus features (shoe
or die design), and operating conditions (speed, aeration,
moisture, temperature, the presence of air, suction or history
of applied stress). Many experiments have been conducted to
evaluate the influence of these factors. Bocchini4 observed
that filling densities decrease with decreasing die width due
to the presence of sparse boundary layers at the die walls.
Haskins and Jandeska5 used computed tomography to deter-
mine the spatial powder distribution, and found that the pow-
der density distribution depends on the orientation of the die
cavity and the die geometry. Demetry et al.6 developed tac-
tile sensors as a tool to evaluate the density uniformity in
powder beds after die filling, and found that pouring the
powder immediately above the die opening rather than from
the side of the die results in a more uniform density distribu-
tion. The effects of several operating conditions such as
shaking, settling time, the powder level in the shoe, and the
presence of air on the die filling process have been examined
by Sawayama and Seki.7 They observed that the die filling
speed can be increased by reducing the powder level in the
shoe, shaking the shoe or using an air-replacement shoe.
Hjortsberg and Bergquist8 investigated the effects of shoe
motion and powder level in the shoe on the density variation
in a ring shaped die, and found that the powder density is
higher in the sections orthogonal to the direction of shoe
motion and increases with the settling time, shoe speed and
number of shoe passages. However, the density was found to
be insensitive to the amount of powder in the shoe if the
powder level is above a critical value. Some other operating
conditions, such as aeration or suction, were also found to
have a significant impact on the filling process. It has been
reported that the powder flow rate and uniformity of fill can
be improved by using a fluidized fill shoe,9 or a suction fill-
ing system.10

Using high-speed video observation of a model shoe-die
filling rig, Wu et al.11 investigated the influences of powder
characteristics, shoe kinematics and air flow on the die filling
process, and identified two powder flow patterns: nose flow,
in which the powder flows over the surface of a nose shaped
flow stream and avalanches into the die, and bulk flow, in
which the powder is delivered into the die by detaching from
the bottom surface of the powder mass. They found that the
nose flow promotes fast-air evacuation and rapid free surface
flow, so that the overall powder flow rate is increased when
the nose flow becomes the dominant flow mechanism. When
the die opening is completely covered by the powder, bulk
flow starts to dominate the die filling process, the filling effi-
ciency is decreased, and air flow becomes significant and
inhibits the powder flowing into the die. For some pharma-
ceutical powders, Sinka et al.12 and Schneider et al.13 pro-
posed a third flow mechanism: intermittent flow, in which

the powder flow occurs as a result of a series of discrete
instabilities with the release of large chunks of agglomerated
powder into the die. In order to interpret the experimental
results quantitatively, Schneider et al.14 used dimensional
analysis to provide a framework for extrapolating the results
to other die and shoe geometries.

Die filling has also been modeled using DEM by Wu
et al.15 who demonstrated that DEM can model the powder
flow behavior during die filling in a vacuum. A simplified
algorithm was also incorporated in DEM by Wu and Cocks16

to model the effect of the build-up of air pressure for die fill-
ing in air, where the air drag effect and particle-air interac-
tion coupling effect were ignored. Although the study
revealed that the simplified model can capture the essential
feature of the build-up of air pressure on the flow kinematics
of powder, they envisaged that there was still a need to de-
velop a more rigorous model in which the dynamics of air
and powder, and their interactions are considered thoroughly
in order to model the major effects of air during die filling
as observed experimentally.

Consequently, in this article, a coupled DEM and CFD
method, in which the air-particle interaction is determined by
a combination of pressure gradient, viscous stress and drag
force, is employed to analyze the die filling process. This
coupled DEM/CFD method has proved to be capable of
modeling the complicated interaction between the air and the
particles during fluidisation17,18 and die filling.19 Using the
coupled DEM/CFD method, the effect of air on powder flow
behavior during die filling is examined from simulations in
air and in a vacuum. In addition, the influence of powder
characteristics (particle size, density and size distribution) is
investigated. Since most real powders, in particular, pharma-
ceutical powders, are more or less cohesive, simulations
using cohesive powders are also performed to explore the
influence of cohesion.

Computational Model

The coupled DEM/CFD method used in this study was
originally developed by Kafui et al.17 to model two-phase
(gas-solid and liquid-solid) systems. The DEM/CFD code is
an advanced version of TRUBAL, which is the DEM code
originally developed by Cundall.20 Using this method, a
powder is modeled as an assembly of spherical solid particles
which interact with each other, and the interactions are gov-
erned by rigorous contact models based on classical contact
mechanics.21–27 The position of each particle within the sys-
tem is incremented at fixed time steps by integrating the
equations of motion which are governed by Newton’s second
law. The air is treated as a continuous fluid phase governed
by the continuity and momentum equations. A fluid-particle
interaction scheme is introduced to model the two-way cou-
pling between the two phases. A detailed description of the
DEM/CFD method was provided by Kafui et al.,17 and the
distinctive features of the model used in this study are:

1. The interaction between elastic spheres is modeled
using algorithms based on classical contact mechanics,26 in
which the theory of Hertz21 is used to model the normal
interaction, and the theory of Mindlin and Deresiewicz28 is
used for the tangential interaction. This enables the evolution
of contacts to be determined using physically realistic parti-
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cle properties, such as Young’s modulus and Poisson’s ratio,
compared to many other DEM codes with spring-dashpot
type contact models, in which artificial contact stiffness’s are
used, and the link with the physical properties of the par-
ticles is obscure.

2. Contact laws for autoadhesive particles have been devel-
oped and implemented so that cohesive powders can be mod-
eled. The JKR theory,22 which extends the Hertz theory to
account for surface energy, is used to model the normal interac-
tion, with the tangential interaction between autoadhesive par-
ticles modeled using the theory developed by Thornton.23

Two-phase flow of autoadhesive particles in air can, therefore,
be analyzed rigorously, enabling the flow and mechanics of co-
hesive powders in air and in a vacuum to be explored.

The Numerical Model of Die Filling

All simulations were performed in two dimensions, but the
powder bed was treated as a monolayer of spheres, from
which the void fraction is calculated with the average diame-
ter as the thickness of the powder bed.17 The schematic lay-
out of the die filling system is shown in Figure 1. The sys-
tem is composed of a top container, which is generally
referred to as a shoe, a bottom container which is the die,
and a shutter. Initially, a specified number of particles were
randomly generated in the shoe, then deposited under gravity
in the absence of air until they settled to a steady state with
negligible kinetic energy, i.e., when the mean-particle veloc-
ity is of the order of 1026 m/s or smaller. The powder bed is
then color-banded so that the macroscopic flow patterns can
be visualized. To consider the effect of air on the powder
flow, air initially fills the void spaces in the shoe and die
regions at uniform pressure (no pressure gradients). The com-
putational fluid cells and boundary conditions used for the
die filling simulations are schematically shown in Figure 2,
in which the fluid region is partitioned uniformly. The air is
modeled with interior fluid cells (1), the walls are treated as
impermeable with no slip boundaries (3), and the top of the
shoe is modeled using continuous gas outflow wall cells with
free slip boundaries (6). All quantities such as air pressure

and air velocity are averaged in the fluid cells, and the void
fraction of each cell is defined by the total volume of par-
ticles inside the cell. As argued by Tsuji et al.29 the size of
the fluid cells should be smaller than the macroscopic motion
of bubbles (to simulate the evolution of bubbles and the
detailed fluid flow inside the bubbles), but larger than the
particle size (to avoid zero void fractions). As typically
adopted in simulations of fluidized beds,29 the size of the
fluid cells is set in the range of 3–5 times the average parti-
cle diameter in this study. The die filling process is started
by suddenly removing the shutter so that the particles start to
flow into the die under the influence of gravity.

In this study, except when stated otherwise, the particles
are assumed to be elastic with a Young’s modulus of 8.7GPa
and Poisson’s ratio of 0.3. The interparticle and particle-wall
friction coefficients are set to a value of 0.3. The air has a
temperature of 293 K and a viscosity of 1.8E-5 kg m21 s21.
Standard atmospheric pressure (101325 Pa) is assigned as the
initial air pressure. For all simulations performed, the width
of the shoe is set as twice that of the die.

Die fillings with monodisperse powders are considered
first. Four groups of simulations have been performed to
investigate the effects of particle size and density, as shown
in Table 1. In Group 1, the solid particle density qs is fixed
at a value of 1,500 kg/m3, and different particle sizes dp are
used to investigate the effect of particle size. In Group 2, the
particle size is fixed at 130 lm, and different solid densities
are used to investigate the effect of particle density. In Group
3, powders with particle sizes equal to or larger than 500 lm
are used, and a larger die is used to maintain the ratio of par-
ticle size to the width of die opening. In Group 4, powders
with a relatively large particle size of 340 lm and higher
solid densities are used. Groups 3 and 4 are special cases
with larger particle sizes and densities, for which the influ-
ence of air on the flow behavior is expected to be negligible.
The reason to consider these two groups will be further dis-

Figure 1. The numerical model for die filling.

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

Figure 2. A schematic diagram of the computational
fluid cells and boundary conditions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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cussed in the next section. After initial deposition, all the
powder beds considered have similar void fractions in the
range of 0.447–0.457.

Die Filling with Monodisperse Powders

Die filling in air and in a vacuum

The presence of air can have a significant impact on the
flow behavior of powders during die filling.11,16 In order to
compare the flow behavior of powder during die filling in air
and in a vacuum, simulations with a monodisperse powder
system composed of particles of diameter 50 lm and density
1,500 kg/m3 were performed. Figure 3 shows the time history
of the mass of particles fed into the die for die filling in a
vacuum and in air. It is found that for die filling in a vacuum
the flow of powder into a die is accelerated from the initial
steady state. A relatively low mass flow rate is observed at
the very early stage of the process immediately after the
shutter is removed (say t < 0.005 s). The flow rate increases
very sharply thereafter, and remains constant during most of
the filling process until the die is almost completely filled
when a deceleration stage is then observed. For die filling in
air, it is also observed that there is an acceleration stage at
the beginning of die filling, and a deceleration stage when
the die is almost completely filled. However, the powder
flow process in air can be divided into two distinct regimes:
a slow flow regime at the early stage of die filling up to the
instant A3 (as labeled in Figure 3), and a fast flow regime
thereafter. It is evident that the die is filled much more
slowly in air than in a vacuum. This is due to the counter-
flow of the air against the direction of the powder flow. In
order to explore the mass flow behavior presented in Figure
3, a detailed examination of the flow patterns of powder and
air was carried out and the results are presented in Figures

4–8, in which typical features are shown at various instants
labeled in Figure 3.

Figure 4 shows the powder flow patterns for die filling in
a vacuum. It can be seen that the powder flows into the die
smoothly and quickly with two narrow regions of retarded
flow adjacent to the edge of the die opening, forming two
narrow empty regions close to the die walls. This pattern is
consistent with the experimental observation of powder dis-
charge from a bin and is generally referred to as the empty
annulus.30 The contact force distributions for the powder at
various instants are shown in Figure 5, in which the lines are
drawn passing through the contact points in the direction of
the forces, with the thickness of the lines indicating the mag-
nitude of the local contact force relative to the current maxi-
mum contact force. It is observed that as the powder flow
into the die commences, the contact forces disappear quickly
from the bottom of the powder bed over the die opening
(Figure 5b–e). This absence of any significant number of
interparticle contact forces persists until the die is almost
completely filled, whereupon a dense enduring contact force
network is formed (Figure 5f).

The powder flow behavior during die filling in air is
shown in Figure 6, and the corresponding contact force dis-
tributions and air velocity and pressure distributions are
given in Figures 7 and 8, respectively. In Figure 8, the length
of the vectors represents the relative magnitude of the local
air velocity scaled to the maximum air velocity during the
whole die filling process. It can be seen that due to the pres-
ence of air in the die, the powder initially flows into the die
very slowly and mainly from the center of the die opening
(Figure 6a,b). Thus, two air bubbles are formed next to the
die walls and separated by the flowing powder at the center
(Figure 6b). The contact force network above the die opening
persists over an extended period of time compared to that in
a vacuum (Figure 7a–c). The air is initially dragged by the
flowing powder to flow downward at the center of the die.
Due to the restriction of the die boundaries, the air flows

Figure 3. The variation of the mass of particle depos-
ited into the die with the filling time for die
filling in a vacuum and in air.

(Die size: 2 mm 3 2 mm). [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Table 1. Simulation Groups

Die size
(mm)

Particle
diameter
dp (lm)

Solid
density

qs (kg/m
3)

Void
fraction e

Group 1 232 25 1500 0.448
40 0.450
50 0.447
60 0.449

737 90 1500 0.447
130 0.450
180 0.449
260 0.453
340 0.447
430 0.457

Group 2 737 130 400 0.447
700 0.451
1500 0.450
2500 0.449
3500 0.448
5500 0.449
7800 0.450

Group 3 18318 500 1500 0.448
600 0.447
700 0.448
800 0.448
900 0.449

Group 4 737 340 3000 0.447
5000 0.448
7000 0.447
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sideways at the bottom and then turns upward (Figure 8a).
As shown in Figure 8b, the air flows upward at a higher ve-
locity in the centers of the bubbles, and it is also observed
that the air, dragged by downward flowing clusters of par-
ticles along the die walls (Figure 6b), flows downward near
the die walls. As the powder flows into the die, the volume

of the free space occupied by air decreases, and, therefore,
the overall pressure of the entrapped air increases (Figure
8a,b). The pressure distribution with a striped pattern is
observed in Figure 8b. This striped pattern is formed as a
result of the air being compressed by the main powder
stream flowing in the center with clusters of particles falling

Figure 5. Contact force distributions during die filling in a vacuum.

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

Figure 4. Powder flow behavior during die filling in a vacuum.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 6. Powder flow behavior during die filling in air.

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

Figure 7. Contact force distributions during die filling in air.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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close to the die walls. Consequently, low-pressure bands are
created along the flow paths of the main powder stream, and
the clusters of particles and high-pressure bands are induced
between. The filling process, hence, becomes much less
steady and the entrapped air bubbles hinder and disturb the
powder flow, which induces a slow powder flow as observed
in Figure 3. As more powder flows into the die, the bubbles
rise. One of them gradually shrinks and disappears, whereas
the other one grows and continues to rise until it erupts at
the top surface of the powder bed (Figures 6c,d). It is inter-
esting to note that once the center of the larger entrapped
bubble reaches the top of the die (Figure 6c), the powder
flows easily into the die from the sides of the larger bubble.
As a result, the mass flow rate is increased after the instant
A3 shown in Figure 3. With the larger bubble moving out of
the die, the contact force network above the die opening
gradually disappears (Figures 7c,d). As the air permeates
through the expanded loose powder layers above the die
opening, the air pressure inside the bubbles decreases (Fig-
ures 8c,d). The strong interaction between the powder and
the entrapped air leads to a significant mixing of particles
when they are deposited into the die (Figure 6e). Once the
die filling process is completed, an enduring contact force
network is re-established (Figure 7e). Simultaneously, the air
velocity decelerates to zero and the air pressure in the pores
of the deposited powder reverts to the atmosphere pressure
(Figure 8e).

Mass flow rate during die filling

In order to quantify the powder flow during die filling, an
average mass flow rate M is defined as

M ¼ m

t
: (1)

in which m is the total mass of particles deposited in a fully-
filled die, t is the duration of die filling, and is the time
when the die is just completely filled (see Figure 3). For the
die filling cases considered in Figure 3, the average mass
flow rate in air (M ¼ 1.71 3 1026 kg/s) is much lower than
that in a vacuum (M ¼ 6.51 3 1026 kg/s).

The process of powder flow from a stationary shoe is
somewhat analogous to hopper flow and the flow of a pow-
der from a bin, for which Beverloo et al.31 proposed a well-
known empirical equation for the solid discharge rate from a
circular orifice in the form

M ¼ Cqbg
1=2D0

5=2 1� k
dp
D0

� �5=2

(2)

in which M is the mass flow rate, C is a dimensionless con-
stant, qb is the bulk density of the powder, g is the accelera-
tion due to gravity, D0 is the diameter of the circular orifice,
dp is the mean-particle diameter, k is a constant that is found
to depend only on the particle shape having a value of about
1.5 for spherical particles.30 Note that ½1� kðdp=D0Þ� is a
correction for the orifice size due to the presence of an
‘‘empty annulus’’, which is a region of retarded flow adjacent
to the orifice edge (see also Figure 4).

Theoretical models have also been proposed to predict the
discharge rates of granular materials from storage bins or
hoppers. Many of these models are based on the concept of
the ‘‘free-fall arch’’, which is an arch located at the lower
boundary surface of the powder bed. Above the free-fall
arch, particles are in contact with each other. Below the
arch, particles are no longer in contact and freely accelerate
under gravity. Based on experimental observations, Har-
mens32 assumed that the powder flow from a container is

Figure 8. Air velocity and pressure distributions during die filling in air.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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independent of the bed depth H, and the shape of the free-
fall arch is independent of the scale, so that the arch height
above the circular orifice is of the order of the diameter D0.
When the particles are accelerating freely under gravity after
detaching from the arch, their velocities on passing through
the orifice are of the order of (gD0)

1/2. By considering the
cross-sectional area of the orifice pD2

0/4, the flow rate is thus
proportional to g1/2D0

5/2, which is the same dependence as in
Eq. 2. If the thickness of the container is far smaller than the
width of the orifice, the powder flow can be treated as a
quasi-two-dimensional (2-D) planar flow. The shape of the
orifice is then a narrow rectangle of dimensions b0 3 l,
where b0 is the width of the orifice, and l is the thickness of
the container. Under this condition, by a similar analysis to
the aforementioned, the height of the free-fall arch is shown
to be of the order b0. Thus, the particle velocity passing
through the orifice is of the order (gb0)

1/2. Considering the
sectional area b0l, the flow rate is proportional to g1/2lb

3=2
0 .

Brown and Richards33 developed a ‘‘minimum energy the-
orem’’ to describe powder flow with a spherical free-fall
arch. They obtained a volumetric flow rate equation for the
powder discharge from a circular orifice in the form

Mv ¼
ffiffiffiffiffiffi
2p

p

6
g1=2D

5=2
0 ð1� cos3=2 bÞ� sin5=2 b (3)

in which Mv represents volumetric flow rate, and b is the half-
angle of the flowing zone. It can be seen that the flow rate is
proportional to g1/2D

5=2
0 , which is consistent with the Beverloo

equation (Eq. 2), regardless of the effect of the ‘‘empty annu-
lus’’. Based on this theory, a volumetric flow rate for planar
flow can also be derived. As indicated by Brown and Rich-
ards,33 the radial velocity in plane strain is given by

mr ¼ g1=2r
3=2
0 cos1=2 h
r

(4)

where r0 is the radius of curvature of the free-fall arch, r and h
are the radial and angular coordinates, respectively, for a posi-
tion in the flowing zone. Thus, the volumetric flow rate for
planar flow can be written as

Mv ¼ 2

Z b

0

mr lr dh ¼ 2g1=2 l r
3=2
0

Z b

0

cos1=2 h d h (5)

where l is the thickness of the powder bed. Since the width of
the orifice b0 ¼ 2r0sinb

Mv ¼
ffiffiffi
2

p

2
g1=2l b

3=2
0

R b
0
cos1=2 h dh

sin3=2 b
(6)

Davidson and Nedderman34 proposed a mass flow rate equa-
tion for quasi-two-dimensional hopper flow as

M ¼ qbg
1=2lb

3=2
0

sin1=2 a

1þ K

2ðK � 2Þ
� �1=2

(7)

in which b0 is the orifice width, l is the hopper thickness, a is
the hopper half-angle, K is a function of the internal friction
angle and is in the range of 2.5–7.5 for commonly encountered
materials.30

The above analyses independently demonstrate that the
flow rate is proportional to g1/2lb

3=2
0 for the quasi-two-dimen-

sional planar flow. Hence, a dimensionless flow rate M* is
proposed as

M� ¼ M

qbg1=2lb0
3=2 1� k

dp
b0

� �3=2
(8)

where M is the average mass flow rate defined in Eq. 1. In
Eq. 8, the presence of the retarded flow region adjacent to
the orifice edge (empty annulus) is also considered, so [1 2
k(dp/b0)] is a correction for the die opening size. Schneider
et al.14 indicated that under conditions where core flow
occurs in a vacuum, M* depends only on particle-particle and
particle-wall frictions for a given shape of orifice, i.e.

M� ¼ f ðlp; lpwÞ: (9)

where lp is the friction coefficient between particles, and
lpw is the friction coefficient between a particle and a wall.
For given materials (with load-independent friction coeffi-
cients) therefore, M* is expected to be constant.

As the powder flows into a die in the presence of air, a
negative pressure gradient is created that opposes the powder
flow. The built-up air pressure in the closed die enhances
this negative pressure gradient to further slow down the pow-
der flow, as demonstrated in Figures 6–8. By decreasing the
void fraction, the permeability of the bulk material is
decreased, so that it is more difficult for the entrapped air to
escape, and the powder flow is hindered further. The drag
force exerted by the air on the particles is proportional to the
square of the superficial relative velocity (relative velocity
between the air and the particle), which is related to the
width of die opening b0, because both the air and particle
velocities are functions of position which is scaled by b0.
The air drag also depends on the particle size dp and air vis-
cosity g. In addition, by increasing the solid density qs, the
ratio of the drag force to the inertia of particles is decreased
so that the impact of air on particles is decreased. In sum-
mary, during die filling in the presence of air, the dimen-
sional flow rate M* can be influenced by a number of addi-
tional factors, including the particle size dp (and shape), solid
density qs, air viscosity g, width of the die opening b0, and
void fraction e.

Following Schneider et al.,14 taking the bulk density qb ¼
(1 2 e) qs, g and b0 as the independent variables, the follow-
ing two dimensionless groups are introduced

g� ¼ g

qbg1=2b
3=2
0

; (10)

and

d�p ¼
dp
b0

: (11)

The dimensionless flow rate during die filling in air can then
be written as

M� ¼ f ðg�; d�p ; e; lp; lpw; particle shapeÞ: (12)
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To a first approximation, the relationship between M* and g*,
d*p is assumed to be a power law in the form of

M� ¼ A g�ð Þ�m d�p
� �n

: (13)

where A, m and n are dimensionless parameters depending
on void fraction e, friction coefficients lp and lpw, and parti-
cle shape. These parameters can be determined by fitting the
power-law relationship to the data over a range of values of
g* and d*p.

For die filling using monodisperse systems with a constant
particle density and varying particle size (Group 1 in Table
1) the dimensionless flow rate M* is plotted as a function of
d*p in Figure 9. It can be seen that for die filling in a vacuum,
the dimensionless flow rate M* is essentially constant with an
average value of 0.58. This is in excellent agreement with
the Beverloo constant C determined experimentally,30 which
is reported to be in the range 0.55–0.65. For die filling in air,
M* increases with increasing size ratio d*p for a given die
opening size b0. This can be explained as follows. The air
drag force on each particle is proportional to CDd

2
p, where

CD is the particle drag coefficient, and the gravity force on
the particle is proportional to d3p, so the ratio of drag force to
gravity is proportional to CD(1/dp). Considering that CD

decreases with increasing particle size dp, the air drag effect
becomes less significant as the particle size increases. As a
result, the mass flow rate becomes higher with larger par-
ticles due to the reduced effect of air drag. It is interesting to
note in Figure 9 that, on a log-log plot, the M* vs. d*p curves
for different die opening sizes are essentially straight lines
and parallel to each other. The best fit curves reveal that M*

is proportional to (d*p)
3/5, i.e.

M� ¼ n d�p
� �3=5

(14)

where n is a parameter depending on the particle density and
the die opening size.

From the results of the simulations using the parameters
given for Group 2 in Table 1, M* is plotted against g* in Fig-
ure 10. It is clear that, for die filling in a vacuum, M* is
again constant at a value of 0.58. For die filling in air, M*

decreases as g* increases. The relationship between M* and
g* can be approximated as

M� ¼ 0:00272 g�ð Þ�2=5: (15)

From Eqs. 10 and 15 with qb ¼ (1 2 e) qs, we obtain

M� / q2=5s (16)

for die filling in air. This indicates that the dimensionless
flow rate M* in air increases with increasing solid density of
the particles, due to the reduced effect of drag force relative
to the inertia of particles.

From Eqs. 13, 14 and 15, we can write

M� ¼ A g�ð Þ�2=5 d�p
� �3=5

(17)

The dimensionless mass flow rates M* for all the cases listed
in Table 1 are plotted against (g*)22/5(d�p)

3/5 in Figure 11. It
is clear that the data coalesce onto two master curves for die
filling in air and in a vacuum, respectively. For die filling in
a vacuum, the dimensionless flow rate M* is essentially con-
stant at a value of 0.58, and is independent of particle size
and particle density. This result is in excellent agreement
with the previous studies of hopper flow and powder flow
from bins,30,31,35 in which the coarse powders were used and
the effect of air could be neglected. For die filling in air, the
results are distinguished by two regions. For high-values of
(g*)22/5(d�p)

3/5, M* is essentially constant and close to the
result obtained for die filling in a vacuum. For smaller values
of (g*)22/5(d�p)

3/5, M* increases linearly with (g*)22/5(d�p)
3/5,

and the best fit to the data in this regime gives

M� ¼ 0:0296 g�ð Þ�2=5ðd�pÞ3=5 (18)

Figure 9. M* vs. d*
p for die filling in a vacuum and in air.

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

Figure 10. M* vs. g* in a vacuum and in air.

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

AIChE Journal January 2009 Vol. 55, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 57



The demarcation between these two regimes can be deter-
mined by setting M* ¼ 0.58 in Eq. 18. This leads to

g�ð Þ�2=5ðd�pÞ3=5 ¼ 19:6 (19)

Therefore, the intersection point (g*)22/5(d�p)
3/5 ¼ 19.6 can

be treated as a critical value to classify the two distinct
regimes of flow behavior during die filling in air. If the
value of (g*)22/5(d�p)

3/5 is less than this critical value, which
implies smaller or lighter particles, the powder flow rate is
influenced and reduced significantly by the presence of air,
and the flow rate is given by Eq. 18. This regime is
referred to as the air-sensitive regime. If the value of
(g*)22/5(d�p)

3/5 is greater than the critical value, which
implies larger or heavier particles, then the effect of air on
the powder flow becomes negligible, and the flow rate in
air is close to that in a vacuum. We refer to this regime as
the air-inert regime. This distinction should be a useful
guide for evaluating the influence of the presence of air on
the powder flow behavior during die filling.

By substituting for g* and d*p using Eqs. 10 and 11, Eq. 17
can be written as

M� ¼ B
q2sgdp

3

g2

� �1=5

(20)

where B ¼ A(1 2 e)2/3. Considering the particle solid density
qs is generally much greater than the air density qs (1.2 kg/
m3), the Archimedes number for the particles flowing in air
can be written as30

Ar ¼ qaðqs � qaÞgd3p
g2

� qaqsgd
3
p

g2
(21)

From Eqs. 20 and 21, the dimensionless mass flow rate M*

can be rewritten in terms of the Archimedes number and par-
ticle-air density ratio as

M� ¼ B Ar � Uq
	 
1=5

(22)

where Fq represents particle-air density ratio (i.e., Fq ¼ qs/
qa). A re-plot of Figure 11 is shown in Figure 12, in which
M* is plotted against Ar � Fq. It is clear that two distinct
regimes (i.e., air-sensitive and air-inert) can also be classified
by a critical value of Ar � Fq ¼ 9.56 3 106. The best fit to
the data in the air-sensitive regime gives

M� ¼ 0:0233 Ar � Uq
	 
1=5

(23)

as shown by the solid line in Figure 12.

Die Filling with Polydisperse Powders

In reality, monodisperse particle systems are rare. Most
powders are polydisperse. Hence, die filling of polydisperse
powders has also been investigated. Two groups of polydis-
perse powders were examined. For these two groups, normal
(Gaussian) particle-size distributions were assumed with the
average particle size set to 130 lm and 180 lm, respectively.
For each group, nine different size fractions were considered.
The particle-size distribution for the polydisperse system
with an average particle diameter of 130 lm, and a particle
size in the range 50–210 lm is shown in Figure 13. For the
system with an average particle diameter of 180 lm, the
range of particle sizes was 100–260 lm. After initial deposi-
tion in the shoe, the void fractions of the polydisperse
powders with the average particle diameters of 130 lm and
180 lm were 0.382 and 0.415, respectively.

Figure 14a shows a comparison of mass flow between the
polydisperse powder system and a corresponding monodis-
perse system, having the same average particle diameter of
130 lm. For die filling in a vacuum, the mass flow rate is
higher for the polydisperse system. For die filling in air, the
mass flow rate is slightly higher when a monodisperse sys-
tem is used, rather than a polydisperse one. In addition, a
larger mass of powder in a fully-filled die is obtained when
the polydisperse system is used whether in a vacuum or in
air, because of the effect of dispersion on final void fraction.
To compensate for this, the volumetric flow is also presented

Figure 11. M* vs. (g*)22/5 (d*
p)

3/5 in a vacuum and in air.

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

Figure 12. M* vs. Ar � Fq in a vacuum and in air.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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in Figure 14b, in which the apparent volume is defined as
the mass divided by the initial bulk density. It is clear that,
for die filling in a vacuum, the volumetric flow rates are the
same for both polydisperse and monodisperse powders. For
die filling in air, the volumetric flow rate is lower for the
polydisperse powder compared to the monodisperse one.
This implies, not surprisingly, that the influence of air
becomes more significant when a polydisperse powder is
considered. Similar trends were found for die filling with
monodisperse and polydisperse powders with an average par-
ticle diameter of 180 lm. For powders with the same average
particle diameter, the void fraction is lower for the polydis-
perse powder compared to the monodisperse powder. There-
fore, during die filling with a polydisperse powder, the mass
flow rate could be higher due to the denser packing regard-
less of the effect of air. However, the volumetric flow rate
could be lower with a polydisperse powder in the presence
of air, since the entrapped air in the die encounters a greater
resistance in permeating the powder bed due to the lower
void fraction, and a higher negative pressure gradient is gen-
erated to hinder the powder flow. Consequently, larger air
bubbles are formed and a narrower flow stream is induced
during die filling with polydisperse powders, as shown in
Figure 15, which leads to a slower powder flow rate.

Figure 16 shows a comparison of the dimensionless mass
flow rate M* obtained for the monodisperse and polydisperse
powder systems. By different random generations of par-
ticles, three simulations with different initial configurations
of the powder bed in the shoe have been performed for each
set of conditions. The bar graph shows the mean value of M*

for each set, with the error bar representing the standard
deviation. It can be seen that, for die filling in a vacuum M*

is almost identical for all systems. For die filling in air M* is
reduced slightly for the polydisperse powders due to the
lower void fraction.

Die Filling of Cohesive Powders

Most powders are to some extent cohesive, particularly in
the case of powders with particle sizes less than 100 lm.30

In order to study the effect of adhesion on powder flow dur-
ing die filling, surface energy was introduced for the mono-
disperse powder with a particle diameter of 50 lm. In these
simulations, the adhesive contacts for particle-particle and
particle-wall are modeled according to the JKR theory.22,23

The surface energy c is prescribed by assuming the ‘‘pull-
off’’ force is equal to k times the weight of a particle, i.e.

Pc ¼ 3pcR� ¼ k � mpg (24)

so

c ¼ k � mpg

3pR� : (25)

Thus, different surface energies c can be specified to obtain
different values of k. In addition, noncohesive powder can be
treated as a special case with k equal to zero.

Figure 17 shows the comparison of mass flow with and
without adhesion. For the powder with adhesion, k is set to 4
(corresponding to c ¼ 3.27 3 1025 J/m2). It can be seen that
for die filling in a vacuum, the flow of cohesive powder is
slightly slower than that without adhesion, and slightly fewer

Figure 14. Mass flow (a) and volumetric flow, and (b) for monodisperse and polydisperse powder systems with
average particle diameter of 130 lm.

(Die size: 7 mm 3 7 mm). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 13. Typical particle-size distribution.
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particles flow into the die. For die filling in air, the flow of
the cohesive powder is clearly slower than that of a noncohe-
sive powder, although the flow patterns are similar with a
distinctive two-stage form. As expected, the powder flow in
air is generally slower compared to the flow in a vacuum
due to the effect of air. Figure 18 shows the powder flow
pattern and contact force distribution in a vacuum at the
same instant (t ¼ 17.0 ms) as those shown in Figures 4b and
5d for die filling without adhesion. Compared to Figures 4b
and 5d, it is clear that the die filling with a cohesive powder
is slower than that for a noncohesive powder (Figure 18a),
and the stagnant zones on the ledges of the die are larger for
the cohesive powder (Figure 18b). The powder flow pattern
and corresponding contact force distribution for die filling
with a cohesive powder in the presence of air at the instant t
¼ 75 ms are shown in Figure 19, which may be compared
with Figures 6d and 7d. From the comparison, it is clear that

for die filling with a cohesive powder in air, there are more
particles still above the die opening at this instant (Figure
19a), and the contact force network can survive much longer
when the particles are adhesive (Figure 19b). This is because
of the adhesive particles sticking together, and, consequently,
it becomes harder for the air flow to break the particle bonds
and permeate the more constricted air pockets. As a result,
the die is filled more slowly in the case of cohesive powders.
The dimensionless mass flow rates for die fillings with and
without adhesion in air and in a vacuum are compared in
Figure 20. Again, each simulation was run in triplicate with
different initial configurations of the powder bed in the shoe,
and the mean value of M*, and the error bar representing the
standard deviation are presented in Figure 20. It is clear that
for die filling with the cohesive powder, M* is slightly lower

Figure 16. A comparison of dimensionless flow rates
for monodisperse and polydisperse powder
systems.

Figure 17. Mass flow with and without adhesion.

(Die size: 2 mm 3 2 mm). [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Figure 15. A comparison of powder flow patterns at the same moment in time during die filling for the monodis-
perse and polydisperse powder systems in the presence of air.

The two powders have the same average particle diameter of 130 lm. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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than with a noncohesive powder. Furthermore, the dimen-
sionless mass flow rates are much lower for die filling in air
than those in a vacuum. This indicates that the presence of
air has a more significant effect than adhesion on powder
flow, at least for the cases considered here.

Conclusions

In this article, a coupled DEM and CFD method has been
used to analyze die filling from a stationary shoe in a vac-
uum and in air. The influences of particle size, density, size
distribution and adhesion on the flow behavior were investi-
gated. It is found that the presence of air has a significant
impact on the powder flow behavior, especially for systems
with smaller and lighter particles. For the die filling in a

vacuum, the dimensionless mass flow rate M* is found to be
constant with a value of 0.58, which is in excellent agree-
ment with the Beverloo constant determined experimentally.
The flow characteristics in air depend on the particle size
and density. Two distinct regimes have been identified: (1)
an air-sensitive regime (for (g*)22/5(d�p)

3/5 �19.6 or Ar Fq �
9.56 3 106) with generally smaller and lighter particles, in
which the presence of air has a significant impact on powder
flow behavior, and the dimensionless mass flow rate
increases as the particle size or density increases, and (2) an
air-inert regime (for (g*)22/5(d�p)

3/5 >19.6 or Ar Fq > 9.56
3 106), in which the particle size and density are sufficiently
large that the effect of air flow becomes negligible, and the
dimensionless mass flow rate is essentially identical to that
for the die filling in a vacuum. In addition, it was also found

Figure 18. Powder flow pattern (a), and contact force distribution (b), for die filling with adhesion in a vacuum
when t ¼ 17 ms.

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

Figure 19. Powder flow pattern (a) and contact force distribution (b) for die filling with adhesion in the presence of
air when t ¼ 75 ms.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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that for die filling in a vacuum, the dimensionless mass flow
rate for polydisperse systems is essentially identical to that
for monodisperse systems. The presence of air has a more
significant impact on the flow of polydisperse powders than
monodisperse powders, resulting in a lower dimensionless
mass flow rate for polydisperse systems. Finally, it has been
demonstrated that the presence of adhesion will slow down
the powder flow during die filling in air and in a vacuum.
Consequently, a lower dimensionless mass flow rate is
obtained for die filling with a cohesive powder when com-
pared to die filling with a noncohesive powder.
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Figure 20. Dimensionless flow rates for different sur-
face energies.
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