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A Windows-based computer program for designing dilute
phase pressure and vacuum pneumatic conveyors is intro-
duced. The simulation program is based on the numeri-
cal integration of the five governing differential equations
for two-phase flow. A summary of the equations and the
method of solution are given. A detailed discussion s pre-
sented on the advantages of the program results which in-
clude values for the conveying gas velocity, particle veloc-
ity, pressure, density, and voidage at any point along the
conveying pipeline. The evaluation of the results is high-
lighted in the presentation of comparison of simulations
with experimental data for the conveying of cement and
tube ice. In conclusion a working ezample of a pneumatic
conveyor is given as analysed with the design program.

Nomenclature
A pipe cross-sectional area m?
Cy; particle drag coefficient
¢ average solids velocity m/s
D bend diameter m
d  pipe inner diameter m
ds particle equivalent spherical diameter m
€ voidage
G solids mass flow rate kg/s
g  gravitational acceleration m/s?
[ pipe length m
P pressure N/m?
@ air mass flow rate kg/s
R universal gas constant J/kgK
r  bend radius m
r, radius to bend outer wall m
T  temperature K
v average air velocity m/s
ve interstitial air velocity m/s

w, terminal velocity of cloud of particles m/s
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Greek symbols

turning angle rad
pipeline inclination angle rad
¢  gas friction coefficient
;¥ solids impact and friction
coefficient
As’  alternative solids impact and
friction coefficient
Aot total friction coefficient
gas viscosity kg/ms
pg  gas density kg/m3

> > ® R

ps  particle density kg/m3
Dimensionless numbers

Fr  Froude number v?/gd

Req Reynolds number pgvd/

L mass flow ratio G/Q

Introduction

Pneumatic conveying can be described as the transport
of powdered and granular solid material by means of a
gas stream through a pipeline. Pneumatic conveying of
solids is widespread in the mining, chemical, food, plastics,
power generation, and wood treatment industries.

The two common types of pneumatic conveyors can
be classified as the positive pressure and the vacuum or
negative pressure conveying systems. The vacuum system
works in a similar manner to a vacuum cleaner and is com-
monly used to convey hazardous material as no leakage of
gas or material can occur to the atmosphere during con-
veying. In the positive conveying system the solids are
fed into a pipeline by means of an airlock system (rotary
vane feeder, tandem flap valves or a blow vessel). The
prime air mover supplies the conveying air at a pressure
and flow rate required to transport the material along the
pipeline to a receiver where the solids are separated from
the air by means of filters or cyclones and the air vented
to the atmosphere. A prime air mover commonly used for
dilute phase conveying is a positive displacement pump,
the Roots blower.

A further distinction can be made between dilute and
dense phase conveying modes. Dilute phase conveying can
be defined as conveying with a mass flow ratio less than
15. Dense phase conveying can be defined as conveying
with a mass flow ratio higher than 15.!

The objective in this paper is to present a computer
program that can be used to determine the pressure drop
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and air flow rate requirements of a dilute phase conveyor
for both vacuum and pressure conveying systems. These
parameters determine the specifications of the prime air
mover required to effect efficient conveying and hence have
a direct impact on the power requirements and the associ-
ated running costs. Another factor influencing the running
costs 1s wear reduction in the pipeline, which can also be
addressed using the design program by reducing air and
solids velocities.

Design program requirements

An important requirement in the implementation of the
design program is a user-friendly interface. Computers
are currently used to simulate complex processes which
require a high volume of calculations to be performed and
the result is often a high volume of output data. These
data have to be interpreted by the designer and the most
effective initial evaluation takes place visually by means
of graphical representation. Hand in hand with this goes
the efficient input of, for example, the pipeline geometry
and the required conveying parameters. To be able to im-
plement this requirement it was decided to use DELPHI, an
object orientated programming language based on PASCAL.
Further requirements can be identified as:

e Break up of the computer program into separate
blocks such as the data input file generation by means
of a pipeline layout generation program, a program
for the input of the conveying characteristics with the
subsequent two-phase flow simulation, and the output
data visualisation module. In addition to this, sep-
arate blocks are added that include a Roots blower
selection program and, in the future, also a solids
feeding device selection and solids and gas separation
equipment selection program.

e Logical input of the pipe layout by means of standard
components that are used in the industry, such as
bends and straight pipeline sections.

e Provision for a material database containing the re-
quired parameters such as material density, particle
diameter, particle shape and friction coefficient corre-
lations.

e Calculation and graphical representation of the five
primary output parameters: the average velocities of
solids (¢) and air (v), the pressure (P), air density (p,)
and the voidage (e) along the length of the pipeline.
The flow simulation must be able to handle single-
phase flows up to the material feeding point and then
switch to a two-phase flow analysis for the remaining
length of conveying pipe. It should also be possible
to model stepped increases in pipeline diameter and
allow for the provision of air leakage at the material
feed point.

Pipeline layout generation

Figure 1 depicts an example of the pipeline generation win-
dow. The components required to build up a pipeline
layout are represented visually. These include the six
bend orientations that are possible in pneumatic convey-
ing where vertical or horizontal pipelines are used. During
the building process a visual representation of the layout
is presented in the layout view window with a provision
to delete erroneously added components. Dimension units
can be changed as required and stepped pipelines are gen-
erated by increasing the pipeline diameter.

A mathematical model for two-phase flow

The two-phase flow differential equations have been used in
a simplified form! to model pneumatic conveying with re-
spect to the determination of pressure drop and average air
velocity. In dilute phase conveying the voidage (the frac-
tion of volume of a conveying pipe element that is taken
up by air) is close to unity and is in a simplified analysis
often taken as unity. This simplification implies that the
solids velocity is equal to the air velocity. This is not the
case, particularly in acceleration regions and in bends. It
1s thus imperative to introduce additional equations to ob-
tain a more complete mathematical model which includes
the solids velocity and the voidage as variables. Ferretti’
presents a set of equations consisting of the state equa-
tion for an ideal gas, two continuity equations, one for the
solid phase and one for the gaseous phase, a solids mo-
tion equation, and the pressure drop equation which can
be derived by means of a power balance or an analysis
of a finite pipe element. These equations are utilised by
Saccani® to present a new design program for pneumatic
conveyors which 1s able to predict air and solids velocities,
pressure drops, and the voidage. The work of Ferretti’
and Saccani® is used as a basis for the design program
presented here. The ideal gas equation in differential form
for an isothermal process can be written in the following

form:
dpy _ dP 1 (1)
dl ~ dl RT

The remaining four differential equations can be de-
rived from the analysis of an elemental volume of con-
veying pipe element at an arbitrary pipe inclination angle
[ measured from the horizontal axis. They are:

The solids continuity equation:

dl c dl A dl
The gas continuity equation:
dve _ _vedpy  vede wedA (3)
dl— p, dl ed Adl
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Figure 1 Example of the graphics interface for the pipe
layout design program

Comparison of experimental and simulated data
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Figure 2 Comparison of simulated and experimental data
for cement conveying using A, and A,
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Figure 3 Comparison of experimental and simulated data
for cement conveying using A, and A,’
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Figure 4 Pipe layout used by Sheer® for horizontal
conveying of tube ice

Comparison of experimental and simulated data
Tube ice: d; = 33.04 mm, D/d = 8.4, d = 136 mm, G = 9360 kg/h, . = 4.09
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Figure 5 Comparison of experimental and simulated data
for tube ice using A, and A’
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Figure 6 Sample tube ice conveying pipe layout
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The pressure drop equation:

dv, .
dpP e pgvei+pggs1n5'
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The solids motion equation:

de 3¢, ps (ve=0o)
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Note that the average interstitial velocity v, is used
throughout in the differential equations. The average air
velocity can be calculated from this by multiplying the
interstitial velocity with the voidage.

The key to the successful implementation of the two
phase flow equations for pneumatic conveying is the deter-
mination of the solids impact and friction coefficient term
A* by means of experimental data for each material that
is to be conveyed. Standard practice is to determine the
pressure drop along a length of horizontal pipeline experi-
mentally, with and without material being conveyed. The
pressure drop equation (4) is integrated resulting in an
expression from which the air-alone pressure drop is sub-
tracted to determine the solids impact and friction coeffi-
cient. During subsequent calculation of conveying parame-
ters the experimental solids impact and friction coefficient
values are used to determine the pressure loss contribution
of the solids only. The air-alone pressure losses are de-
termined separately by means of the classical single-phase
flow theory embodied in the Moody chart.? The separation
of the pressure loss contributions by the gaseous phase and
the solids phase is somewhat artificial as the theory of air-
alone pressure losses does not take into account the change
in air velocity profile that occurs during the complex in-
teractions in two-phase flows and may lead to inaccurate
determination of the solids impact and friction coefficient
A;*. Weber® suggests an improved method for correlat-
ing the friction coefficient by using a total friction coeffi-
cient in which the air and the solids friction coefficient are

combined into a single term, thus inherently taking the ef-
fects of air velocity profile modification by the presence of
solids into account. The equations presented by Ferretti2
can therefore be modified to make use of a total friction
coefficient. The term:

Ag A = Ay (6)
in equations (4) and (5) can be replaced with a single to-
tal friction coefficient. Another benefit of using the total
friction coefficient is that its definition remains the same
regardless of the pipe inclination angle. Ideally, then, the
total friction coefficient determined from experiment in
horizontal flow can also be applied to vertical flow.

The solids motion equation (5) still contains the solids
impact and friction coefficient A ,* that cannot be ex-
pressed in terms of the total friction coefficient without
resorting to separating the air-alone from the total fric-
tion loss.

This leads to the requirement to develop an alterna-
tive method for determining the solids impact and friction
coefficient by means of integrating the motion equation
and utilising experimental data to determine the correla-
tion for what will be called the alternative solids impact
and friction coefficient A;’ in the remaining part of the
paper. This replaces A,* in the last term in equation (5).

By utilising experimental data it is possible to deter-
mine a total friction coefficient and an alternative solids
impact and friction coefficient correlation for each mate-
rial that is to be conveyed. To verify this approach, ex-
perimental data for cement conveying by Lange® and Van
Straaten” and for tube ice conveying by Sheer® are used
to determine the total and alternative solids impact and
friction coefficients and the simulated results are then com-
pared with experimental results.

The bend flow model

The bend flow model is based on the assumption that the
material is thrown against the outer bend wall and that
the alternative solids impact and friction coefficient can
be defined in terms of the sliding friction coefficient f in a
similar manner to that presented by Ferretti.? The equa-
tions for the total and alternative solids impact and friction
coefficients can be derived as:

22 (2 )
As = 5 ) - g sin a (7)

Mot = Ag + "= (8)
Ve

where « is the vertical turning angle measured between the
horizontal plane and the line connecting the bend origin
with the particle and r, is the bend radius to the outer
bend wall. For bends in the horizontal plane the turning
angle is zero.

The model for bend flow makes use of short, straight
pipeline sections strung together to build up the bend
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curve. For bends in a horizontal plane the bend inclination
angle for the bend elements with respect to the horizon-
tal remains zero while it increases or decreases from one
section to another for a bend connecting a horizontal pipe
with a vertical pipe depending on the direction of material
flow.

Equations (1) to (5) can be applied to bend flow with
modified total and alternative solids impact and friction
coefficients as defined in equations (7) and (8) to account
for the deceleratingeffect that the bend has on the convey-
ing material. The sliding friction coefficient model tends
to underpredict pressure drops and material decelerations
in the bends. This necessitates an adjustment of the value
for the sliding friction coefficient in order to model bend
flow effectively.

Method of solution

The differential equations (1) to (5) can be simplified.
rearranged, and integrated by means of a Runge-Kutta-
Fehlberg numerical integration routine based on the pro-
gramme RKF45 presented by Forsythe, Malcolm and

Moler.? 1% The simplified equations can be written as:

dv,
e, o
de du. ,
m-(’z-ﬁ-(g i {(10)
dP dv, de
m—- Cq CSW Ga (11)
dpg _ d_P
Tl (12)
de de
xq- sy + ¢9 (13)

The terms ¢; to cr are constants during a single in-
tegration step and contain the dependent variables deter-
mined at a previous step and include variables, such as
friction coefficients, which are recalculated and adjusted
after each integration step.

The advantage of the above integration routine is that
the integration step length in terms of the pipeline length
is adjusted automatically making it possible to specify at
which point in the pipeline output data are to be gener-
ated. The dependent variables calculated from equations
(9) to (13) are the average solids velocity, the interstitial
air velocity, the absolute pressure, the density, and the
voidage.

The Runge-Kutta-Fehlberg integration routine re-
quires initial values at the material feed point for the de-
pendent variables. With the exception of the initial solids
velocity these can be determined by applying the continu-
ity and ideal gas equations. To determine the best estimate
for the initial solids velocity at the feed point one has to
run the simulation for a range of initial solids velocities
and plot these against the resulting system pressure drop.
The resultant curve shows a distinct maximum pressure

drop at a certain initial solids velocity for a particular ma-
terial. This point is independent of the material mass flow
rate and mass flow ratio. The value of the initial solids
velocity corresponding to the maximum pressure drop is
used for determining a conservative estimate of the pres-
sure requirements during subsequent design simulations.

Program results

To confirm the validity of the two-phase flow model used in
the simulation program, test data for cement®" and tube
ice® are used. This represents both fine powdered mate-
rial with a particle diameter of 32.69 um for cement and
coarse particles with an equivalent spherical diameter of
33.04 mm for the tube ice. The friction coefficients for ce-
ment are determined using data points as determined by
Lange® and Van Straaten.” Sufficient information is avail-
able with respect to particle velocities and voidage along
the test section. which are required for determining the
friction coefficients from the pressure equation and solids
motion equation. The first simulation was run to deter-
mine the effects of defining the total friction coefficient as
a combination of the solids impact and friction coefficient
and the gas friction coefficient as given in equation (6).
The correlation equation for the solids impact and friction
coefficient is determined by means of the least squares ap-
proximation from equation (4) as:

A = exp(17.118)u0 18 Fp—1 898 Re —5.073 (gj)_4 o

Correlation coefficient 72 = 0.62
(14)

The results obtained from the simulation programme
for a horizontal conveying pipeline length of 13.185 m and
an inner diameter of 101.6 mm are presented in Figure 2.

It can be seen that the solids velocity is overpredicted
by up to 20% by the simulation while the pressure drop
has a maximum error of 15% and the air velocity is within
1% of the experimental value.

A noticeable improvement is attained if the total and
alternative solids impact and friction correlations are used
as shown in Figure 3. The total friction coefficient is deter-
mined directly from equation (4) without separating the
air and solids friction components as:

Aot = exp (—0.082) p0-317 0002 Re —0-742 (%)—0-64?

Correlation coefficient 72 = 0.79
(15)
while the alternative solids impact and friction coefficient
is determined from equation (5) as:

—=2.279

A= exp (—23.898)u‘”'ZOGFr_S'BISRedO‘S:“ (gd,_)

Correlation coefficient > = 0.95
(16)
Equations (14) to (16) are valid for a pipe diameter
of 101.6 mm only.
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The improved solids velocity prediction does not in-
fluence the slope of the pressure drop or average air ve-
locity but reduces the calculated acceleration length re-
quired to bring the solids to a constant conveying velocity.
This brings about a reduction in the calculated overall sys-
tem pressure drop due to a reduction in pressure drop in
the acceleration region. In this case the solids velocity is
predicted to within 1% of the experimental values. Note
that the experimental facility makes use of a tandem ro-
tary vane feeder arrangement for feeding material into the
pipeline and thus allows air leakage at the feed point to
be neglected. In this case the air velocity increases in the
acceleration region as a result of a reduction in absolute
pressure due to the acceleration pressure drop and the as-
sociated decrease in air density.

For horizontal conveying of tube ice a pipe layout in-
cluding two bends depicted in Figure 4 is used to verify the
two-phase flow model for coarse particles. An attempt to
calculate the solids impact and friction coefficient resulted
in negative friction coefficients, preventing a comparison
of the simulation results by using the two alternative rep-
resentations of the friction coeflicients for ice flow. In-
stead the total friction coefficient and the alternative solids
impact and friction coefficient are used in the simulation
where the correlation equations are given as follows:

Ator = exp (—45.84) p0-103 FpL.671 Re 1.837 (%)—3‘985

Correlation coefficient 2 = 0.69

(7
—2.451
/\s - exp (—22467) /10'026FT’_1‘184R6d1'654 (idl)
Correlation coefficient 72 = 0.99
(18)

for uPVC pipe inner diameters from 95 mm to 136 mm.

For the case of a material mass flow of 9360 kg/h
in a 136 mm ID uPVC pipeline the comparison between
the simulation and the experimental results is presented
in Figure 5. An air leakage prediction is entered into the
simulation programme as a percentage loss of the total air
mass flow rate. For the test cases investigated this varies
between 8% and 15%. The effect of air leakage can be
clearly seen in Figure 5 where a drop in velocity occurs af-
ter the feed point. This is an important point to consider
during the design stage as the initial air velocity must be
high enough to effect safe acceleration of the solids with-
out causing a blockage after the feed point. It is thus
imperative to keep air leakage through feeding devices to
a minimum and be aware of a possible reduction in the
initial air velocity as the feeding mechanism wears, with
an associated increase in air leakage.

Of further interest is the acceleration length of around
180 pipe diameters required for large particles such as tube
ice in this test case. For this reason Sheer® suggests that
bends only be set into place at a minimum distance of
200 pipe diameters downstream of the feed point. The

simulations for test cases, ranging from ice mass flow rates
of 9.36 t/h to 22.3 t/h and mass flow ratios between 4 and
7, show that the acceleration length decreases the higher
the initial average air velocity.

Another phenomenon that is clearly illustrated is the
increase in air velocity along the pipeline as the pressure
decreases. The air volume flow rate increases as a result of
the decreasing air density resulting in high air velocities.
The increase in air velocity is associated with high wear
rates and high pressure drops and for this reason designers
make use of stepped pipelines when conveying over long
distances. The pipeline diameter is successively increased
to reduce the air velocity. As a result the solids velocity
decreases resulting in less wear. The design programme
can thus be used to determine at which point in a pipeline
such an increase in diameter should occur.

It was found necessary to derive the sliding friction
coefficient for the bends utilising a combination of the
simulation data and the experimental values as the low
coefficient of friction of ice on uPVC results in an under-
prediction of the pressure drops in the bends. What is
clear from the bend flow is that the material decelerates
rapidly in the bends and accelerates again afterwards. In
this case the distance between two successive bends is less
than 70 pipe diameters in length with the result that the
solids do not have sufficient time to accelerate again before
entering the second bend. As a result the solids velocity is
reduced to a lower value than the minimum solids velocity
in the first bend. Insufficient bend spacing may thus result
in pipe blockage if the solids velocity is reduced below the
value required for safe conveying.

A practical program application

Following is an example for the application of the design
program. A client in a fish-processing plant wishes to con-
vey tube ice from the ice production plant to the storage
facility at the other end of the processing plant. The client
wishes to convey a maximum of 15 t/h to the storage fa-
cility.

The only parameters that are given to the designer are
the maximum ice-flow rate expected and the plant layout
into which the conveying pipeline has to be integrated.
The pipeline layout used for this example is depicted in
Figure 6. For the simulation an air leakage of 10% is as-
sumed with the pipe outlet venting to the atmosphere at
sea level conditions.

Sheer® gives a guideline for the minimum average air
velocity at the feed point. For the 136 mm diameter
pipeline this lies at 25 m/s. Furthermore from experimen-
tal data one can conclude that the solids velocity should
not fall below approx. 15 m/s at any point along the
pipeline to prevent blockages from occurring. Bearing this
in mind the simulation can be run for a range of mass flow
ratios and the results inspected after each simulation to
check whether the above guidelines are met. Figure 7 de-
picts the results after completion of this process. It can be
seen that the solids velocity is the dominating constraint
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Sample results for a tube ice conveying system design
d,=33.04 mm, D/d = 8.4, d = 136 mm, G = 15000 kg/h, » = 5.0
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Figure 7 Sample results for a tube ice conveying
system design

and that the inlet air velocity has to be higher than 25
m/s to ensure that the solids velocity does not fall below
15 m/s after the third bend. The resulting system pressure
drop lies at 66 kPa with a required air mass flow rate at
0.926 kg/s or a volume flow rate of 0.434 m3/s at a density
of 2.135 kg/m?3.

Program design application advantages

The advantages of the design program with respect to
the application to full scale conveyor design can be sum-
marised as follows:

e Rapid generation of pipe layouts allowing different
pipe layouts, pipe diameters and diameter combina-
tions for stepped pipelines to be analysed.

o Graphic visualisation of the five important convey-
ing variables which include the pressure drop, den-
sity, average air velocity, solids velocity and voidage.
This allows the designer to check for problems such as
low initial air velocities, low solids velocities, problems
with bend spacing and to determine the influences of
stepped pipelines.

o The output data file can be imported into a spread-
sheet to yield plots of additional parameters such as
particle drag coefficients, particle terminal velocities
and the slopes of the five major output variables.

Conclusion

A design program for dilute phase pneumatic conveyors
has been presented. The program has been proven to sim-
ulate accurately horizontal flow of both fine particle and
coarse particle materials provided the friction coefficient
correlations are available from experimental data for the
particular material that is to be conveyed. Further work is
suggested to improve the bend flow model currently used
in the design program and to verify the accuracy of the

mathematical model for vertical conveying. Ideally this
should be done on a full scale installation where sufficient
lengths of horizontal and vertical conveying sections are
available. The benefits of using the total friction coeffi-
cient in conjunction with an alternative solids impact and
friction coefficient for an improved simulation of the solids
velocity have been shown. The program is not only a useful
design tool but will also serve as a basis for a better under-
standing of the nature of two-phase flows. As more com-
parative data become available it will be possible to refine
the mathematical model used for the simulation and also
investigate the effects and validity of the different terms
that appear in the differential equations.
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