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Abstract

Dense phase pneumatic conveying has been investigated through simulation, using a dis-
crete element approach for the granular particles and a finite difference method for the pres-
sure field. Both horizontal and vertical conveying are studied and compared. Studies of single
plugs or slugs promise to give insight into the performance of pneumatic conveying systems.

1 Introduction

Pneumatic conveying is a common method for
the transporting granular media, where grains
are driven through pipes by air flow. It is used
in the food industry and in civil and chemi-
cal engineering. There are two modes of pneu-
matic conveying: dilute and dense phase con-
veying. Dilute phase conveying has been stud-
ied in much detail, but not dense phase convey-
ing. Analysis of the latter is difficult, because
particle interaction is important. One observes
particle density waves that are difficult to treat
with simple models.
Dense-phase conveying can be further subdi-
vided into vertical and horizontal conveying,
depending on the orientation of the pipe. In
a horizontal tube the granular medium forms
two different structures: a slowly moving bed at
the bottom of the pipe and the traveling ripples
or the “slugs”, that fill the cross-section of the
tube and move quickly in the direction of trans-
port. In vertical tubes, particles form dense,
upward moving plugs that fill the cross section
of the pipe. The space between the plugs con-
tains particles falling downward from one plug
to another.
This article summarizes our numerical studies
of both horizontal and vertical plug conveying.
We first present our numerical method. Then,
we study the conveying system as a whole.

Granular material is injected at one end of the
pipe at a controlled rate, and removed when
it reaches the opposite end. This enables us
to study the formation and evolution of plugs
or slugs. Next, we present a revision of the
method that enables us to focus on individ-
ual slugs by studying a single plug in periodic
boundary conditions. Our preliminary results
suggest that the pressure drop across a plug
depends linearly on its length. Should future
investigations confirm this, the analysis of plug
conveying systems will be simplified.

2 Numerical Method

We couple a discrete element simulation to a
coarse-grained equation describing the gas flow
[1]. It is convenient to briefly review the deriva-
tion and assumptions of the method.
The algorithm is based on the mass conserva-
tion of the gas and the granular medium. Con-
servation of grains implies that the density ρp

of the granular medium obeys

∂ρp

∂t
+ ∇ · (uρp) = 0, ρp = ρs(1 − φ), (1)

where the specific density of the particle mate-
rial is ρs, the porosity of the medium is φ (i.e.
the fraction of the space available to the gas),
and the velocity of the granulate is u.
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The mass conservation equation for the gas is

∂ρg

∂t
+ ∇ · (vρg) = 0, (2)

where ρg is the density of the gas and v its
velocity. This equation can be transformed into
a differential equation for the gas pressure P
using the ideal gas equation ρg ∝ φP , together
with the assumption of uniform temperature.
For small Reynolds numbers the velocity v of
the gas is related to the granulate velocity u
through the d’Arcy relation:

−∇P =
η

κ(φ)
φ(v − u), (3)

where η is the dynamic viscosity of the air and
κ is the permeability of the granular medium.
This relation was first given by d’Arcy in 1856
[2]. For the permeability κ, the Carman-
Kozeny relation [3] was chosen, which provides
a relation between the porosity φ, the particle
diameter d and the permeability of a granular
medium of monodisperse spheres,

κ(φ) =
d2φ3

180(1 − φ)2
. (4)

After linearizing around the normal atmo-
spheric pressure P0 the resulting differential
equation only depends on the relative pressure
P ′ (P = P0 + P ′), the porosity φ and the gran-
ular velocity u, which can be obtained from the
particle simulation, and the viscosity η:

φ
∂P ′

∂t
= P0∇ · [D(φ)∇P ′] − P0∇ · u, (5)

where we have defined the diffusivity D(φ) =
κ(φ)/η. Eq. (5) is a diffusion equation with a
source term given by the divergence of the gran-
ular velocity u. It is solved using the Crank-
Nickelson finite difference method.
The model for the granular medium simulates
each grain individually using a version of the
molecular dynamics method described by Cun-
dall and Strack [4]. The particles are approx-
imated by monodisperse spheres and rotations
in three dimensions are taken into account.
The equation of motion for an individual parti-
cle is

mẍ = mg + Fc −
∇P

ρs(1 − φ)
, (6)

where m is the mass of a particle, x is its po-
sition, Fc the sum over all contact forces, and
g the gravitation acceleration. The last term,
the drag force, is assumed to be a volume force
given by the pressure drop ∇P and the local
mass density of the granular medium ρs(1−φ).
Since the method uses both a continuum and a
discrete element approach, an interpolation is
needed for the algorithms to interact. For the
interpolation a tent function F (x) is used:

F (x) = f(x)f(y)f(z), (7)

where the function f is

f(x) =

{

1 − |x/l|, |x/l| ≤ 1,

0, 1 < |x/l|,
(8)

The grid size used for the discretization of the
gas simulation is l.
For the gas algorithm the porosity φj and the
granular velocity uj must be derived from the
particle positions xi and velocities vi, where i
is the particle index and j is the index of the
grid node. The tent function distributes the
particle properties around the particle position
smoothly on the grid. For example,

uj =

∑

i ẋiF (xi − xj)
∑

i F (xi − xj)
, (9)

where xj is the position of the grid point and
the sums are taken over all particles.
For the computation of the drag force on a par-
ticle the pressure drop ∇Pi and the porosity φi

at the position of the particle are needed. These
can be obtained by a linear interpolation of the
fields ∇Pj and φj from the gas algorithm.

3 A global view of conveying

To provide an overview of conveying, we will re-
view simulations of vertical and horizontal con-
veying with identical parameters [5, 6]. The
setup for the simulation consists of a tube of
length L = 52.5 cm and of internal diameter
D = 7 mm. The air and the granular medium
are injected at constant mass flow rates at one
end of the tube. At the beginning of a simula-
tion the tube is empty. The mass flow rate of
the granular medium is 2.49 kg/h. The parame-
ters for the particles are: diameter d = 1.4 mm,
density ρs = 937 kg/m3, Coulomb coefficient
µ = 0.5 and restitution coefficient e = 0.5. The
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Figure 1: Spatio-temporal images of the porosity along
the tube for horizontal (upper panel) and vertical (lower
panel) plug conveying. Dark regions correspond to low
porosity (slugs or plugs), and light regions high porosity.
All the parameters, except for the direction of gravity
are the same in both simulations.

gas volume has been discretized into 150×2×2
grid nodes, which corresponds to a grid con-
stant of 3.5 mm. The gas pressure is set to
P0 = 1013.25 hPa. The dynamic viscosity of
the air is η = 0.0673 cP. The gas flow is
V̇ = 2.3 ℓ/min, corresponding to a superficial
gas velocity vs = φvg = V̇ /πD2

t .
Fig. 1 shows spatio-temporal images of horizon-
tal and vertical conveying. In both cases, the
transport is dominated by density waves. How-
ever the details of the flow patterns and the
quantitative properties are different.
The most conspicuous difference between the
flow patterns is that in the horizontal trans-
port most slugs dissolve while traveling along
the tube. Succeeding slugs grown through col-
lecting the remnants of preceding slugs. After
reaching certain length slugs do not dissolve any
more, and there is a final slug length. In the
vertical transport the growth of plugs comes
through the merging of smaller plugs. Verti-
cal plugs are slower (0.17 m/s) then in hori-
zontal transport (0.3 m/s), as the plugs must
overcome both gravity and friction. The initial
number of plugs at the beginning of the tube
is lower in the horizontal conveying, because
the number of particles needed to fill up the
cross-section of the tube is higher. Contrary
to horizontal conveying, plugs merge through-
out the tube (although much more rarely at the
outlet end). As a result, the mean plug length
increases throughout the tube.
Now let us examine the density waves more
closely. In Fig. 2, we show a snapshot of a slug
moving along the conveying pipe, and in Fig. 3

Figure 2: Image of a slug corresponding to the hori-
zontal conveying shown in figure 1. The direction of
motion is from left to right. A length of 11.3 cm is
displayed. The slug contains about 470 particles with
diameter 1.4 mm.

Figure 3: A series of simulation snapshots showing a
plug moving upwards from the vertical conveying sim-
ulation shown in Fig. 1. The height of the shown tube
is 12 cm, the frame rate is 100 Hz. A small number of
particles are colored more darkly to show that the par-
ticle velocity within a plug is considerably smaller as
the plug velocity.

a sequence of pictures showing a plug rising up-
wards through the pipe.
One important difference between these two
processes is that in horizontal transport the
particles between the slugs form a resting layer
at the bottom of the tube. In vertical case the
corresponding particles are accelerating down-
wards, the impact of these particles on a suc-
ceeding plug is considerable higher then in the
horizontal case. Examining Fig. 1 carefully, one
can see that slugs move at a constant speed, in-
dependent of their distance from the preceding
slug. On the other hand, plugs are strongly
influenced by their neighbors. Another differ-
ence is that slugs have sloping sides, whereas
the boundaries of plugs is perpendicular to the
tube walls. Thus the density waves in the up-
per panel of Fig. 1 are fuzzier than in the lower
panel.
The “characteristic curves” of a pneumatic
transport system are plots of the pressure drop
against the superficial gas velocity vs = φvg for
different mass flows of the granulate. This kind
of diagram is highly dependent on the material
characteristics of the tube wall and the gran-
ulate and can be used to predict the overall
transport performance for given parameter sets.
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Figure 4: Total pressure drop against superficial gas
velocity for different granular mass flows, and for hori-
zontal conveying. Plotted are characteristic curves from
the simulation for the granular mass flows 2.49 kg/h and
9.95 kg/h.

Such diagrams for horizontal and vertical con-
veying are shown in Fig. 4 and Fig. 5.
Three regimes can be distinguished. First,
for small superficial gas velocities (horizontal:
vs < 0.38 m/s, vertical: vs < 0.5 m/s), there is
bulk transport. The tube is completely filled
with granulate, so the pressure drop is high.
Nevertheless the drag force on the bulk is too
small to accelerate the granular medium. The
transport comes through the enforced granular
mass flow at the inlet.
At moderate superficial velocities, (horizontal:
0.38 m/s < vs < 4 m/s, vertical: 0.5m/s < vs <
4 m/s), there is slug or plug conveying. The in-
jected particles organize into clusters that move
along the tube. In the vertical case at small ve-
locities (0.5m/s < vs < 0.75 m/s) one observes
an intermediate regime where plugs form, but
are unable to move at a constant speed up the
tube.
Finally, for very large velocities (vs > 4 m/s),
the particles are swept out of the tube before
plugs or slugs can form.
In addition to characteristic curves, several se-
ries of simulations were carried out to assess
the effect of the different parameters. One pa-
rameter that was varied was the gas viscosity
η. It may not seem reasonable to change this
parameter, since it is both well determined and
difficult to change experimentally. However η
appears only once in the equation, as a factor in
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Figure 5: Same as Fig. 4, except for vertical plug con-
veying. Three experimental data points with granular
mass flows 1.7 − 2.9 kg/h are shown.

the diffusivity D = κ(φ)/η. Thus doubling the
viscosity is equivalent to cutting the permeabil-
ity κ(φ) in half. It is perhaps more appropriate
to think consider modifying the permeability
since Eq. (4) is only an approximation. In both
cases, the pressure drop decreases with increas-
ing viscosity (or with decreasing permeability)
at fixed particle flux. This is because higher vis-
cosities (lower permeabilities) are more effective
at pushing the particles through the tube, and
thus less effort is required for a fixed particle
flux.
The Coulomb friction coefficient has a very
strong influence on the flow. The pressure drop
required to maintain a fixed particle flux triples
when this coefficient is increased from 0.1 to 0.5.
This suggests that the performance of convey-
ing systems will be sensitive to the interactions
between the particles.

4 Motivation for single slugs studies

This work shows that plugs and slugs are the
building blocks of pneumatic conveying. It is
therefore worthwhile to consider their behav-
ior in more detail. We would like to know
how the pressure drop across a slug depends
on its length, for example. From knowledge of
these relations, it is possible to deduce global
quantities of engineering importance, such as
the energy required to drive a given mass flux
through the system. If a single slug were placed
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in a pipe with periodic boundary conditions, it
could be observed for a long time, and reliable
averages could be made of its speed, and the
pressure drop. Furthermore, we decided to fo-
cus on slugs, since granular material is usually
transported much farther horizontally than ver-
tically. In addition, slugs interact much more
weakly than plugs, leading to fewer problems
problems arising from the interaction of the slug
with its periodic images.

5 Quasi-static, finite volume approach

A complication arises if one tries to apply the
Crank-Nickelson method in periodic geometry.
This method requires that the finite-differenced
equations be solved implicitly. Usually, one ob-
tains a tridiagonal linear system that can be
solved through back-substitution. With peri-
odic boundary conditions, this is no longer true.
Therefore, one must develop a new method.
We therefore make the additional assumption
that the gas relaxes very quickly to the equilib-
rium. Thus we can drop the time derivative in
Eq. (5):

0 = ∇ · [D∇P ′ − u] . (10)

The assumption of static flow is always justi-
fied, because the source term will change with
the advective time scale, but the pressure re-
laxes on the diffusive time scale. The ratio be-
tween these two timescales is the Peclet Num-
ber:

Pe =
ηdU0

P0κ0

, (11)

where U0 is a typical grain velocity.
The assumptions that we have made imply
Pe ≪ 1 (for example, the assumption that
P ′ ≪ P0). The Darcy Law also assumes that
the flow is locally in equilibrium (it arises from
a balance between viscosity and pressure gradi-
ent – assuming that the advection is negligible.)
Neglecting the time derivative reduces the time
necessary to calculate the pressure enormously.
In Eq. (10), P ′ depends only on the porosity φ
(through D) and the granular velocity u. Thus
the pressure needs to recalculated only when
these quantities change significantly. On the
other hand, in Eq. (5) requires very small time
steps for its solution, since D can be large. As
a consequence, when one uses Eq. (5), the time
required to solve for the gas motion is compa-
rable to that needed for the particles. With
Eq. (10), this time becomes negligible.

We discretize Eq. (10) using a finite volume ap-
proach. If we integrate (10) over a volume V

and use Gauß’s theorem, we obtain

0 =

∫

∂V

n · [D∇P ′ − u] d2r, (12)

To see more clearly the physical meaning of this
equation, use Eq. (3) to remove the pressure
gradient. The result is

0 =

∫

∂V

n · [φv − (1 − φ)u] d2r. (13)

This equation simply says that the total flux
of grains (1 − φ)u and gas φv into a volume
must vanish. We have thus simply recovered
the conservation of gas and grains, Eqs. (1) and
(2), upon which the algorithm is built.
Now let us turn to the choice of V. We cut the
cylinder into slices, and have therefore a one-
dimensional problem to solve. Imagine cutting
a sausage or carrot into small, disk-like cross-
sections. We divide the tube into N subvolumes
Vi, with

Vi =
{

(x, y, z)|x2 + y2 < R2, i ≤ z/∆z ≤ i + 1
}

,
(14)

where we have taken the z axis to be parallel
to the tube and defined ∆z ≡ L/N . Each Vi

has volume πR2∆z. We define Si to be the
boundary between Vi−1 and Vi.
The surface integrals in (12) vanish on the tube
boundaries, and have contributions only from
the flat faces of the small cylinders. Thus

∫

∂Vi

. . . d2r =

∫

Si

. . . d2r −

∫

Si+1

. . . d2r. (15)

Thus it is most natural to assume p = p(z)
and let pi be the pressure at the center of each
volume, and let φi be the density at z = i∆z (at
Si). In this way, we can calculate the diffusivity
at Si: Di = D(φi). The pressure gradient at the
boundary can be estimated as (∇P )i = (pi−1 −
pi)/∆z For Vi, we have

Di

∆pi

∆z
− Di+1

∆pi+1

∆z
= ui − ui+1, (16)

where ∆pi = pi−1 − pi, with logical modifica-
tions at the periodic boundaries. The solution
to Eq. (16) is

∆pi

∆z
=

ui + F

Di

(17)
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Here F is a constant, equal for all i. With help
of Eq. (13), we can identify F as the total vol-
ume flux (grains and gas) divided by the cross-
sectional area of the tube. We can thus easily
impose a total volume flux.
The main problem with the above method is
that it will underestimate the diffusivity. This
occurs because the diffusivity is not a linear
function of φ, and the density profile is not uni-
form on Si. Most of the particles are sitting on
the bottom of the tube. This method supposes
that they are evenly spread over the whole cross
section, and therefore obtains a diffusivity cor-
responding to some intermediate volume frac-
tion, which is wrong. In fact, the diffusivity is
very low at the bottom of the tube, and high at
the top. But there is a way out of this problem.
Let D = D(x, y, z). Then (12) is

0 =
∆pi

∆z

∫

Si

D d2r −
∆pi+1

∆z

∫

Si+1

D d2r(18)

− (ui − ui+1)πR2. (19)

We recover (16), except that now

Di =
1

πR2

∫

Si

D(x, y, i∆z) dx dy. (20)

To calculate D(x, y), we divide the cross section
into a lower and an upper half, and calculate φ
on each half. Thus when a thin layer of particles
lies on the bottom of the tube, the porosity in
the upper part of the tube is equal to 1 and the
diffusivity is very high.

6 Results

In order to generate slugs, some initial inhomo-
geneity must be introduced. If the particles are
spread uniformly throughout the tube, they all
fall to the bottom of the tube and form a sin-
gle motionless layer. The simplest thing to do
is to push them to one end of the tube. Then
the length of the tube can be varied to obtain
different plug lengths.
Some preliminary results are shown in Fig. 6.
The pressure drop ∆p depends linearly on plug
length ℓ:

∆p ≈ αℓ + ∆p0. (21)

The intercept ∆p0 is the pressure needed to
drive the gas through an empty tube, as one
can see for the plugs of zero length. (Note there
is also a minimum plug length of about 1 cm.

0 1 2 3 4 5 6
Slug length (cm)

0

0.005

0.01

0.015

0.02

∆P
/P

0

Figure 6: Pressure drop as a function of plug length.
Parameters: P0 = 103 hPa , κ0 = 1.837 × 10−5 cm2

η = 1.5 × 10−3 g/(cm · s), with gas volume flux Q =
50 cm3/s.

If this result can be confirmed, it would bring
many simplifications to the analysis of convey-
ing systems. To show this, it is helpful to sketch
how global quantities such as the total pressure
drop and work done are related to the constant
α.
Consider a horizontal conveying tube of length
L and cross-section area A. Inside the tube
are M plugs, with mean porosity φslug. Away
from the slugs, the mean porosity is φtube. Let
j = 1 . . .M number of the plugs in the tube.
Each plug has a length ℓj , and across the plug
there is a pressure drop ∆pj . We assume each
slug moves with a velocity vslug.
Some global quantities can be expressed in
terms of the plug characteristics. The total
pressure drop ∆p along the tube is simply the
sum of the pressure drops across each slug:

∆ptotal = L(∇p)0 + α

M
∑

j=1

ℓj, (22)

where (∇p)0 is also a background pressure gra-
dient needed to drive the fluid through an
empty pipe. It is usually smaller than the sec-
ond term, which is the pressure needed to push
the slugs through the pipe.
Now let us consider the particle flux Qgr. It is
the product of the mass of the slugs times the
velocity of the grains within the slug:

Qgr = ρ(1 − φslug)vgr

M
∑

j=1

ℓj. (23)

Note that Eqs. (22) and (23) can be combined
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to yield:

∆ptotal =
αQ

ρ(1 − φslug)vgr

+ (∇p)0L. (24)

Thus the pressure drop is linearly related to
the mass flux. Once the quantities multiply
Q can be determined, than this equation can
be used to predict the necessary pressure drop.
One should also note that quantities like the
average slug length do not appear in Eq. (24).
This brings a considerable simplification. Fu-
ture work will focus on the determination of α
as a function of the volume flux, the Coulomb
friction ratio, particle size and permeability.

7 Conclusions

Our numerical study of dense phase conveying
has allowed us to gain considerable physical in-
sight into processes occurring inside conveying
systems. Particles rapidly and spontaneously
form into clusters called plugs in vertical con-
veying and slugs in horizontal conveying. The
motion of these clusters accounts for all useful
transport in these systems. Thus a more pre-
cise understanding of them is essential to bet-
ter predicting the behavior of dense conveying
systems. To this end, we have begun to per-
form simulations of single slugs with periodic
boundary conditions. This enables us to pre-
dict what will happen as the slug travels down a
long pipe. Preliminary results indicate that the
pressure drop is linearly related to the length of
the plug. This indicates that the total pressure
drop across a conveying system is linearly pro-
portional to the flux of granular material trans-
ported. Future work will identify the limits of
validity of this law, and determine the constant
of proportionality for various parameters.
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