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A new methodology is proposed in this paper to predict the lowest power consumption for a double-tube-
socket (DTS) pneumatic conveying system. This methodology is established on both experimental work and
numerical simulation. After parametric studies by numerical simulation, the desired conveying cases which
have the lowest power consumption were obtained. Finally those cases were carried out in our experimental
system. The measured power consumption was close to that predicted. In this paper the experimental work
is discussed and the numerical simulation introduced.
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1. Introduction

Pneumatic conveying systems are mechanically simple and
suitable for the transport of powdered and granular materials in
factory, site and plant situations. The systems include a source of
carrier gas, a feeding device, a conveying pipeline, and a receiver to
separate the conveyed material and the carrier gas. The systems are
totally enclosed and a range of pressures, whether high, low or
negative can be used to convey materials [1].

Pneumatic conveying has become more popular in recent years,
particularly dense phase systems, due to their relative low power
consumption and a clean working environment. However, when
conveying in dense phase a blockage can occur due to an overly thick
layer of conveyed material [2]. Consequently, the use of a bypass line
is proposed so that air flow in the bypass canmitigate the formation of
a thick layer of material in the main conveying pipe [2,3]. The
technique of using a bypass placed inside the main pipeline has been
around since 1980 [1], and this technique is referred to as the double-
tube-socket (DTS) in this paper.

The DTS conveying system employs a small pipe running inside the
conveying line, having fixed openings at regular intervals along its
length. The cross sectional area of the inner pipe is typically 20–25% of
the total cross section of the main pipeline. The space of the openings
of the internal pipe depends on the permeability andde-aerationof the
conveyed material. These parallel pipes are not supplied with an
external supply of air, but airwithin the conveying line can enter freely
through the regular openings provided. The inner bypass is generally
confined to straight horizontal lengths of the conveying pipeline only,
but not the bends or vertical sections.

DTS conveying systems are generally employed for materials that
are relatively impermeable to air and which tend to form plugs in the
main pipeline when conveyed at a low velocity. The plugs may occupy
the full cross section of the pipeline in the worst case. If the material
presents a high resistance, the air will be forced to flow through the
bypass pipe. As the bypass pipe is much smaller in diameter than the
conveying pipeline, the air will be forced back into the pipeline
through subsequent downstream openings as the resistance in the
main line reduces, and this will affect a break-up of the plug of the
material causing the blockage. A long plug of the material is thus
divided up into short slugs that are readily conveyed. Fig. 1 shows a
snapshot that was observed during DTS conveying. It gives the direct
physical sense of how DTS works.

Until now, the details of the DTS conveying mechanism were not
fully understood, and all parameters of the DTS system, such as
pressure of the carrier gas, were designed empirically. A huge amount
of test work would therefore be needed to find the lowest power
consumption for conveying a given amount of material a set distance.

In recent years, CFD (Computational Fluid Dynamics) has become a
very powerful tool for simulations of varied industrial complex flows
in order to reduce the amount of experimental testing required. Many
investigations have been reported on that use of CFD to analyze the
pneumatic conveying process [4–8], and it involves many interesting
topics such as the pressure drop, the roughness of the wall and a bend
in the pipeline, etc. However, till now, due to the complexity of DTS
conveying, there is no satisfactory CFD method for the prediction and
minimization of the power consumption in DTS conveying.
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Table 1
The parameters of the experimental conveying system.

No. Items Parameter

1 Straight pipeline length 100 m
2 Pipe diameter 94 mm
3 Feed device volume 4 m3

4 Number of feed devices 1
5 Number of air compressors 1
6 Air compressor parameters 0.7Mpa, 10 m3/min
7 The receiver volume 15 m3

8 Bends 9×90°(d/D=8.0)
9 Vertical (up) section 10 m
10 Number of pressure transmitters 10
11 Number of flow meters 5
12 Number of weight transmitters 2

Flow meters 

Pressure transmitters 

Mass balance 

Valves 
Feed device 

receiver 

Air compressor 

Fig. 2. The experimental DTS pneumatic conveying system.

Nomenclature

me the solids flow rate in the experiment, t/h;
E0 the power consumption per meter in the developed

part, W/m;
E1 the power consumption in the developing part, W;
e the unit power consumption, (kW h)/(t km);
P the conveying pressure, Pa;
Q the measured air flow rate at the outlet of the air

compressor, Nm3/h;
L the length of whole pipeline, m;
L0 the length of the developed section, m;
L1 the length of the developing section, m;
E the total power consumption, W;
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This study investigated the DTS conveying system by experiment
and by mathematical modeling. In the experiment work, the
conveying air pressure and air volumetric flow rate can be separately
controlled. An Euler–Euler model was used to simulate the system
and to predict the movement of both carrier gas and conveyed
material. Furthermore, based on CFD results a simple computational
program was developed that outputs the lowest power consumption
of conveying from the input of only the required mass flow rate and
conveying distance. The predicted lowest power consumption [10]
was in good agreementwith the result from a verification experiment.

2. Experimental

The straight length of the experimental conveying pipeline was
about 100 m. Taking the equivalent distance of bends and vertical
sections into account the whole pipeline reaches an equivalent length
of 200 m. The straight section contains an inner bypass line with
openings. The regular interval size between two openings is 430 mm.
Each opening has two pitches, they are 40° to upstream and 60° to
downstream. The diameter of the inner bypass pipe is 50 mm (see
Fig. 1). The volumetric capacity of the feeding device is 4 m3. The
maximum delivery pressure of the air compressor is 0.7 MPa. The
main parameters of the experimental conveying system are shown in
Table 1.

There is a series of pressure transmitters and flow meters placed
along the pipeline in order to monitor the pressures and air
volumetric flow rates during conveying. The solids flow rates are
also recorded by a mass balance placed at the bottom of the feeding
device. (see Fig. 2). The experimental data is recorded on-line per
second (1 Hz).

Thematerial conveyed in the pipeline was pulverized coal ash. The
characteristics of the ash are showed in Table 2. The ‘Uniformity
parameter’ is defined as a ratio of a diameter which represents 10% of
all the particles to that diameter which represents 60% of all the
particles. It can be seen that the diameters of the ash particles are
Fig. 1. The principle of the double
rather uniform. According to the Geldart diagram [9], the pulverized
coal ash belongs to the ‘A’ type group of materials, indicating that it is
a potential candidate for dense phase conveying.

Initially the valve at the outlet of the feeding device was closed in
order to pre-pressurise the system.When the pressure of the outlet of
the feeding device rises to a certain value, such as 120 kPa, the valve
was opened, thereupon the material entered the line and conveying
started.

3. Numerical simulation

In industrial ash handling systems the conveying distance can
reach kilometers. It would be impractical to simulate the whole
conveying pipeline. It has been shown by experimental data (see
Section 4) that thewhole pipeline can be divided into (1) a developing
section and (2) a fully developed section. In the developing section the
-tube-system conveying pipe.
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Table 2
The characteristics of the material.

Name Pile angle Breakdown
angle

Difference
angle

Specific gravity
of pile

Mean
diameter

Uniformity
parameter

Terminal settling
velocity

Minimum fluidizing
velocity

Pulverized coal ash 54° 40° 14° 0.772 90 μm 11 0.147 m/s 0.06 m/s
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pressure gradient sharply decreases whereas in the developed section
the pressure gradient is almost stable. Fig. 3 gives a series of simulated
particle volume fractions in one part of the fully developed section at
different times (t=0.37 s, 0.39 s, 0.40 s). It can be seen that the flow
pattern of particles is periodic due to the fact that the pressure gradient
in that part is almost a constant.

Because of mass and momentum conservation, the velocity
distributions of both air and particles at the outlet of the developing
section must be the same as at the inlet of the developed section. A
commercial software, FLUENT, combined with our own subroutines
was employed for the simulationwork. The simulation is unsteady and
the time step ismaximally 0.001 s. The simulation is two-dimensional,
and an area equivalent method was used for connection of the two-
dimensional simulation and the real three-dimensional system, which
is illustrated in Fig. 4. Here, H is the thickness of thematerial layer, R is
the radius of the pipeline, and S2 is the calculated three-dimensional
equivalent area. Certainly, this area equivalentmethod is rough. But in
practice it greatly saved computational time and gave relative
reasonable results. 3-D calculations should be applied in the future,
if powerful computers are not the problem, because 3-D calculation
can fully avoid the area equivalent assumption.

In the developing section the air was compressible, whereas in the
developed section the air was treated as incompressible because
pressure gradients are small.
Fig. 3. A section of a tub
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(a) The section of numerical 2D model

Fig. 4. The area equi
For the simulation of the developed part, the 2D arrangement of
more than 20,000 grid cells was used. In order to make the periodic
boundary conditions effective, the calculation domainmust contain at
least 4 interval nozzles (bypass line openings). The relaxation factors
for solving the conservation equations were set at 0.5–0.8, dependent
on the individual case. The calculation was ‘unsteady’ and the time
step not greater than 0.001 s to achieve stable solutions. Therefore,
although the simulation object is only 1.7 m long (containing 4
interval nozzles), on average, running one case until convergence took
more than 20 days using a computer with core 2 2.0 GHz CPU. For the
simulation of the developing section, the simulation object was varied
in length to guarantee that the flow pattern at its outlet reached the
developed stage. All the other simulation details of the developing
section remained the same as the developed section.

In undertaking the numerical simulation, firstly, the fully devel-
oped section was simulated. The possible pressure gradients accord-
ing to the experimental results were set as periodic boundary
conditions for CFD calculation. After running the simulation, the
velocity profiles of both gas and particles in that section were
obtained, so that the solids flow rate, air flow rate and power
consumption of the fully developed part were also specified. Secondly,
the obtained velocity profiles of the developed sectionwere applied as
the outlet boundary conditions for the developing section to do
another CFD calculation. Consequently, the power consumption in the
e with four hatches.

(b) The radial section of  reality tube
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Fig. 5. The methodology to calculate power consumptions.
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developing part was obtained. Adding the power consumptions of the
developed section to that of the developing section, the total power
consumption was obtained. The unit conveying power consumption
comparable with the experimental measurement is defined as the
total power consumption divided by solids flow rate and conveying
distance. The whole methodology of calculation unit power con-
sumption using CFD is illustrated in Fig. 5. The equations used were
obtained from a technical report of a conveying company.

Taking the reasonable thicknesses of the material layer as initial
calculation conditions, the unit power consumption can be obtained
for all the cases. It should be noted that for a given solids flow rate,
more than one case is feasible for conveying but only one of them has
the lowest unit power consumption. And that case is the optimum
one. It should be pointed out that all bends and vertical sections of the
pipeline were converted to a ‘straight section’ by accounting their
equivalent distance. Obviously, that is only a rough treatment, and
needs future improvement. The wholemethodology of simulation can
be found in our previous publication [10].
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Fig. 6. Pressure history (Q=1000m3/h).
4. Results and discussion

4.1. Experiment

The pressure transmitter and the air volume flow meter record the
data on-line. During the conveying process, the pressure histories inside
the feed device (PT9) and at the outlet of the feed device (PT2) are
shown in Fig. 6. (The pressure history in the developed region near the
receiver is also shown (PT8)). Except in the initial and final transients,
the pressures are almost constant.

Fig. 7 gives the pressure gradients obtained from measurements
taken along the conveying line. In this case, the solids flow rate is
23.4 t/h, air volumetric flow rate is 300 Nm3/h, and the conveying air
pressure is 440 kPa. There were 9 pressure transmitters placed along
the conveying pipeline, and the one was placed in the air only section
of the tube. Therewere also 30 pairs of pressure detectors thatmeasure
the pressure difference between two close points to evaluate the
pressure gradient at the middle of those two points. Before
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Fig. 7. The pressure gradients along the conveying distance.

image of Fig.�6


272 C. Zhang et al. / Powder Technology 204 (2010) 268–272
constructing Fig. 7, all bends and vertical sections were numerically
transformed to be a ‘horizontal’ section by accounting their equivalent
distance.

It can be seen that the pressure gradient dramatically decreases
from 4 kPa/m to 0.7 kPa/m in a very short distance, around 10 m after
the conveying inlet, and then it becomes stable at 0.7 kPa/m along the
remaining distance. The results indicate that the whole conveying
distance can be divided into two parts. One is a developing part, in
which the pressure gradient decreases sharply. Another one is a fully
developed part, in which the pressure gradient is almost stable. Based
on this observation, as previously noted, the developing and the
developed sections were calculated separately in CFD simulations.

Fig. 8(a) showshow the solidsflow rate changeswith gas volumetric
flow rate. The solids flow rate firstly increases and then decreases with
increasing gas volume flow rate. The peak value appears at approxi-
mately 550 Nm3/h of the gas volumetric flow rate for all the conveying
pressures. Furthermore, from the figure it can be seen that as the
conveying pressure increases the solids flow rate increases. The results
suggest that the increase of air flow rate does not always result in the
increase of the solids flow rate. The increase of the air flow rate will
induce the change of the conveyingpattern fromdensephase conveying
to dilute phase conveying. In the latter case, particles are suspending in
the air and follow the air. In this situation the individual particles move
at a higher velocity but the mean particle number density is greatly
reduced, therefore the total solids flow rate decreases.

Fig. 8(b) also shows that an increase in conveying pressure results in
a decrease of the unit conveying power consumption. From both Fig. 8
(a) and (b), it can be concluded that higher pressure and lower air flow
rate can help to reduce the power consumption (at a given solids flow
rate). Under high pressure and low air flow rate, particles willmove as a
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Fig. 8. The solid loading rates and unit p consumptions vs. the air volume flow rate.
‘pile’. In this situation, the motive force for conveying is predominately
made up by the pressure difference between the upstream and
downstream sides of the material ‘pile’ to against the wall friction.

4.2. Simulation

This study numerically investigated the experimental cases based
on the methodology introduced in Section 3. The air flow rate and
power consumption for conveying 11.7 t/h particle are plotted in
Fig. 8(a) and (b). It can be seen that the simulation results presented
in are close to the experimental results. The predicted air volumetric
flow rate is 210 m3/h, which is the same as the experimental result
under air pressure 150 kPa. The predicted lowest energy power
consumption is 3.0 (kW h)/(t km), while the tested power consump-
tion is 3.36 (kW h)/(t km). It should be noted that in order to avoid
pipeline blockage, according to the requirement from a conveying
company, the case, inwhich the airflow rate is below200 Nm3/h, is not
considered as a candidate of the optimum case.

5. Conclusion

Anewmethodbased on the use of both experimentalwork andCFD
simulation is proposed in this paper. It predicts the power consump-
tion for DTS pneumatic conveying. The simulation results are in good
agreement with experimental data. The increase of air volumetric rate
does not always result in the increase of the solids flow rate in this
system. It will induce the change of the conveying pattern from dense
phase conveying to dilute phase conveying, and will result in an
increase of the unit power consumption. Althoughhigher pressure and
lower air flow rate are expected to save conveying power, the air flow
rate should be kept higher than a certain value in order to avoid
pipeline blockage.
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