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Pulse-jet cleaning and understanding of the complex physics are essential when designing fabric filters used for
air pollution control. Today, low-pressure cleaning is of particular interest due to demand for reduced com-
pressed air consumption. Pulse-jet cleaned fabricfilters have been studied formany years by experimental inves-
tigation and to a limited extent by Computational FluidDynamics (CFD). Themajority of the studies have focused
on high-pressure cleaning systems, and the CFD models presented are so far two-dimensional (2D). In the work
presented here, pulse-jet cleaning of low-pressure fabric filters (2 bar) is studied using a full three-dimensional
(3D) CFD model. Experimental results obtained in a pilot-scale test filter with 28 bags, in length of 10 m and in
general full-scale dimensions of the cleaning system are used to verify the reliability of the present CFD model.
The validated CFD model reveals the strong compressible effects, a highly transient behaviour, the formation of
compressible vortex rings and the shock cell phenomenonwithin the overexpanded supersonic jet. The cleaning
nozzles and venturi design aid or oppose the pulse-pressure within the bags, and this plays an important role in
the resulting efficiency of removing the dust layer from the bags. The CFD simulation shows that the traditional
straight-bore nozzles provide substantial misalignment of the jet, and the add-on nozzle design offers only lim-
ited improvement. Further, the need for venturis in low-pressure filters and the importance of optimising the
venturi design are demonstrated. Theworkingprinciple of the venturi is to restrict backflowwhich is detrimental
to the pressure rise in the bags. Reducing the venturi throat diameter is shown to reduce backflow and improve
the pulse-pressure.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Pulse-jet cleaned fabric filters are commonly used for air pollution
control in many industries, e.g. power production and mining. Dust
transported by theflue gas is collected on the external surface of the fab-
ric bag, thereby forming a so-called ‘dust cake’. Periodic removal of the
dust cake is required due to the continuous build-up of dust. Pulse-jet
cleaning is widely used for this purpose as it enables frequent cleaning
whilst the filter is operating.

In pulse-jet cleaning, a short pulse (50–150ms) of compressed air is
released by a valve and distributed in a purge tube to multiple nozzles
(Fig. 1). Each nozzle is directed towards a venturi placed above the
open end of a single bag. The compressed air expands through the noz-
zle, thereby forming a pulse-jet of primary air. In the near-field region
around the pulse-jet, secondary air entrains the pulse-jet as it travels to-
wards the venturi (Fig. 2). The pulse-jet acts in countercurrent direction
to the flow of flue gas during normal filter operation (Fig. 3). In cleaning
mode, the pulse-jet travels through the venturi and into the bag where
).
theflow reversal and high resistance in the fabric cause an internal pres-
sure increase called the pulse pressure. As a result, the bag is briefly in-
flated and the dust cake is removed (Fig. 3 right).

In recent years, interest in low-pressure pulse-jet cleaning has in-
creased in the search for reduced energy consumption. Low-pressure
filters operate at a tank pressure of 2–3 bar gauge, whereas traditional
high-pressure filters operate at much higher pressure, typically 4–7
bar gauge. This relatively new technology is expected to introduce chal-
lenges not found in traditional high-pressure systems. Of particular in-
terest is the potential axial misalignment between pulse-jet and
venturi/bag.

In low-pressure filters, the lower density of the compressed air is ex-
pected to cause higher axial velocity in the purge tube and therefore in-
creased jet misalignment.

Understanding the jet behaviour and the interactionwith the ventu-
ri and bag is crucial to design effective pulse-jet cleaned fabric filters.
The introduction of low-pressure filters poses an even greater challenge
to engineers, requiring a detailed insight into the highly dynamic fluid
flow. Obtaining this valuable information is difficult through conven-
tional methods relying on physical measurements, which often fall
short in terms of spatial as well as temporal resolution. Computational
Fluid Dynamics (CFD) is highly suited for this purpose as it offers the
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Fig. 1. Schematic view of the pulse-jet cleaning system.
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level of detail needed at a fraction of the cost compared to physical
experiments.

There are a number of studies in the literature on pulse-jet cleaning,
although the majority of the work has focused on high-pressure filters.
Previous research has found that several parameters affect pulse-jet
Fig. 2. Illustration of the jet pump principle showing primary air from the nozzle and
secondary air entraining the jet from the surroundings.
cleaning, the most important being: nozzle diameter, distance between
nozzle and bag opening, pulse duration, initial tank pressure and vol-
ume [1–7]. Bakke [1] identified the jet and venturi concept as essentially
a jet pump and found that the pulse pressure developed in the bag is in-
versely proportional to the flow rate entering the bag. Lu and Tsai [2–4]
found that increasing the bag resistance leads to an increase in pulse
pressure. Increasing the nozzle diameter was found to increase the
pulse pressure until a certain limit, after which a larger diameter will
be detrimental; hence an optimum nozzle diameter exists. Similarly,
an optimal distance between nozzle exit and bag opening exists. A lon-
ger distance allows formore entrainment of secondary air, but if the dis-
tance is too long, the jet width will exceed the diameter of the bag or
venturi opening. A mathematical model for optimising this distance
was later developed by Qian et al. [8], who studied high-pressure filters
(6 bar) without venturis.

The role of the venturi is not fully covered in the literature and is a
subject of debate. According to Morris et al. [9], the role of the venturi
is to allow the pulse to travel easily into the bag, while restricting its
escape and thereby increasing the pressure within the bag. The provi-
sion of a high pulse pressure was found to be incompatible with a low
pressure loss through the venturi during filtration. Removal of the ven-
turi caused significant reduction of the pulse pressure. Lanois and
Wiktorsson [10] compared the performance of ‘advanced’ filters at
1–2 bar tank pressure without venturis to ‘traditional’ filters at
4.8–6.2 bar with venturis and found that advanced filters require
lower energy for the equivalent cleaning efficiency. In the study by Lu
and Tsai [4], two venturis were tested against a venturi-less design.
The necessity of the venturi was found to depend on the combined re-
sistance of the bag and dust cake. For high resistance bags, maximum
pulse pressure was obtained with venturi and vice versa. The venturi
role was also studied by Hájek [11], who found a three-fold increase
in the mass flow rate entering the bag when installing a venturi,
claiming increased entrainment of secondary air to be the reason. Fur-
ther, a two-fold increase in pulse pressure was found, demonstrating
the unambiguous advantage of the venturi. Whether the venturi is ben-
eficial is indeed a subject of debate and is perhaps best summarised by
Lu and Tsai [3]: “There are situations where venturis are required to in-
crease pressure pulse inside the bag, and there are also situations where
venturis are not necessary.”



Fig. 3. Schematic view of the bag, steel cage and venturi assembly showing dust cake build-up during normal filtration (left) and dust dislodgement during pulse-jet cleaning (right).
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Li et al. [12] studied the effect of installing a cone-shaped structure
inside the bag just below the bag opening without the use of venturis.
Two different cones were tested against a cone-less design, with both
cones leading to an increase in bag pressure as well as peak dust emis-
sion during pulse-jet cleaning.

The literature offers only a limited number of CFD-based studies on
pulse-jet cleaning. Hájek [11] studied the role of the venturi by using a
simplified CFDmodel consisting of a single bag and straight-bore nozzle
with and without venturi. A two-dimensional (2D) mesh was applied,
thereby restricting the jet to be axially aligned with the bag, and thus
neglecting the possible misalignment between jet and venturi/bag. Un-
steady RANS and k-ε turbulence modelling was applied. Lo et al. [7]
studied pulse-jet cleaning of a single pleat in a pleated fabric cartridge
by CFD. As in the study by Hájek [11], the geometric simplification en-
forces axial symmetry disregarding the possible axial misalignment be-
tween the jet and venturi/bag. Unsteady RANS with the k-ε turbulence
model was adopted and isothermal flow assumed despite the non-
negligible Mach number and hence the potential cooling due to expan-
sion. Experimental measurements were used as inlet condition at the
nozzle and subsequently for validation of the CFD model. Good agree-
ment with experimental results was demonstrated except during pres-
sure ramp-down, this being ascribed to variable filter permeability from
fabric deformation, and the assumption of constant uniform filter per-
meability was questioned. Various CFDmodels for simulating the filtra-
tion flow through pleated filters were assessed by Feng et al. [13]. For
high pleat density, LES, DES or v2f RANS was required to predict pres-
sure loss and flow field, whereas for low pleat density the k-ε model
performed as well as the more computationally costly models.

The present study concerns CFD and experimental investigation of
the pulse-jet cleaning system. Experimental pressure measurements
are used as validation data for the full three-dimensional (3D) CFD
model, which in turn is used to investigate the basic physics of subson-
ic/supersonic pulse-jet cleaning, the jet behaviour and the effect of the
venturi in relation to a typical pulse-jet cleaned fabricfilter. Basic under-
standing of the physics and the jet and venturi behaviour is essential for
optimal cleaning of filter bags, and it remains to be ascertained how
these separate parts affect the cleaning system. Detailed results of the
full 3D CFD model include jet alignment, pulse pressure inside the
bags and the effect of the nozzle and venturi design. For further results
based on the present CFDmodel, the reader is referred to Andersen [14].
2. Methods

2.1. Experimental methods

The experimental pilot-scale test filter is shown in Fig. 4 with speci-
fications listed in Table 1.

The set-up consists of a tank with four internal valves, four purge
tubes each with 18 equally spaced straight-bore holes connected by a
reinforced rubber connection. For each purge tube, seven holes and
bags are placed inside the filter casing making up the test section. The
11 remaining holes in each purge tube are placed outside the casing
without bags. Each bag is held in place by an internal steel cage as
shown in Fig. 3. The fit between bag and cage is very tight, allowing
for less than 5% volume change when the bag is inflated. A venturi de-
vice is placed at the opening of each bag, and a tube sheet separates
the dust zone from the clean zone. All tests are conducted without
dust. Instead, the presence of a dust cake is simulated by using special
bags with low permeability, providing exactly the same pressure loss
as a conventional bag with dust cake just before cleaning.

Pressure measurements are performed experimentally at seven lo-
cations: in the tank and at three positions in each of bag-1 and bag-7
(top, middle and bottom). A pressure transmitter is mounted directly
in the tank, whereas 3.5 m long PTFE hoses are used between the mea-
surement location and the transmitter for all six bag measurements.

All tests are performed at room temperature and with the filter in
off-line mode, i.e. without filtration flow. Pulse-jet cleaning is per-
formedwith an initial tank pressure of 2 bar gauge and 50ms electrical
on time (EOT).

2.2. Numerical methods

The flow during pulse-jet cleaning is characterised as being both su-
personic and subsonic. Internally in the purge tube and within the
pulse-jet cores, the supersonic flow is dominated by inertial forces,
compressibility and the presence of pressure and shock waves. In the
pulse-jet shear layer and within the bags, the flow is subsonic and tur-
bulent, whereas the flow is laminar through the filter medium. Since
turbulence only plays a role in certain areas, the computationally costly
methods for accurately resolving the turbulent scales (e.g. LES, DES) are
considered unnecessary. Viscous effects are present in, for example, the



Fig. 4. Schematic illustration of the experimental pilot-scale test filter: (a) valve, (b) compressed air tank, (c) reinforced flexible rubber connecting piece, (d) purge tube with 18 nozzles,
(e) venturi, (f) bag, (g) tube sheet, (h) casing, (P1)–(P7) pressure measurement. See Table 1 for full description of components.
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pulse-jet shear layer; hence the inviscid assumption often used for su-
personic flows cannot be applied. The unsteady RANS formulation
(URANS) is therefore considered the optimal compromise. The coupled
method of solving the Navier–Stokes (NS) equations, as opposed to the
Table 1
Components of the experimental pilot-scale test filter as illustrated in Fig. 4.

Object Type

a Valve Trimec piston valve 3 in
b Tank Volume 225 L
c Flexible connection Reinforced rubber
d Purge tube 18 nozzles, total length ≈3.6 m
e Venturi 78 mm (throat)
f Bag Nomitec polyester weave low permeability, 5

L/dm2/min @200 Pa, 127 mm ≈ 5 in
g Tube sheet Steel plate
h Casing Steel plates

Pressure measurement Type

P1 Tank BD Sensors model DMP 331, 0–10 bar, 4–20 mA
P2 Bag-1, top, 0.5 m below

tube sheet
FilTEq GmbH model DS2-420 Platine, −60 to 60
mbar, 4–20 mA

P3 Bag-1, middle, vertical
centre of bag

as P2

P4 Bag-1, bottom, 0.5 m above
bag bottom

as P2

P5 Bag-7, top, 0.5 m below
tube sheet

as P2

P6 Bag-7, middle, vertical
centre of bag

as P2

P7 Bag-7, bottom, 0.5 m above
bag bottom

as P2
segregated or uncoupled, is suitable for shock waves and highly com-
pressible flows [15,16]. The coupling applies to all three conservation
equations as described below.

The commercial code STAR-CCM+ is used to simulate the complex
flow in the pulse-jet cleaning system. For detailed information on fluid
flow and computational methods, the reader is referred to the STAR-
CCM+ user guide [15] and literature, e.g. [16,17].

2.2.1. Governing equations
The governing equations are the NS equations including conserva-

tion of: mass (continuity), momentum (Newton's second law) and en-
ergy (first law of thermodynamics). The conservation of mass is
written for compressible fluids in Eq. (1). The Cartesian form and the
Einstein notation are used throughout this article.

∂ρ
∂t

þ ∂ ρuið Þ
∂xi

¼ 0 ð1Þ

where ρ is the density, t is the time, ui is the velocity vector and xi is
the spatial vector [16]. The conservation of momentum, neglecting
gravitation, is given by [16]:

∂ ρuið Þ
∂t

þ ∂ ρujui
� �
∂xj

¼ ∂τij
∂xj

� ∂p
∂xi

ð2Þ

where τij is the viscous and turbulent stress tensor and p is the pressure.
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The conservation of energy is given by [17]:

ρ
∂h
∂t

þ ui
∂h
∂xi

� �
¼ ∂p

∂t
þ ui

∂p
∂xi

þ ∂
∂xi

∂T
∂xi

þ τij
∂ui

∂xj

ð3Þ

where h is the enthalpy, k is the thermal conductivity and T is the tem-
perature. For compressible flows, the density follows from the continu-
ity Eq. (2). The temperature can be computed from the energy Eq. (3).
With both density and temperature known, the pressure can be com-
puted from the equation of state where the ideal gas law is applied [17]:

p ¼ ρRT ð4Þ

R denoting the gas constant.

2.2.2. Numerical models
Turbulence is modelled by the realisable k-ε model developed by

Shih et al. [18] using a second-order upwind convection scheme. The
near wall region is treated by the two-layer wall function by Rodi [19].
To account for compressibility, the compressible dissipation dilatational
term by Sarkar and Lakshmanan [20] is added to the turbulence trans-
port equation. Due to the mainly sonic nature of the flow, the choice
Fig. 5. Computational domain in transparent view. The central part of the filter compartment
symmetry, green: porous baffle (bag), cyan: porous baffle (valve), grey: wall. (For interpre
version of this article.)
of turbulence model is expected to have only minor influence. The k-
ω SST turbulence model by Menter [21] has also been applied (again
with compressibility modification); however, no significant change in
the result was found and will therefore not be treated further.

Previous numerical studies were limited by axial symmetry, thereby
disregarding any possible axial misalignment between jet and venturi/
bag [7,11]. In order to simulate the effects of having multiple nozzles
in one purge tube and to fully capture the spatially complex flow field
in the nozzle and jet, a 3Dmodel is required. Further, experimental val-
idation is of utmost importance, and the geometry of the numerical
model must therefore closely resemble the experimental set-up. The
computational domain is depicted in Fig. 5 with the different boundary
conditions highlighted in colors.

The bags are simulated as having zero thicknesswith a porous inter-
face applied on the cell faces acting as a membrane allowing fluid to
pass whilst experiencing a pressure loss defined by:

Δp ¼ �ρβvn ð5Þ

where Δp denotes the pressure drop in Pa, ρ is the gas density in kg/m3,
β is the porous viscous resistance in m/s and vn is the boundary-normal
velocity in m/s. This linear expression is suitable during normal opera-
tion (filtration) where the flow across the filter is dominated by viscous
forces due to the very low velocity vn≈1 m/min=0.0167 m/s where
is omitted for clarity. The boundary types are indicated by colours: orange: outlet, blue:
tation of the references to color in this figure legend, the reader is referred to the web



Fig. 6.Upper: input for controlling the valve porous baffle resistance. Figure showing porous viscous resistance, β in Eq. (5), as a function of time. Lower: time derivative of tank pressure
(experimental) as a function of time. Used to determine the valve opening time.
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the pressure drop across the filter is approximately 1000 Pa. Given the
bag peak pressure of 2000–5000 Pa during cleaning, the equivalent in-
crease in vn (in reverse direction) is considered sufficiently low to still
assume viscous dominance. Previous studies show that bag resistance
has a major effect on the peak pulse pressure obtained within the bag
[1,2,4,7]. Adjusting the value of β to obtain a proper fit with the present
experimental data is therefore highly important. For the bags, β is as-
sumed to be constant spatially and temporally. According to Lo et al.
Fig. 7. 3D visualisation of the mesh. For clarity, the g
[7], the bag resistance varies as the bag is deflected, particularly during
the pressure ramp-down,which is of less interest in this study. The bags
are modelled as rigid structures neglecting the potential effect of bag
deflection. While bag deflection will affect the pulse pressure, the de-
flection in the pilot-scale test filter is very small (see Section 2.1);
hence the assumption is considered valid.

The valve is modelled similarly to the bags, but with temporal varia-
tion of the resistance coefficient,β, to represent the characteristics of the
eometry is mirrored along the symmetry plane.



Fig. 8. 3D visualisation of the four mesh levels. Coarse mesh (upper left), Medium mesh
(upper right), Fine mesh (lower left), Extra Fine mesh (lower right). View in the axial
direction of the purge tube. For clarity, the geometry is mirrored along the symmetry
plane.
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actual valve. The operation of the valve is simplified by three phases:
(1) valve is nearly closed: high resistance; (2) valve is fully open: low
resistance but non-zero; and (3) valve returns to closed position: high
resistance. The progress between the three phases is approximated by
a linear variation of the resistance as illustrated in Fig. 6 with timings
determined from the experimental results. Fig. 6 also shows the time
derivative of the experimental tank pressure measurement. The transi-
tion fromzero-gradient to peak-gradient is 21ms,which corresponds to
the time it takes the valve to go from fully closed to fully open. The
Fig. 9. Geometry of the three venturi configurations. From left to right: small ven
closing phase is of less interest in this study; hence the same value is ap-
plied here. The entire opening time (i.e. phases 1 through 3) is estimat-
ed at 125 ms from the experimental tank measurement, leaving 83 ms
for the fully opened phase. When the simulation time of 125 ms is
reached, the porous interface is converted to a wall hindering any ex-
change of mass. The simulation is continued until 250 ms. Valve resis-
tance values are determined through trial and error.

2.2.2.1. Spatial and temporal discretisation. The presence of shock waves
suggests applying an explicit time-stepping approach. However, as the
duration of the pulse-jet is long relative to the jet speed, thiswill require
undesirable small time steps, and the implicit method is adopted in-
stead. Between two time steps, inner iterations are performed based
on the default Courant number C=uΔt/Δx=50, where Δx denotes
the grid spacing, which is converted into an inner iteration step size
by the software [15].

The inner iterations continue until one of the following two condi-
tions are met: (1) the non-dimensional continuity residual has reached
an absolute value of 2×10-7 or (2) 15 inner iterations are performed. In
essence, the choice of time scheme and settings is a trade-off between
numerical accuracy, stability and computational speed. First-order tem-
poral discretisation is used to increase stabilitywhen shocks are present
[16], although it was found to be quite insensitive to modifications of
solver settings (including time step and inner iteration Courant
number).

The computational domain is composed of unstructured polyhedral
cells with sizes specified in certain regions. High spatial resolution is ap-
plied to regionswhere large gradients are found as shown in Fig. 7. Four
meshes with varying spatial resolution are constructed as shown in
Fig. 8. Properties and computational times for the fourmeshes are listed
in Table 4. A constant time-step size of Δt=1×10-5 s is used, resulting
in differentmaximum convective Courant numbers for the fourmeshes.

The shock front speedwas found to be independent of themesh res-
olution; hence no refinement is applied internally in the purge tube and
bags. However, the flow field in the jet and nozzle, including the near-
field region, was found to be mesh sensitive, due to the larger gradients
present there. The Coarse mesh strongly overpredicts the width of the
jet which affects the flow in the venturi and ultimately the pulse pres-
sure. The Extra Fine mesh provides an overly resolved jet and very
good agreement with experimental results. Based on the quality of the
results compared to the computational effort, the Fine mesh is chosen
for the majority of the further analyses.

2.2.2.2. Boundary conditions. Pressure outlets with a total pressure equal
to 0 Pa (relative to the reference pressure) are applied in the top box and
filter compartment to simulate an infinitely large volume on both sides
of the tube sheet. During pulse-jet cleaning, entrainment of secondary
air from the top box plenum causes a pressure reduction of the enclosed
volume in the top box and an increase in filter compartment pressure as
also indicated by Hájek [11]. For small filters, this will greatly influence
turi (throat 60 mm), large venturi (throat 78 mm) and no venturi (127 mm).



Fig. 10. Add-on nozzle geometry.
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the pulse pressure, but for larger filters and when including the volume
of adjoining ducts, the effective volume is large and the approximation
of infinite volume thus becomes realistic. Inflowmay occur on the pres-
sure outlet boundaries in which case a temperature of 300 K is applied.

A symmetry boundary condition is applied along the vertical plane
through the centreline of the bags and purge tube. This approximation
is suitable during the majority of the time domain, where the high ve-
locity flow is dominated by inertial forces and the jet is highly stable.
The possible asymmetry during jet build-up/decay is not considered.

The wall type boundary condition with the no-slip condition is ap-
plied to the remaining surfaces as indicated in grey in Fig. 5. Wall
boundaries are assumed adiabatic.

2.2.2.3. Initial conditions. The computational domain is initialised by ap-
plying a pressure of 2 bar to the tank volume and 0 bar to the remaining
parts of the domain, both relative to the reference pressure of 1.01325
bar. A temperature of 300 K is applied throughout the domain. Bidirec-
tional pressure waves will emanate from the valve from the beginning
of the simulation (t=0) due to the porosity having a finite value.

The tank volume iswidely known to influence the pulse pressure ob-
tained within the bags [2–4,6,7,22] and is therefore adjusted according-
ly to 225 L in the numerical model taking symmetry into account. The
shape and tank internals are assumed insignificant; for simplicity, a
square box is used.

2.2.3. Model applications
Following the validation by experimental pressure data, the numer-

ical model is modified to study different applications, including venturi
and nozzle design. The venturi is known to influence the pulse pressure
obtained within the bag as well as the pressure loss across the venturi
during filtration [1,3,4,9,11,22–24]. Three configurations of the
Fig. 11. Formation of a compressible vortex ring structure during the subsonic phase of the jet vis
criterion, see Chakraborty et al. [32]. Results obtained with the Extra Fine mesh.
numerical model are built to study the flow field and pressure depen-
dency upon the venturi. A configuration essentially without venturi
and two variations of the venturi throat diameter are studied (Fig. 9).

The baseline geometry features a simple straight-bore nozzle
suspected to cause misalignment between jet and venturi due to the
flow direction in the purge tube and the relatively small wall thickness.
A commercially available add-on nozzle (Fig. 10) claiming to improve
alignment is studied in comparison to the simple nozzle.

3. Results and discussion

3.1. Pulse-jet flow characteristics

The flow field in a pulse-jet cleaning system is inherently different
from traditional jet theory. The latter is beyond the scope of the present
study. Several factors complicate the flow field, the most important
being: strong compressible effects, highly transient behaviour, imper-
fect nozzle design and non-uniform upstream flow conditions. For sim-
plicity, the jet characteristics are divided into two phases:

1. The subsonic phase during jet ramp-up is dominated by large instabil-
ities, the formation of a vortex ring and strong dynamic fluctuations
(Figs. 11 and 12).

2. The supersonic phase is quasi-steady with velocities exceeding the
local speed of sound (Fig. 13).

After the supersonic phase, the jet returns to the subsonic phase dur-
ing ramp-down, although without the formation of a vortex ring.

A compressible vortex ring structure (Fig. 11) is formed in the shear
layer between the jet and the surrounding stagnant air during the sub-
sonic jet build-up when the jet momentum is relatively low and the jet
is subject to a Kelvin–Helmholtz-like instability. This is consistent with
ualised byan isosurface of theλ2 criterionwith isovalue=-1×10-7. For definition of theλ2



Fig. 12. Vorticity in the y-direction (out-of-plane) and vector field showing the
dynamically oscillating jet in the subsonic phase. Results obtained with the Extra Fine
mesh.

Fig. 13. Shock cells visualised by the local Mach number in the jet when at its maximum
speed. Results obtained with the Extra Fine mesh.
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the findings by Lim [25] and Murugan et al. [26]. Subsequently, more
vortex rings are formed, but due to the rapid breakdown, these are
less visible and notwell-defined. The instabilities cause the jet to fluctu-
ate dynamically (Fig. 12).

The vortex rings and instabilities occur only in the subsonic
phase, when the jet momentum is low. In the supersonic phase, the
jet velocity exceeds the sonic limit locally and, depending on the spatial
discretisation, a characteristic flow pattern occurs. This is visualised in
Fig. 13 showing the local Mach number when the jet is at its maximum
speed. The phenomenon also known as shock cells or shockdiamonds is
the result of interaction between shocks within the supersonic jet due
to the jet being overexpanded. This causes strong fluctuations of the ve-
locity, temperature, pressure and density within the jet core, which de-
crease in strength further from the nozzle as the jet is compressed and
eventually reaches ambient pressure. The pattern is similar to the find-
ings by Ooi et al. [27] and Panda and Seasholtz [28], but differs due to
the fact that this jet is not aligned axially with the nozzle. Accurate
simulation of shock cells requires the use of extremely fine spatial
discretisation, and the Extra Fine mesh has been applied here for illus-
trative purpose.

3.2. Validation by pressure measurements

The numerical model is validated by comparison of numerical
results and experimental pressure data from the tank and bag-1
(Fig. 14) and bag-7 (Fig. 15) as a function of time. For the tank pressure
(Fig. 14), good agreement between numerical and experimental results
is seen as a result of the valve control scheme applied (Fig. 6), though
the simulation tends to slightly overpredict the emptying of the tank.
When the valve opens at t=0 s, the tank pressure decreases rapidly
until around t=0.04 s. This is a result of the shock wave propagating
through the purge tube and being reflected multiple times until the
tank and purge tube pressure approach each other. From t=0.05 s,
emptying of the tank takes place at an almost constant rate limited by
the pressure difference across the valve and nozzles.

In bag-1 and bag-7, the agreement between numerical and experi-
mental results are found to be satisfactory (Figs. 14 and 15). At the top
location, a very high pulse pressure of 3800 Pa is reached within a
short time in both bag-1 and bag-7, though the simulation tends to be
most accurate in bag-7, top, rather than bag-1, top. Wiggles found dur-
ing the pressure ramp-up in bag-1, top, are the result of several factors,
including the valve resistance control scheme (Fig. 6) and pressure
wave reflections within the purge tube. Even if present in the experi-
ment, these are not visible in the experimental data due to the 3.5 m
measurement hoses, which dampen such rapid fluctuations.

The top and bottom locations in bag-1 and bag-7 all exhibit distinct
periodic oscillations. The complex frequency patterns are the result of
oscillation induced into the bag from multiple sources, including:
(1) the pulse-jet pressure wave travelling down through the bag at
the local speed of sound and being reflected at the bottom by the steel
plate, and (2) strong fluctuations in the pulse-jet velocity caused by
pressure and shock waves present within the purge tube. This means
that several frequencies are present in the bag. E.g. in bag-1, top
(Fig. 14), the period of 0.054 s (18.6 Hz) and the total travel length of
2×9.5 m fit well with the speed of sound at room temperature. The



Fig. 14. Static pressure as a function of time in tank and bag-1 showing experimental and CFD results. The Fine mesh and βbag=35,000 m/s are used.
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periodic oscillation is also found at the bottom location, butwith a phase
shift of 0.032 s. At themiddle location of both bags, this periodic oscilla-
tion is less visible. The lack of strong periodicity might be caused by
wave cancellation and the fact that multiple frequencies are present in
the bag.

The peak pressure drops with the axial distance as the pressure
wave travels axially downwards through the bag and part of the pulse
travels outwards through the bag. This is consistent with the findings
by Lim [2] andMurugan et al. [5]. At the middle location, the peak pres-
sure reaches only ≈2000–2300 Pa, which is still sufficient for bag
cleaning. According to Löffler [24], 400–500 Pa is needed for good bag
cleaning.
At the bottom location, the peak pressure increases to a level slightly
lower than at the top location as the pressure wave is reflected in the
bag bottom where a steel plate is mounted. This is contrary to the find-
ings by Lu and Tsai [2] and Yan et al. [5]. The discrepancy is ascribed to
the steel plate, the high-resistance bag material used in the present
study and the fact that no dust is removed; hence the bag resistance re-
mains high throughout the duration of the cleaning.

During the pressure ramp-down (after t=0.125 s), the numerical
model overpredicts the pressure in the bags at all locations. This was
also found by Lo et al. [7], who ascribed the discrepancy to a variable
bag resistance due to, e.g., deformation of the fibre structures within
the filter medium upon being inflated. Lo et al. [7] suggest that the



Fig. 15. Static pressure as a function of time in bag-7 showing experimental and CFD results. The Fine mesh and βbag=35,000 m/s are used.
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constant resistance coefficient is a poor assumption, which is fully con-
sistent with the findings of the present study. Accuratemodelling of the
bag resistance by applying variable coefficients is required to obtain a
better match. This is, however, not considered in the present study.
Despite somedeviation during pressure ramp-down, the agreement be-
tween CFD and experimental results is generally good, and themodel is
considered validated.

3.3. Nozzle type

The two nozzle types mentioned in Section 2.2.3 are tested numeri-
cally and compared in Fig. 16 showing the velocity vector field andmag-
nitude in nozzle 1. Three time steps are shown: t=0.020 s when the
misalignment is most pronounced, t=0.039 s at the maximum jet
speed and t=0.050 s when the alignment is best.

The straight-bore nozzle is found to cause misalignment between
the jet and venturi at the nozzles near the tank (see also Fig. 13,
Section 3.1), whereas the nozzles far from the tank provide good align-
ment. This is caused by a reduction in the mass flow rate and hence ve-
locity along the length of the purge tube due to the flow out of the
nozzles. In the following, nozzle 1 is of main interest due to the strong
misalignment.

During the filling of the purge tube (t=0.020 s), the jet impinges on
the edge of the venturi entrance. Upon filling (t=0.039 s), the
misalignment is reduced but the jet core is located in the outermost
quarter of the venturi throat and remains there throughout the duration
of the pulse-jet. This reduces the jet momentum in the axial direction of
the bag and, most critically, allows for a backflow zone occupying up to
half of the throat area.

For the add-on nozzle, the ability to realign the jet is limited. At t=
0.020 s, the magnitude of the misalignment is comparable to the
straight-bore nozzle, but the direction has changed towards the oppo-
site side of the venturi. This is due to the non-optimal internal geometry
of the add-on nozzle causing a large separation zone before the nozzle
exit. At t=0.039 s, the misalignment has improved slightly compared
to the straight-bore nozzle. At t=0.050 s, the jet is well aligned, and
the jet width fills the venturi throat and thereby eliminates backflow.

To quantify the effect of adding the nozzle, the results of the peak
pressure are listed in Table 2. An overall peak pressure improvement
of 6–17% by installing the add-on nozzle is seen, with the biggest im-
provement at themiddle and bottom locationswhere the peak pressure
is lowest. The mass flow rate into the bag and the overall pressure level
after the peak pressure are increased even further (not shown) by the
add-on nozzle. The cleaning mechanism is not fully understood, but
several authors point towards peak pressure and mass flow rate being
good indicators of cleaning effectiveness [3,8,24,29–31]. The 6–17%
peak pressure increase and the even bigger increase in the mass flow
rate are likely to cause improved cleaning, given that the bag is not



Fig. 16. Velocity vector field and magnitude at nozzle 1. Time progressing from left to right. Upper figures: straight-bore nozzle; lower figures: add-on nozzle.
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completely cleaned by the straight-bore nozzle. Further, the peak
pressure increase makes it possible to reduce the tank pressure
and/or compressed air consumption whilst maintaining sufficient
cleaning intensity. Despite having equal diameters, the add-on
Table 2
Nozzle comparison based on bag-1 peak pressure.

Straight-bore Add-on Increase

Nozzle Nozzle [%]

[kPa] [kPa]

Top 3.74 3.96 6
Middle 2.38 2.60 10
Bottom 2.44 2.84 17
nozzle was found also to increase the consumption of compressed
air by 7% in each pulse, which reduces the saving potential offered
by this nozzle although the correlation is not linear. The increased
consumption is ascribed to the lower resistance offered by the add-
on nozzle geometry (Fig. 10) compared to the straight-bore nozzle.

3.4. Venturi type

The effect of the venturi is analysed by studying the gas velocity in
the axial direction through venturi-1 (Fig. 17), the net mass flow rate
entering bag-1 (Fig. 18) and the peak pressure in bag-1 (Table 3) for
the three different venturis mentioned in Section 2.2.3 (Fig. 9). Fig. 17
shows that the venturi throat diameter has a direct effect on the gas
flow entering and exiting the bag and thus also on the bag cleaning.



Fig. 17.Axial velocity and velocity vectorfield for the three venturi configurations. From left to right: small venturi (throat 60mm), large venturi (throat 78mm) and noventuri (127mm).
Note: Clipping is disabled and some values exceed the velocity scale bar.
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For the large venturi (78 mm), the combination of a large throat and
misaligned jet allows for substantial backflow exiting the venturi.

Decreasing the throat diameter (60 mm) is found to reduce the
backflow zone (Fig. 17) and increase the net mass flow rate entering
bag-1 (Fig. 18). Consequently, the peak pressure is increased by 7–9%,
which is a modest improvement.

Removing the venturi (127 mm) allows for significantly increased
backflow and reduced net mass flow entering the bag. Consequently, a
significant reduction of the peak pressure by 30–34% is seen.

In conclusion, theworking principle of the venturi is to restrict back-
flow which is detrimental to the pulse pressure obtained in the bag.
Thesefindings are consistentwith [9], who state that the role of the ven-
turi is to allow the pulse to travel easily into the bag, while restricting its
escape and thereby increasing the pulse pressure. Both Morris et al. [9]
and Lu and Tsai [4] found that decreasing the venturi throat diameter in-
creases the pulse pressure, which is also the conclusion in the present
study. Hájek [11] quantified the effect of adding a venturi and found a
factor 2 peak pressure increase. Again, this complies with the findings
Fig. 18.Mass flow rate through nozzle and venturi-1 as a
in the present study, although the improvement by adding the small
or large venturi is less than a factor 2. The small difference between
the small and large venturi points towards both venturi designs being
close to a possible optimal throat diameter.

To evaluate the suitability of a venturi design, the pressure loss dur-
ing filter operation must be taken into account. Ultimately, the choice
should be based on a cost optimisation by estimating the power con-
sumption required for cleaning and filter operation, respectively.

4. Conclusions

The flow in a pulse-jet cleaned fabric filter has been investigated nu-
merically using the commercial CFD code STAR-CCM+. A full 3D CFD
model simulating the transient pulse-jet cleaning has been developed
and validated by experimental pressure measurements. The validated
CFD model has been used to investigate the basic physics of low-
pressure pulse-jet cleaning (2 bar), jet misalignment and the effect of
venturi and nozzle design.
function of time for the three venturi configurations.



Table 3
Venturi comparison based on bag-1 peak pressure.

Venturi Large Small Increase No venturi Increase

[kPa] [kPa] [%] [kPa] [%]

Top 3.74 4.06 9 2.45 −34
Middle 2.38 2.58 8 1.64 −31
Bottom 2.44 2.61 7 1.71 −30
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Experimentalmeasurements of the tank pressure and pulsepressure
within two bags in a pilot-scale test filter were recorded during pulse-
jet cleaning and used for validation of the CFD model. Good agreement
between experimental and CFDmeasurements in the tankwas found as
a result of the valve beingmodelled as a porous interfacewith resistance
varying in time. Key features such as the pulse pressure ramp-up, peak
and oscillations within the two bags were captured well by the CFD
model, showing good agreement with experimental measurements.
The CFD model was found to overpredict the pulse pressure during
pressure ramp-down. Despite this deviation, the agreement between
CFD and experiment was generally good, and the model is considered
validated.

The pulse-jet was found to show highly transient behaviour whilst
cleaning. During the subsonic ramp-up of the jet, large instabilities
were observed in the shear layer between the jet and the surrounding
stagnant air, leading to the formation of several compressible vortex
rings. Subsequently, the jet became supersonic, clearly showing shock
cells in the overexpanded jet.

The effect of the nozzle designwas investigated by testing a straight-
bore nozzle typical for fabric filters and an add-on nozzlewith equal exit
diameter. The straight-bore nozzle was found to cause substantial mis-
alignment between the pulse-jet and the bag at the nozzles near the
tank. This was due to the high axial velocity in the purge tube and the
relatively low wall thickness, which is most pronounced for low-
pressure filters. Axial velocity in the purge tube, and thereforemisalign-
ment, decreased along the length of the purge tube due to the flow out
of the nozzles. An add-on nozzle designed to correct this showed
limited ability to realign the jet due to the non-optimal internal design
of the add-on nozzle. The pulse pressure within the bag was increased
by 6–17% at the cost, however, of a 7% increase in compressed air
consumption.

The role of the venturi was investigated by studying the gas velocity
through the venturi, the net mass flow rate into the bag and the peak
pulse pressure in the bag for three designs: a small throat venturi
(60mm), a large throat venturi (78mm) and no venturi. A large venturi
throat diameter allowed for substantial backflow exiting the venturi,
particularly in combination with the misaligned jet. Reducing the ven-
turi diameter restricted the flow fromescaping the bag, thereby increas-
ing the peak pulse pressure by 7–9%. Removal of the venturi allowed for
a significant increase in backflow, a reducedmass flow rate into the bag
and a 30–34% reduction in the peak pulse pressure. In conclusion, the
working principle of the venturi is to restrict the flow from escaping
the bag and thereby maximise the mass flow and peak pressure in the
bag.

In summary, the present work highlights the importance of under-
standing the complex physics of pulse-jet cleaning and the challenges
introduced by low-pressure cleaning. The present 3D CFD model has
Table 4
Number of cells, maximum convective Courant number and computation time on a 16-
core Sandy Bridge HPC node. *NB: refinement at nozzle/jet 7 is disabled for the Extra Fine
mesh to limit the cell count.

Mesh Coarse Medium Fine Extra Fine

Number of cells 591,484 650,453 920,635 1,441,787*
Courant number 1.7 3.5 7 14
Computation time [h] 23 25 33 56
been validated by experimental pressure measurements and is capable
of capturing details in the flow not previously seen. It has been shown
that 3D unsteady RANS simulation is suitable for optimising the pulse-
jet cleaning system design in fabric filters.
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