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Abstract
The nozzle is one of the most important components of pulse jet systems. The optimization of a pulse
jet system and its optimal operation condition are barely known because of the complicated turbulent
mixing, compressibility effects, and even flow unsteadiness, which are generated in the nozzle system.
In this study, a three-dimensional numerical model of a pulse jet system was established to analyse its
operation characteristics by using computational fluid dynamics (CFD). The CFD simulation results
were validated with existing experimental data. The flow dynamics of the pulse jet gas around the
cleaning nozzle was numerically explored to predict the effects of nozzle shape and dimensions on the
pulse cleaning performance in terms of pressure distribution, velocity distribution, primary mass,
secondary mass, and entrainment ratio. The influences of the convergent ratio in the narrow (Rch) and
wide (Rcw) directions, as well as that of the divergent ratio (Rdw) in the wide direction, for the nozzle
were discussed. Results show that the flow dynamics are most sensitive to changes of Rch among of
Rch, Rcw, and Rdw, The entrainment ratio (Ren) increases with Rch, Rdw, and Rdw. The primary and
secondary masses decrease with increasing Rch and Rdw. The primary and secondary masses increase
with Rdw. The conclusions obtained in the study provide guidelines for designing a rectangular slot
nozzle for pulse jet cleaning of the filter elements.
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1. INTRODUCTION
Removal of dust cake from the surface of filter elements is a major task in cleaning filter
elements, which are used in numerous applications [1, 2]. One of the most effective and
common technologies used to clean filter elements is the reverse pulse jet cleaning method [37]. The momentum of the pulse gas in the filter cavity should be sufficiently and uniformly
formed along the length of the filter element to prevent patch cleaning [8]. A dead zone
usually forms near the mouth of the filter element where the effect of the pulse cleaning is
more negligible than in the surrounding portion because of the formation of negative pressure
[9]. The jet nozzle blows a high-speed primary jet into the filter vessel to form the primary
flow of pulse gas. The primary pulse gas creates a low-pressure zone around the pulse nozzle
and generates suction momentum of the surrounding fluid, which induces a secondary airflow
[10, 11]. The formation of the secondary gas flow is advantageous in a few ways to the
operation of the filter unit. First, the cleaning effect of the filter element is increased with the
additional gas injection into the filter cavity, and the reverse momentum for detaching the
dust cake is increased on the surface of the filter element. Second, the entrained hot gas by the
secondary gas flow increases the temperature of the pulse gas that enters the filter cavity and
reduces the thermal shock during the injection of the cold pulse gas [8]. However, a drawback
is that negative pressure forms and usually occurs near the mouth of the filter element when
the suction effect is prolonged farther into the filter element. Thus, the formation of sufficient
and uniform pulse pressure is important to ensure the best cleaning conditions of the filter
element during the pulse jet cleaning process.
DOI:10.2507/IJSIMM15(2)6.334
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The best way to effectively utilize the pulse gas is to maximize the entrainment effect at
the guiding area (between the nozzle exit and the diffuser mouth) of the pulse gas, where the
negative pressure is formed to prevent the negative effect due to the extension of the negative
tendency to the diffuser. Generally, nozzle size shows the reciprocal effect, which increases
the primary pulse gas mass while decreasing the secondary pulse mass as the size increases
[8]. The convergent nozzle showed a higher pulse effect than the straight nozzle because of its
concentrating effect, which causes higher gas speeds.

2. STATE OF THE ART
To clarify the nature of gas flow during pulse cleaning, some researchers have used the
computational fluid dynamics (CFD) software FLUENT on a two-dimensional microscopic
basis [12, 13]. Zhang et al. [14] showed the pressure oscillation in the nozzle outlet and the
pressure oscillation spread in the pulse cleaning flow field with the CFD calculations. To
overcome the experimental limitations in obtaining the design values of the pulse cleaning
system, several scholars performed CFD analysis. These studies focused on the optimization
of the pressure of pulse gas tank [7-9], mass flow rate [9], pulse duration [9, 12], and the
distance from nozzle to filter [2, 9], among others. Mohammed [15] compared the numerical
simulation obtained from three different turbulence models with the experimental data to
validate the FLUENT code. The validation showed that the standard k–ε turbulence model can
successfully simulate the nozzle and diffuser.
However, most of the abovementioned studies were limited to tubular nozzles for the
single filter element and seldom focused on the group filter elements and the rectangular slot
nozzle. Small tubular nozzles located on a tubular manifold or a large tubular nozzle for a
venturi-type diffuser [16] have been recently used for the group filter element unit in
industrial fields. The former is relatively effective but requires a complicated arrangement of
the pulse cleaning system. The latter was also effective but consumed considerable space in
the filter unit because of its shape. A cake pie-type diffuser provides an attractive structure
that covers the hundred filter element on a single diffuser. The pulse gas of high pressure is
distributed above the filter elements during its propagation in the radial direction of the
diffuser. The pulse cleaning system with a rectangular slot nozzle is compact and requires the
least space.
One of the important tasks of this system is how to achieve the maximum pulse gas
leading into the rectangular receiver of the cake pie-type diffuser. The expected results from
the experimental study are restrictive because of the deficits of the exact measurement skills
and several co-dependent factors that influence the pulse effect. Thus, CFD is used in this
study to evaluate the effect of the shape and dimension of a rectangular slot nozzle on the
performance of the pulse gas.

3. METHODOLOGY
3.1 Nozzle
The novel nozzle has a venturi shape. Fig. 1 shows the primary standard novel nozzle used in
the experiment. The schematic nozzle is shown in Fig. 2. This nozzle receives the pulse gas at
the rectangular mouth, which has a width of 80 mm, a height of 30 mm, and a length of 200
mm, where the nozzle starts to converge along 60 mm up to the throat, which has a width of
60 mm. The nozzle diverges along 90 mm and then converges along 60 mm. Thus, the nozzle
height is constantly contracted to the end point from 30 mm along the length of 210 mm. The
convergent ratios in the narrow direction (Rch) and the wide direction (Rcw), as well as the
divergent ratio at the diverging section (Rdw) of the nozzle, were defined as Eqs. (1), (2), and
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(3) respectively. The variables and parameters in this model are shown in Fig. 2. The primary
standard novel nozzle has the reference dimensions of 30, 60, and 90 mm for directions of the
narrow height of the nozzle mouth (h), width (w), and the expended position for nozzle
contraction (e), respectively.

Figure 1: Experiment setup for pulse cleaning system.

Figure 2: Schematic of nozzle size and dimension varied in simulation model.
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3.2 Geometry modelling and grid pre-processing
A three-dimensional model was applied in this work. The flow direction of pulse gas along
the centreline is determined as the x-axis for the rectangular coordinates. The narrow and wide
directions from the centre point are y- and z-axes, respectively. Given the symmetry of the
flow problem, only a quarter of the domain needs to be modelled. The pre-processing,
including the geometry model and structural mesh generation, was completed in GAMBIT. To
accurately simulate the flow dynamic performance of the nozzle, further mesh refinement of
the calculation domain is required. The meshing sizes in the calculation domain are strictly
controlled, and particular refinements have been made. In all CFD simulations, a mesh
dependence test is crucial to check the convergence of the computational results with respect
to spatial resolution [17]. The mesh dependence test is performed by refining the mesh to its
final configuration. The grid system consisted of structured quadrilateral cells. Fig. 3
demonstrates the results of the grid independence study based on the static pressure along the
nozzle axis. Four sets of grids were used to find sufficient grid points. The first (coarse) grid
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has 367,000 cells. The second (medium) grid set has 386,000 cells. The third (fine) set grid
has 386,000 cells, which are generated by the same minimum space as the second set but the
grid increasing ratio changed, thereby making the grid near the nozzle outlet denser than the
second grid. The fourth grid with 706,000 cells is denser than the third grid but shows no
obvious differences in pressure distribution. Therefore, the third grid set is determined as the
independent grid that is considered sufficient for the remaining cases and is used in this work.
The independent grid is shown in Fig. 4.
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Figure 3: Grid independent examination.

Figure 4: Meshing of the computational domain.

3.3 Governing equations
CFD is fundamentally based on the governing equations of fluid dynamics. These captions
represent mathematical statements of the conservation laws of physics, where the following
physical laws are adopted:
(1) Mass is conserved for the compressible fluid and can be written as:
 
(4)

 ui   0
t

xi

(2) For the fluid analysis of the entire calculation domain, the expression of balance of
momentum is given in the following form:
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(3) The modelled energy equation is:
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where E and T are energy and temperature.  ij is the stress tensor, defined as:
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The term  ij is the viscous heating due to the dissipation. The equation of state for perfect
gases is added to close the system:
p   RT

(8)

Turbulence models used in this paper rely on the Boussinesq hypothesis, which relates the
Reynolds stress and the averaged velocity gradient. That is, both are based on an eddy
viscosity assumption, which makes the Reynolds stress tensor from equation averaging
proportional to the mean deformation rate tensor:
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The simplest complete models of turbulence are two-equation models of the standard k – 
model, where the solution of two separate transport equations allows the turbulent velocity
and length scales to be independently determined. The standard k –  model has become the
workhorse of practical engineering flow calculations since it was proposed by Launder and
Spalding. The robustness, economy, and reasonable accuracy of this model for a wide range
of turbulent flows explain its popularity in industrial flow and heat transfer simulations [18].
The turbulence kinetic energy (k) and its rate of dissipation (ε) are obtained from the
following transport equations:
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In these equations, Gk represents the generation of turbulence kinetic energy attributed to
the mean velocity gradients. Gb is the generation of turbulence kinetic energy attributed to
buoyancy. YM represents the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate. C1, C2, and C3 are constants. k and  are the
turbulent Prandtl numbers for k and , respectively.
3.4 Numerical scheme and solution convergence
The Reynolds-averaged compressible Navier–Stokes equations are solved with a k – 
turbulence model for closure by a controlled volume approach with the commercial CFD
package FLUENT 6.3. The numerical boundary conditions of the inlet pressure and outlet
pressure outlet are applied. A quarter of the nozzle is modelled in consideration of the
symmetrical structure of the simulation domain to save calculation time. Therefore, the
symmetry boundary condition is applied in this work. Dry air with ideal gas approximation is
used as working fluid. All the walls are considered to be adiabatic with no slip. For all
equations, convective terms are discretized by a second-order upwind scheme.
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Figure 5: Model validation.
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Figure 6: Comparison of convergent nozzle
and current nozzle.

The mass flow rates through the nozzle outlet obtained from the numerical simulation
agree with the experimental values for the reference nozzle, as shown in Fig. 5. The
experiment was conducted on two cases where the pulse duration was 0.8 and 1.0 s,
respectively. The mass flow rate in the experiment is calculated by measuring the pressure
difference of the air tank during the pulse duration. The mean mass flow will be more
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accurate with the increase of the pulse duration time as the operational end effect of the pulse
valve should be reduced because of the longer opening time. However, maintaining the
constant pressure of the pulse tank when the pulse duration time increases is difficult as the
air supply into the pulse tank is initially interrupted to measure the air consumption. Thus, the
mass flow rate in the experimental calculation decreased when the pulse duration increased.
The calculated mass flow rate is evidently in good agreement with the experimental mass
flow rate by considering the experimental uncertainty. Therefore, the proposed simulation
model is useful to predict the flow dynamics of the pulse gas from the nozzle tip.

4. SIMULATION ANALYSIS AND DISCUSSION
4.1 Primary novel nozzle
The performance of a primary novel nozzle of the venturi-type is compared with that of a
conventional convergent nozzle with a gradual contraction type with the same dimensions.
The primary mass that approaches the nozzle mouth is the same for each nozzle. The
performance was compared with the entrainment effect. The entrainment ratio is an effective
parameter to evaluate the pulse cleaning effect of the nozzle system as defined in Eq. (12),
where Ren is the entrainment ratio; m1 is the gas mass from nozzle outlet (primary mass),
which is obtained by integrating the velocity and density of pulse gas in the area of nozzle
outlet; m2 is the mass of the entrained gas (secondary mass); and mt is the total mass, which is
equal to the summation of m1 and m2. mt is the integration of gas velocity and density in the
area of the outlet of the computational domain. Fig. 6 shows that the entrainment ratio of the
current novel nozzle is slightly higher than that of the convergent nozzle.
Ren 

m2 mt  m1

m1
m1

(12)

To learn the dynamic behaviour of pulse gas leaving the outlet of the primary standard
novel nozzle, detailed results for the primary rectangular nozzle are provided in Fig. 7:
Rch = 0.77, Rcw = 0.33, and Rde = 0.5. Fig. 7 shows the velocity vector distribution near the
nozzle outlet at plane z = 0, which illustrates the entrainment effect. The surrounding gas
flows toward the primary pulse gas and then combines with the primary gas as the total pulse
cleaning gas. The entrained secondary gas flow is strongly advantageous to the operation of
the filter unit.

a)

b)

Figure 7: Velocity vector of the pulse gas stream around the nozzle outlet, a) velocity vectors
distribution, b) magnification of velocity vectors around the very close domain of nozzle.
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4.2 Effect of nozzle convergent ratio in the narrow direction (Rch)
The effect of nozzle convergence was inspected by changing the height of the nozzle tip while
maintaining constant dimensions of the rectangular nozzle mouth (height, 30 mm; width,
80 mm). The nozzle gradually converges to a determined height (1–11 mm) from its 30 mmhigh mouth along a distance of 210 mm, as shown at Fig. 1. The convergent ratio in the
narrow direction is defined as Eq. (1) for this case. Figs. 8 and 9 show the contour plots of
pressure and the Mach number, respectively. Shock structures in the supersonic nozzle
geometries are investigated for a pulse cleaning pressure of pc = 5 bar. No shock waves occur
in the case of Rch = 0.97. The length of the shock wave increases as Rch decreases from 0.97 to
0.5.

a)

b)

c)

d)

Figure 8: Contour plots of pressure in plane z = 0 at different convergent ratio in narrow direction at
pc = 5bar; a) Rch = 0.97, b) Rch = 0.9, c) Rch = 0.77, d) Rch = 0.5.

a)

b)

c)

d)

Figure 9: Contour plots of Mach number in plane z = 0 at different convergent ratio in narrow direction
at pc = 5 bar; a) Rch = 0.97, b) Rch = 0.9, c) Rch = 0.77, d) Rch = 0.5.

The variations of the entrainment ratio (Ren) with the convergent ratio of the nozzle in the
narrow direction (Rch) are shown in Fig. 10 as the pulse cleaning pressure (pc) changed from 1
268

Li, Li, Choi, Heo, Kim: Analysis of a Novel Nozzle Used for Pulse Jet Filtration Using …
bar to 5 bar. Fig. 11 shows that the entrainment effect increased as the convergent ratio of the
nozzle in the narrow direction (Rch) increased, but this effect decreased as the pulse pressure
increased. The increase of Rch decreased the nozzle outlet area, which induced a faster
velocity of the pulse gas leaving the nozzle tip. The kinematic energy of the fluid increased,
which induced the reduction of potential energy to form negative pressure in the area in close
proximity to the nozzle tip compared with the surrounding pressure. As shown in Fig. 8, the
formation of the negative pressure in the fluid domain was the main source of the entrainment
effect.
The effect of Rch on the entrainment ratio was dominant when Rch was larger than 0.8, as
shown in Fig. 10, and corresponds to a height of less than 6 mm. However, the absolute value
of the entrainment gas actually decreased as Rch increased, as shown in Fig. 11. In this figure,
the entrained mass parabolically decreased while the primary mass linearly decreased as the
Rch increased. The increasing rate of the entrainment ratio was almost exponential with Rch.
The large value of the entrainment effect in the lower nozzle height stemmed from the lower
m1, which had a large calculation value because of the relatively and arithmetically smaller
denominator in this region. These phenomena also occurred in the case of the pulse pressure
effect, as shown in Fig. 11, where the higher entrainment ratio appeared at a lower pulse
pressure. However, a larger pulse mass formed when the nozzle was wider and the pulse
pressure was higher. Therefore, finding a certain criterion for the selection of the optimum
nozzle height to provide the maximum amount of pulse gas is difficult. A greater nozzle
height and a higher pulse pressure correspond to a greater amount of pulse gas.
Higher entrainment is desirable to prevent the thermal shock of filter elements that work
at high temperature because of its mixing effect. However, given the heating effect of the
primary cold gas with the surrounding entrained hot gas, reducing the thermal shock of the
filter element working at high temperature is important. Thus, the entrainment effect remains
useful in evaluating the effectiveness of the pulse cleaning system.
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Figure 11: Variations of m1 and m2 with Rch.

4.3 Effect of nozzle convergent ratio in wide direction (Rcw)
The effect of the convergent ratio in the wide direction (Rcw) was inspected by changing the
width of the nozzle tip by keeping the height of the nozzle tip at 7 mm. The nozzle gradually
converged into a determined width (30–90 mm corresponding to Rcw of 0.67 to 0,
respectively) from its extension width of 90 mm over a distance of 60 mm, as shown in Fig. 1.
The convergence ratio was defined as Eq. (2) for this case.
Contour plots of the pressure and Mach number in plane z = 0 mm at different Rcw are
shown in Figs. 12 and 13, respectively. The width of the shock wave increased as the
convergent ratio in the wide direction (Rcw) decreased. The length of the shock wave is nearly
constant when the convergent ratio in the wide direction (Rcw) decreased from 0.67 to 0. The
effect region increased with the decreasing Rcw.
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a)

b)

c)

d)

Figure 12: Contour plots of pressure in plane z = 0 at different convergent ratio in wide direction at
pc = 5bar; a) Rcw = 0.67, b) Rcw = 0.44, c) Rcw = 0.22, d) Rcw = 0.

a)

b)

c)

d)

Figure 13: Contour plots of Mach number in plane z = 0 at different convergent ratio in wide direction
at pc = 5bar; a) Rcw = 0.67, b) Rcw = 0.44, c) Rcw = 0.22, d) Rcw = 0.

Fig. 14 shows the effect of the convergent ratio in the wide direction (Rcw) on the
entrainment ratio at different pulse cleaning pressures. The entrainment ratio gradually
increased with the increasing Rcw from 0 to 0.67. The entrainment ratio decreased with the
pulse cleaning pressure pc. Fig. 15 shows the variation of the primary mass (m1) and
secondary mass (m2) with the convergent ratio in the wide direction (Rcw) when the pulsed
cleaning gas pressure is 3 bar. The primary mass and secondary mass decrease with the
increase of Rcw. Increasing the nozzle outlet width can improve the primary gas and entrained
gas because the entrainment ratio gradually decreased when the nozzle outlet width increased.
The variation trends of the shock region, Ren, m1, and m2 show opposite trends with Rcw. A
suitable convergent ratio in the wide direction is necessary because the shock region, Ren, m1,
and m2 are all important factors in the pulse cleaning system.
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4.4 Effect of nozzle divergent ratio in wide direction (Rdw)
The effect of nozzle divergence was inspected by changing the nozzle extension width,
keeping the rectangular nozzle mouth dimensions constant at a height of 30 mm and width of
80 mm, and keeping the rectangular nozzle tip dimensions constant at a height of 7 mm and
width of 60 mm. The nozzle gradually diverged to a determined width (60–110 mm) from its
throat width of 60 mm along the distance of 90 mm, as shown in Fig. 1. The divergence ratio
is defined by Eq. (3) for this case.
Figs. 16 and 17 show the shock wave structures in terms of the contour plots of pressure
and Mach number at different divergent ratios at the diverging section (Rdw) of the nozzle. The
divergent ratio (Rdw) barely affects the number of shock waves downstream of the nozzle tip,
although the width of the shock wave decreases as the divergent ratio (Rdw) increases from 0
to 0.83. The divergent ratio at the diverging section has no obvious effect on the shock shape
and strength.

a)

b)

c)

d)

Figure 16: Contour plots of pressure in plane z = 0 at different divergent ratio at the diverging section
at pc = 5 bar; a) Rde = 0, b) Rde = 0.33, c) Rde = 0.5, d) Rde = 0.83.
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a)

b)

c)

d)

Figure 17: Contour plots of Mach number in plane z = 0 at different divergent ratio at the diverging
section at pc = 5 bar; a) Rde = 0, b) Rde = 0.33, c) Rde = 0.5, d) Rde = 0.83.
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Fig. 18 shows the effect of the divergent ratio at the diverging section (Rdw) of the nozzle
on the entrainment ratio at different pulse cleaning pressures. The entrainment ratio increased
with the increasing nozzle divergent ratio at the diverging section and with the decreasing
pulse cleaning pressure. The entrainment ratio first increases slightly when Rdw is less than
0.33 before the entrainment ratio gradually increases when Rdw exceeds 0.5. The lower pulse
cleaning pressure causes the higher entrainment ratio, although the higher pulse cleaning
pressure will entrain more surrounding gas than the lower pulse cleaning pressure. Fig. 19
shows the variation of the primary mass (m1) and secondary mass (m2) with the divergent ratio
at the diverging section (Rdw) when the pulse cleaning gas pressure is 3 bar. The primary mass
(m1) remains constant when Rdw increases from 60 mm to 110 mm. The secondary mass (m2)
gradually increases with the increase of Rdw. Rde is the least sensitive parameter among Rch,
Rcw, and Rde.
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5. CONCLUSION AND FUTURE WORK
In this work, numerous three-dimensional CFD simulations were performed to analyse the
flow dynamics of a novel nozzle for the filtration unit. The influences of the nozzle shape and
dimensions on the entrainment effect were investigated. The following conclusions were
drawn from this simulation study:
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(1) The pulse gas formed a wave oscillation downstream of the rectangular nozzle
involving the short shock-train in pressure propagation. The attraction force with the first
negative pressure region in the pressure propagation was analysed as the main source for the
entrainment effect of the pulse gas. The shock wave length increased and the shock wave
width was almost constant as the Rch decreased. The number and length of shock waves barely
changed with Rcw and Rdw, although the width of shock wave increased with the increasing
Rcw and Rdw.
(2) In the rectangular slot nozzle, the dynamic properties of the pulse gas were mostly
affected by the nozzle height. The entrainment ratio proportionally increased with the
convergent ratio in the narrow (Rch) and wide (Rcw) directions, as well as the divergent ratio
(Rdw) in the wide direction of the nozzle, and was inversely proportional to the pulse pressure.
Higher entrainment is desirable to prevent the thermal shock of filter elements working at
high temperature because of its mixing effect. The primary mass and secondary gas decreased
with the increasing convergent ratio in the narrow (Rch) and wide (Rcw) directions. The
primary mass and secondary gas increased with the increasing divergent ratio (Rdw) in the
wide direction of the nozzle.
This simulation model only presented the flow dynamic of pulse cleaning of the nozzle.
The diffuser and filter elements of a group pulse system were not covered in this study.
However, the strategy of guiding strong and sufficient pulse gas into the diffuser opening, as
well as enhancing the mixing effect under a high entrainment condition is an attractive feature
of a pulse cleaning system for a filtration unit. The diffuser filter elements should be taken
into account in future extensions of this study.
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