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Gas-solid injectors are widely used feeding equipment in pneumatic conveying systems. The performance of a gas-solid injector
has a significant influence on the type of application it can be employed for. To determine the key factors influencing the injection
performance and address clogging problems in a gas-solid injector during a pneumatic conveying process, the particle trajectory
model has been utilised as a means to perform simulations. In the particle trajectory model, the gas phase is treated as a continuous
medium and the particle phase is treated as a dispersed phase. In this work, numerical and experimental studies were conducted for
different nozzle positions in a gas-solid injector. A gas-solid injector test-bedwas constructed based on the results of the simulations.
The results show that the nozzle position is the key factor that affects the injection performance. The number of extrusive particles
first increases and then decreases with the change in the nozzle position from left to right. Additionally, there is an optimum nozzle
position that maximises the injection mass and minimises the number of particles remaining in the hopper. Based on the results
of this work, the injection performance can be significantly increased and the clogging issues are effectively eliminated.

1. Introduction

A gas-solid injector is an important piece of feeding equip-
ment in pneumatic conveyers, which are widely used in
the petroleum and chemical industries, material conveying,
power stations, and other departments.They possess a simple
structure, no moving parts, and concatenate conveniently
with other pieces of equipment [1, 2]. Many methods have
been used to simulate gas-solid fluidisation. Some exam-
ples include the two-fluid smoothed particle hydrodynamics
method (TF-SPH) [3], the multilattice deterministic trajec-
tory model (MLDT) [4], the multifluid model (MFM), the
two-fluid model (TFM) [5], and the discrete phase model
(DPM) [6]. In addition, particle trajectory models (PTMs)
are also widely used because they require fewer partial
differential equations when addressing the dispersed phase
and because they provide exact results when forecasting the
particle distribution [7–9]. The particle trajectory model is
mainly used to forecast the movement of dilute particle
phases in a turbulent flow. The Lagrangian solution model
is adopted to address the particle phase. The particle-particle

and particle-wall collisions are calculated using a statistical
method that is not restricted by the number of particles
[10, 11].

Practically, gas-solid injectors may jam depending on
the particle diameter and as the volume being conveyed
increases. These issues restrict their application and devel-
opment when dealing with large-sized particles and large-
mass flow pneumatic conveying. Many scholars have studied
the conveying properties and static pressure distributions
in gas-solid injectors and agree that the location of the
driving nozzle and the angle of the converging section have
an obvious influence on the maximum achievable mass
flow rate [12–15]. The goal of this paper is to improve the
injection performance of a gas-solid injection (to increase
the conveying properties) and determine the key factors that
affect the injection performance. The particle trajectories
were simulated in a uniform flow field using the PTM and the
injection performance at different driving nozzle locations
was obtained by analysing the number of injected particles.
Finally, a gas-solid injector test-bed was built to investigate
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the injection performance and verify the simulation models
and results.

2. Mathematical Model

The movement of the particles is determined by the interac-
tions between the solid and gas phases, which are determined
in two ways.The first is by the exchange of mass, momentum,
and energy. The second is through particle-particle and the
particle-wall collisions. The particle trajectories are obtained
by the PTM, which uses different handling methods for
the gas and particle phases. The gas phase is treated as a
continuous medium and the variables of the gas phase are
obtained by solving the gas control equation. The particle
phase is treated as a dispersed phase and the Lagrangian
method is used to track the particle trajectories. The mass,
momentum, and energy of the gas and particle phases are
exchanged during the iterative process [16].

2.1. Gas Control Equation. The gas phase is treated as a
continuous medium in the PTM. Therefore, the gas phase
continuity and momentum equations are based on the law
of conservation of mass and Newton’s second law [17, 18].
In addition, the interactions between the gas and particles
are considered. For larger particle diameters of up to 5mm,
additional interactions are added to the gas control continuity
equation:

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑗

(𝜌V𝑗) = 𝑆,

𝑆 = −𝑛𝑝𝑚𝑝,

(1)

where 𝜌 is the density of gas phase, 𝑥𝑗 is the coordinate of
𝑗 direction, V𝑗 is the velocity component of the gas phase in
the 𝑥𝑗 direction, 𝑆 is the particle phase volume fraction in
the gas-solid two-phase mixture, 𝑛𝑝 is the number density
of the particle phase, and 𝑚𝑝 is the single particle mass. The
momentum equation is defined as
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(2)

where 𝜇 is the dynamic viscosity of the gas phase, 𝑥𝑖 is the
coordinate of 𝑖 direction, V𝑖 is the velocity component of the
gas phase in the 𝑥𝑖 direction, 𝜌𝑝 is the density of the particle
phase in the gas-solid two-phase mixture, V𝑝𝑖 is the velocity
component of gas phase in the 𝑥𝑖 direction, and 𝜏𝑟 is the
diffuse relaxation time of the particle phase. Equations (1) and
(2) are obtained from [17, 18].

The above control equations are all for the gas phase.
There are a total of four control equations when we con-
sider the momentum equations and the three directions in
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Figure 1: Forces and motion of particle in horizontal uniform flow.

the coordinate system. Therefore, the unknown variables for
the gas phase are 𝜌, V𝑖, V𝑗, V𝑝𝑘, and 𝑇. These are addressed
by solving the closed form of the 𝑘 − 𝜀 turbulence model
[19]. The turbulent kinetic energy and turbulent momentum
dissipation equations are shown respectively:
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Equations (3) and (4) are obtained from Yakhot and Orszag’s
work [20].

2.2. Trajectory Equation of Particle Phase. The force analysis
on the particle phase was performed using Newton’s second
law in the PTM and the particle trajectory equations were
acquired by integrating twice.

2.2.1. Motion Equation. The particle motion equation
(Figure 1) is shown in the following equation, which is
obtained from Newton’s second law:

𝑚𝑝

𝑑V𝑝
𝑑𝑡

= 𝑓𝑑 + 𝑓𝑔 + 𝑓𝐹,
(5)

where V𝑝 is the particle velocity, 𝑚𝑝 is the average particle
mass, 𝑓𝑑 is the fluid drag force on the particle, 𝑓𝑔 is the force
of gravity on the particle, and 𝑓𝐹 represents the other forces
on the particle.

The other particle forces include the Saffman force, the
Brown force, and the Magnus force. In this study, the particle
diameter is 5mm, meaning that the Brown force and the
Magnus force have little effect on the particle movement, as
described in [21–24].Therefore, these forces are ignoredwhen
considering the particle state of motion.
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The fluid drag force is defined as [25]

𝑓𝑑 =
3

4

𝜌𝑚𝑝

𝜌𝑝𝑑𝑝

𝑐𝐷 (V − V𝑝)

V − V𝑝


, (6)

where 𝜌𝑝 is the particle density, 𝑑𝑝 is the particle diameter,
𝑐𝐷 is the fluid drag coefficient, which is defined as 𝑐𝐷 = 0.44
when the particle diameter is 5mm, V is the gas velocity, and
V𝑝 is the particle velocity.

The Saffman force is defined as

𝑓𝑆 =
2𝐾V1/2𝜌𝑑𝑖𝑗

𝜌𝑝𝑑𝑝 (𝑑𝑙𝑘𝑑𝑘𝑙)
1/4
(V − V𝑝) , (7)

where 𝐾 is the Saffman force constant, which is defined as
𝐾 = 2.594 and 𝑑𝑖𝑗 is the deformation tenser.

The Saffman force is generated by the different velocity
gradients in the fluid. Equation (7) is obtained from Li and
Ahmadi [25], which determines the succession of the Saffman
expression [26].

2.2.2. Particle Trajectory. When the particles are in a uniform
flow field and do not collide with the walls or other particles,
as described in (5), the particle trajectory equations may be
defined as follows:

𝑥-direction:

𝑚𝑝

𝑑
2
𝑥𝑝
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(8)
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(9)

𝑧-direction:
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(10)

assuming that the initial particle velocities in the 𝑥- and 𝑦-
directions are zero. By substituting (6) and (7) into (8)∼(10),
the particle phase trajectory equations in the 𝑥-, 𝑦-, and 𝑧-
directions may be obtained by integrating twice:
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where 𝑥𝑝0, 𝑦𝑝0, and 𝑧𝑝0 are the initial particle coordinates in
the𝑥-,𝑦-, and 𝑧-directions, 𝑎 is the computational coefficient
of fluid drag, 𝑏 is the computational coefficient of the Saffman
force, 𝑐 is the coefficient of the simplified equation, V𝑥, V𝑦, and
V𝑧 are the gas velocities in the𝑥-,𝑦-, and 𝑧-directions, V𝑟 is the
difference in the initial gas and particle velocities, and 𝑓 and
𝑛 are the coefficients generated when simplifying the integral
computation. These coefficients are shown in

𝑎 =
4𝜌𝑝𝑑𝑝

3𝜌𝑐𝐷
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(14)

Theparticle velocity recovery factor for the collisionswith
the wall is determined from Alister’s experiment [27]. There
is a close relationship between the recovery factor and the
particle impact angle, which is defined as

𝑒𝑛 = 0.988 − 0.78𝜃 + 0.19𝜃
2
− 0.024𝜃

3
+ 0.027𝜃

4
,

𝑒𝑟 = 1 − 0.78𝜃 + 0.84𝜃
2
− 0.21𝜃

3
+ 0.028𝜃

4

− 0.022𝜃
5
,

(15)

where 𝑒𝑛 is the normal recovery factor, 𝑒𝑟 is the tangential
recovery factor, and 𝜃 is the particle impact angle.

3. Simulations

The flow field of the gas phase in the gas-solid injector is cal-
culated using a colocated grid with the SIMPLE method.The
particle coordinate positions are solved using the equations
of motion. Additionally, the solid volume percentage of the
colocated grids is also calculated. Then, the calculated value
is returned for the calculation of the flowfield. In thismethod,
the coupled solution for the determination of the continuous
fluid and particle phases may be alternated.
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Figure 2: Simulation model of injector.

Table 1: Initial parameters of simulation model.

Injector Gas phase Particle phase

Nozzle location

𝑙1 = 0mm Density 𝜌 = 1.205 kg/m3 Diameter d = 1∼5mm
𝑙2 = 30mm Viscosity 𝜇 = 1.81 × 10

−5 kg∗s/m2 Velocity V𝑝𝑦 = −4.50m/s
𝑙3 = 60mm Kinematic viscosity ] = 1.512 × 10−5m2/s Density 𝜌 = 2719 kg/m3

𝑙4 = 80mm Temperature 𝑇 = 20
∘C Feeding time 𝑇1 = 0.20 s

Diameter of feed opening 𝐷𝑟 = 80mm Humidness 20% 𝑇2 = 0.40 s
Diameter of delivery pipe 𝐷𝑐 = 45mm Working pressure 𝑃 = 0.50MPa Mass flow 𝑄 = 0.50 kg/s

3.1. Simulation Model and Initial Parameters. The gas-solid
injector consists of a driving nozzle, feed opening, mixing
chamber, contraction section, and delivery pipe (Figure 2).
The inner diameter of the driving nozzle is 20mm, the
diameter of the delivery pipe is 14mm, and the inclination
angle is 8∘.The nozzle locations addressed by the four models
are 𝑙1 = 10mm, 𝑙2 = 30mm, 𝑙3 = 60mm, and 𝑙4 = 80mm,
respectively. The initial parameters for the simulation model
are shown in Table 1. The feeding time was set to be 0.2 s
and 0.4 s, respectively, to prevent thematerial from becoming
plugged in the gas-solid injector.

3.2. Simulation Results. One group of steady-state simula-
tions and two groups of transient simulationswere conducted
for different feeding times and particle trajectories in the gas-
solid injector to analyse the injection mass.

The coordinates at each time step are solved using the
PTM.The particle trajectories are shown in Figure 3 after the
particle coordinates are projected into the gas-solid injection

model. The nozzle locations at 𝑙1 = 10mm, 𝑙2 = 30mm,
𝑙3 = 60mm, and 𝑙4 = 80mm are shown in Figure 3-(1), (2),
(3), and (4), respectively.

The injection block not only increases the use cost but also
reduces the reliability of the pneumatic conveying system.
Reducing the number of particles in the injectormay alleviate
material blockage issues and achieve a balance between the
feeding mass and the extrusive mass. A statistical analysis of
the extrusive number and the residual number of particles
is conducted separately for each of the four models. The
statistical results are shown in Figures 4–7.

Thenumber of extrusive particles and particles remaining
in the hopper for a 0.2 s feeding time is shown in Figures 4
and 5, respectively, where the horizontal axis represents the
simulation time and the vertical axis represents the number
of particles remaining in the hopper.

The number of extrusive particles and the number of
particles remaining in the hopper for a 0.4 s feeding time are
shown in Figures 6 and 7, respectively, where the horizontal
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(1) Nozzle location l1 = 10mm

(2) Nozzle location l2 = 30mm

(3) Nozzle location l3 = 60mm

(4) Nozzle location l4 = 80mm

Figure 3: Part of particle trajectories.
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Figure 4: The number of extrusive particles in 0.2 s feeding time.

axis represents the simulation time and the vertical axis
represents the remaining number of particles in the hopper.

4. Experiment

4.1. Experimental Equipment. The gas-solid injector test-bed
consists of a gas inlet, a bolt, flange, support frame, injector,
and hopper (Figure 8). One side of the gas inlet connects the
gas-holder and the other side inserts into the injector through
the flange and is fixed by the bolt, which can move up and
down in the axial direction.
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Table 2: Injection mass of gas-solid injector test-bed.

Nozzle location Injection mass/(m3/h)
1 2 3 4 5 6 Average

A 0.08 0.10 — — — — —
B 0.96 1.16 1.09 0.95 0.91 1.08 1.030
C 2.85 2.90 2.63 2.56 2.84 2.65 2.743
D 3.52 3.49 3.58 3.45 3.66 3.20 3.497
E 2.74 2.61 2.84 3.02 2.91 2.61 2.790
F 2.45 2.31 2.12 2.16 2.35 2.51 2.321
G 2.05 1.90 2.31 2.28 1.95 2.12 2.095
H 0.63 0.54 0.64 0.82 0.72 0.54 0.648
I 0.21 0.15 0.22 0.08 0.15 0.21 0.170
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Figure 8: Gas-solid injector test-bed.

4.2. Test Objective and Method. A mixture of sediment and
stone was used with the gas-solid injector test-bed to explore
the influence of the nozzle position on the injection perfor-
mance and verify the simulation results. The material supply
pipe had an inner diameter of 80mmand is divided into eight
equal parts along the axial direction of mixture chamber.
These parts are denoted by A to I from left to right.The nozzle
was placed in a position and the mixture was continually
dropped into the hopper. The injected material was gathered
every five minutes after a relatively stable injection mass is
achieved. The results from the tests are shown in Table 2.

4.3. Experiment Results. The jet gas flow caused a significant
number of impacts and there was a great deal of noise when
the nozzle was located at point A. The material erupted in
reverse from the hopper, leading to the failure of the test.
Only a handful of the material was injected into the mixture
chamber because the material could not be mixed with the
high-speed gas when the nozzle was located at point I. The
average injectionmass was adjusted by eliminating the data at
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nozzle locations A and I.The fitted curve is shown in Figure 9
and the relationship between the average injection mass and
the nozzle location is expressed in

𝑦 = −1.6571 + 0.34392𝑥 − 7.21 × 10
−3
𝑥
2
, (16)

which achieved an 𝑅-squared value of 𝑅2 = 0.85801.

5. Discussion

The particle trajectories in the mixing chamber of the gas-
solid injectors, which are shown in Figure 3-(1), are sparser
compared to the other three models when using the PTM,
which indicates less particle deposition and particle-wall col-
lisions. In contrast, the particle trajectories shown in Figures
3-(3) and 3-(4) are denser, indicating more particle deposi-
tion and energy consumption, an unstable flow field, and a
greater degree of wear in mixing chamber. The particle tra-
jectories in the delivery pipe, shown in Figure 3-(4), exhibit
a greater degree of linearity compared to the other three
models when using the PTM, which indicates less collisions
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between the particles andwall.Theother threemodels exhibit
clear particle-particle or particle-wall collisions. In general, a
greater number of collisions lead to a greater degree of wear
and higher energy consumption in the pipes. As a result, the
material conveying process becomes more difficult.

The particles are injected over 0.15 s and the number
of extrusive particles increases from 0.18 s to 0.22 s. From
0.25 s to 0.34 s, the particle count increases steadily before
beginning a downward trend after 0.35 s and sharply declines
during the 0.38 s∼0.50 s period (Figure 4). The number of
extrusive particles is largest when the nozzle is at 𝑙2 = 30mm.
Additionally, a small increase occurs from 0.50 s to 0.75 s
when the nozzle is at 𝑙3 = 60mm and 𝑙4 = 80mm. This
illustrates that, during this time, the sedimentary particles at
the bottom of injector reenter the flow field and are ejected
out of the mixing chamber.

The number of remaining particles is less using the PTM
than that for the other three injector models when the nozzle
location is at 𝑙2 = 30mm after 0.22 s (Figure 5). Remarkably,
the number of particles for all four models peaks at 0.30 s
(after the feeding stops). The curves are similar for nozzle
locations at 𝑙2 = 30mm and 𝑙1 = 10mm after 0.30 s. The
curves are also similar when the nozzle location is at 𝑙3 =
60mm and 𝑙4 = 80mm. However, the number of particles
remaining in the hopper in the latter is less than the former
after 0.70 s to the end of the injection period because the flow
field experienced acute fluctuations when the sedimentary
particles quickly reentered the flow field.

As the feeding time increases, the number of extrusive
particles reaches a maximum when the nozzle location is at
𝑙2 = 30mm (Figure 6). The number of extrusive particles
increases steadily from 0.25 s to 0.50 s but increases slowly
when the nozzle position is at 𝑙2 = 30mm, indicating that
the feeding and injecting masses are balanced. The number
of extrusive particles tends to decline after 0.55 s and then
declines sharply from 0.58 s to 0.62 s. This is the same trend
observed in Figure 3 for a nozzle position of 𝑙4 = 80mm.The
number of extrusive particles increases slightly after 0.70 s.
However, this does not appear when the nozzle position is
𝑙3 = 60mm. The number of remaining particles in the four
models is clearly different from each other; the number of
remaining particles in the PTM is less than that for the other
three models for a nozzle position of 𝑙2 = 30mm (Figure 7).
After 0.5 s, the material feed stops and the number of
extrusive particles linearly decreases in all of the models.

The simulation results show that the number of extrusive
particles is maximised when the nozzle is positioned at
𝑙1 = 30mm, indicating that the injection performance
is very good and the number of remaining particles is
then minimised. However, the particle-wall collisions are a
significant issue in the delivery pipe. The linearity of particle
trajectories is better and fewer particle-wall collisions are
observed compared to that for the other three models for a
nozzle location of 𝑙4 = 80mm. However, the particle trajec-
tories are complex and the number of remaining particles is
maximised. Consequently, a nozzle location of 𝑙2 = 30mm
is chosen for the gas-solid injector test-bed to verify the
simulation results regarding the injection performance.

The experimental results show that nozzle location is
the key factor that influences the injection performance,
especially the injection mass. The injection mass increases
first and then decreases as the nozzle positionmoves from left
to right (or from A to I), indicating that there is an optimum
nozzle position and thus verifying the simulation.

When the nozzle was in positionA, the jet gas flow caused
serious impacts, leading to significant noise and resulted in
little mass being ejected. The material erupted in reverse
from the hopper and blocked the mixing chamber during
continuous feeding.

When the nozzle was in position D, the injection mass
was maximised and the average maximum injection mass
was 3.497m3/h with a peak injection mass of 3.66m3/h.
These injection masses were determined to have met the
requirements for the engineering application.

When the nozzle was in position I, the injection air did
not mix with the material. Only a small amount of material
was ejected out the mixing chamber and most of the material
did not leave the hopper.

Due to the limitations of the experimental conditions,
this paper only addresses the injection performance from the
view of the nozzle position. There are other parameters that
influence the injection properties of a gas-solid injector that
are not examined here, such as the geometric construction
of the mixing chamber, the wall conditions, and the material
properties. Future studies are expected to examine these
aspects.

6. Conclusions

Based on the theoretical analysis, the conclusions obtained
from the simulation and experimental studies regarding key
factors that affect the injector performance are as follows:

(1) The nozzle location is the key factor affecting the gas-
solid injector performance.There is an optimal nozzle
location at which the number of extrusive particles is
maximised and the number of particles remaining in
the hopper is minimised.

(2) The simulation results indicate that injection perfor-
mance peaks when the nozzle is positioned at 30mm.
However, the particle-wall and particle-particle col-
lisions are more intense in the delivery pipe at this
nozzle position. The particle trajectories are more
linear and the particle-wall collisions decrease for a
nozzle position of 90mm. The particle trajectories at
this nozzle position are more complicated, and the
greatest amount of remaining particles in the hopper
is observed for this nozzle position.

(3) The results of the experimental study indicate that the
nozzle location has a clear influence on the injection
performance. The injection performance improves
remarkably in the optimum nozzle position of the
gas-solid injector when the structural parameters do
not change.
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