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ABSTRACT: This study aims to evaluate the dust removal
efficiency and working conditions of a filter separator through a
pressure drop under various operating conditions. Typical
horizontal filter separators in natural gas stations were taken as
the research objects, and the computational fluid dynamics method
was first attempted to investigate the static and dynamic
characteristics of the pressure drop and the dust removal efficiency
under different operating times and pressures. Then, the simulated
results were compared with those obtained from online dust
detection. At a constant standard flow rate, the detected pressure
drop deviated from the fitted optimal quadratic curve with an
increase in the operation duration of the filter separator, and the
dust removal efficiency also tended to decline. The declining trend
was particularly faster at lower operating pressures caused by the fast air flow, which leads to more coalesced particles flowing out
and increases the dust concentration downstream. A higher initial pressure drop of the filter separator was also maintained at a low
operating pressure. The dust removal efficiency rapidly decreased at a higher throughput load, and the decreasing rate became
moderate at a lower input load. An optimum operating throughput of the filter was obtained when the input load varied in the range
of 100 X 10*-270 X 10* Nm®/d. Good agreement was achieved between the simulated and experimental dust removal efficiency,
and the relative errors are within +20%. Both methods applied in this work were verified to have high accuracy and reliability
through the actual on-site amount of dust captured.
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1. INTRODUCTION

A filter separator is often used to remove dust particles in the

pressure surge will occur in the filter, which leads to a lower
increasing speed of the collection efliciency. This phenomenon

gas transmission.” Certain pressure drop inevitably occurs
when dust particles are filtered, and the dynamic changes of
the pressure drop can reflect the remaining lifetime of a filter
separator.”~* It is necessary to evaluate the dust removal
efficiency and working conditions based on the pressure drop
performance.’

It is widely recognized that there are two stages in
processing the particle filtration in the solid—gas system.’
When the effect of the particle coalescence is not taken into
account at the earlier stage, its effect on the separator structure
and the collection efficiency can be neglected, and the
penetration rate and the pressure drop will not change with
the operational time. However, after a long time of operation,
the penetration rate and the pressure drop will change with the
operational time when the particles continuously coalesce on
the surface of the cartridge and the chain structure finally forms
and grows up quickly. Many scholars have dedicated efforts to
discovering this phenomenon. Thomas et al.” have found that
the particles always form a dendrite structure at the inner part
of the filter where the pressure drop grows slowly with a fast
increasing collection efficiency at the earlier stage. Then, a
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was further verified by Song et al.” by conducting experiments
with monodisperse PSL particles. Ali et al.” assumed that a
large number of filter separators in natural gas stations still
suffer from the timing in replacing the elements, which is the
main problem in optimization use of the filter. Since the
pressure drop presents a dynamic equilibrium among capture,
coalescence, and drainage, the pressure drop with the
operational time is an important indicator to declare whether
the filter cartridge should be replaced, especially when both the
operational pressure and flow rate data were recorded and
analyzed. Azam et al.'’ established the relationship between
the pressure drop and separation efficiency of different filter
materials. They found that the pressure drops increased with
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an increase in the bed thickness, and the pressure drop
increased sharply when the porosity was less than 75%. Liu et
al.'' monitored the dust removal efficiency of a filter separator
in a high-sulfur gas field by using a high-pressure natural gas
particle online detection device. It is found that the dust
removal efficiency and pressure drop suddenly increased
exponentially when the application time reached 1/3 of the
total service life. Lim et al.'> reported that the pressure drop
and particle removal efficiency increased by 30% when the
porosity of a filter material was less than 50% of its original
porosity. Song et al.” clarified the relationships among the dust
removal efficiency of the filter element, pressure drop, and dust
collection volume. They observed that the dust collection
efficiency increased by 3 to S times when a “chain structure”
formed on the filter element’s fiber. However, the service life of
the filter element was frequently affected by the chain
structure. Riefler et al."’> experimentally found the quadratic
power relationship between the quality of the filter element
and the dust removal efficiency. Thereafter, Thomas et al.'*'*
verified that this quadratic power relationship is universal.
Bourrous et al.'® clarified that the pressure drop of a filter
separator is linearly related to the flow rate. The slope of this
relationship, k, is between 0.2 and 0.5. Feng et al.'” simulated
the dust flow process of a filter element via computational fluid
dynamics (CFD) by using a 2D model and found that the
pressure drop of the filter element is proportional to the flow
rate. In summary, studies on improving the dust removal
efficiency of filters have been widely investigated. However,
most of the related methods are based on indoor tests, and the
reliability in natural gas station applications has yet to be
reported.

In this study, an efficient method that combines online dust
detection and numerical simulation were applied. A three-
dimensional natural gas filter numerical model was first
established based on the computational fluid dynamics
theories. The characteristics of pressure drop and dust removal
efficiency were investigated under different operating pres-
sures, operational times, and flow rates. Both the simulation
and experimental methods were proven to have good accuracy
and reliability. The research results can provide a robust basis
for improving the dust removal efficiency and working status of
filter separators.

2. EXPERIMENTS

2.1. Apparatus. A filter separator was used to remove the
dust particles in the gas flow, which is crucial to all of the gas
transmission stations. The structure characteristics of the filter
separator are shown in Figure 1. It mainly consists of a
cylindrical separator with an inner diameter of 900 mm, an
inlet with 350 mm inner diameter, an outlet, two differential
pressure gauges, and two sewage pipes.

The internal structure and filtration mechanism are shown in
Figure 2a. It can be found that 30 filter elements are arranged
in a coalescence chamber. Gas containing dust particles flows
into the coalescence chamber, where they are removed by the
filter elements. Then, the dust particles flow out from the
coalescence chamber into the gas collection chamber and are
then transmitted to the downstream pipeline. Differential
pressure gauges installed in the coalescence chamber and
collection chamber, respectively, are used to detect the
differential pressure created by the filter elements.

The basic size, material, and structure of a single internal
filter element are presented in Figure 2b and Table 1. The
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Figure 1. Typical filter separator used in a gas transmission plant.

length of the inner filter element is 1800 mm, and its inner and
outer diameters are 96 and 114 mm, respectively. The
materials are polyethylene fiber with a steel skeleton, and the
operating temperature is between —5 and 115 °C. The
filtration area of a single filter element is 2.98 m”.

The initial pressure drop was tested with clean air passing
through the filter cartridge, which is the differential pressure
between the inside and outside of the filter. In the filter
separator, the cartridges were arranged closely in a very limited
space as if those cartridges formed a bigger new cartridge.
Under this condition, the initial pressure drop may not be the
same as that defined before. Further studies should be
proposed to verify that its linear relationship of initial pressure
drop still follows the Darcy’s law.'®

2.2. Methods. To investigate the dust removal efficiency
7. the dust concentrations of the inlet (upstream) and outlet
(downstream) can be measured using a high-pressure particle
size dilsgribution detector and its efficiency can be expressed as
below

CV, out
CV, in ( l)

where Cy . and Cy ;, are the outlet and inlet dust
concentrations (ym?>/m?>), respectively.

The procedure for the detection process is shown in Figure
3. The process is composed of the sampling system (@),
particle detection system (@), offline particle collection system
(@),1 9ﬂow control system (®), and data acquisition system
®).

In the sampling system, the nozzle is designed based on the
standard ANSI/ASME PTC 38-1980 (determining the mass
flow rate of particulate matter in a gas stream) and is inserted
into the gas pipe with the inlet section perpendicular to the
direction of gas flow. Then, the particle-sampling gas flows into
a flow assignment room, where the gas temperature and
pressure are monitored in real time by two high-precision
sensors. Additional details of this sampling device can be found
in the reference by Xiong et al.”’

2.3. Experimental Procedure. Test numbers GF-1 to GF-
S were introduced to study the filter element’s behavior under
different operational conditions. The inlet pressures are 2.5,
3.5, 4.5, 2.5, and 2.5 MPa, respectively. The sampling analysis
shows that the dust particles are irregular, with a particle size of
3—50 pm, and exhibits a normal distribution, as shown in
Figure 4.

The average flow rate, the gas density, and the
corresponding operating conditions are provided in Table 2.

Mg =
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(a) Working principle of a filter separator.
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(b) Basic parameters of a single internal filter element.

Figure 2. (a) Working principle of a filter separator and its internal structure. (b) Basic parameters of a single internal filter element.

Table 1. Structure Performance of Fibrous Medium

number of cartridges filter fabric thickness (mm)  color longitude initial pressure drop (kPa) operational temperature (°C) filtration area (m?)

30 polyester fiber 16.0 white 1800 13 =5 to 11§ 2.98
Pressure :‘?)
o valv S
regulating valve ‘Pmﬂ“g'* =] :‘::;mnn { ;c:;m ‘ ‘
r 1 \ . | Exhaust
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Figure 3. Particle detection device for high-pressure natural gas.

The dust removal efficiency of the filters was investigated by In addition to detecting the dust removal efliciency, the flow

the particle size distribution detector in 1 month, 6 months, rate, operating pressure, and temperature of each filter were
also recorded. The recording frequency is two times a week
and 12 months after the filter element was installed and and the duration is 12 months, which aims to explore the

operated. effects of flow rates on the pressure drop.

36988 https://doi.org/10.1021/acsomega.3c04202
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P = apfw + 2(1 + ¢)ag (@) (8)

® is the momentum and mass transfer of the particle flow.

w =

d,
[1 " 6ap3 ] ©

g(a,) is the radial distribution equation of particles. It is
used to correct the probability of particle collision.

(@) 1 + 3a;
a) =
S T T T T 20— a) (?7)
My is the shear viscosity caused by particle collision and
translation.
ﬂk = ﬂs,col] + /’g,kin (8)
8 o , The shear viscosity caused by particle collision is
112472018 HV HFW |mag| WD | det 200 pm
9:10:36 PM |30.00 kV| 597 ym 1500 x| 9.5 mm | ETD Quanta FEG Sdsp(gn)l/z Sa
j— S
Figure 4. Microstructure of the dust particle. Kol = 96a, (I 52 -17)
8 768
1+ g’l(377 = 2)ag,(a)] + zs—ﬂfl‘xjgo(as))
3. NUMERICAL SIMULATION 9)
3.1. Mathematical Model Description. The numerical The shear viscosity caused by particle translation is
simulation of the gas-particle flow was conducted via ANSYS
fluent 15.0, and the Euler—Euler model was applied. Different 5dp (9r)"?
phases were taken as continuous media, which interpenetrate Hin = [ —go(as)asn]
96ng (at;) s (10)

with each other. The Euler equations were given as eq 2 and eq
3. The transient continuity equation and the momentum
equation of the gas and solid phases were solved in accordance
with the volume fraction.”!

A in eq 4 is the volume viscosity that characterizes the
volume expansion of the solid phase

Caontmulty equation (with each phase solved separately): =2 apdg (a)(1 + es)(%)l/z )
—(a + Ve(ap, ) =0
dt( W) (o, w) (2) where o is the volume fraction of the particle phase, ¢, is the

elastic coefficient, and d; is the particle size. The coeflicient 7

Momentum equation (with each phase solved separately):
d ( P P ) can be expressed as

0 — ——
E(akpk u) + V() n=_014+a)/2 (12)
=-aVp+ Vg + ap g + Fp+ K + Ky (3) On the right side of eq 3, Fp is the drag force between the

— — gas and solid phases
where u,_ is the velocity vector of each phase, 7, is the stress

tensor of each phase, and py is the density of each phase, which = _3 CoRe, —  —
o ; . . . Fp kp p, ——( u, = )
is written in the following constitutive equation: Kk dz
(13)
= = e —T
T =—RI + oy, (Vi + V) pd (u, — )
2 —= Re, = ————
+ ak(j's - g/’tk)v( ukI) (4) P H (14)

where Cjg is the drag coefficient of the single particle, Re, is the

P, is the pressure when the particle phase is continuous. It
Reynolds number of a particle, d,, is the particle diameter, q, is

mostly occurs at the boundary between the fluid domain and - P
the wall. the volume fraction of each phase, and u,, is the velocity of the

Table 2. Online Detection Experimental Conditions

no. inlet pressure (MPa)  flow rate (10*'Nm®/d)  particle size (um) inlet velocity (m/s)  gas density (kg/m®)  operating time (month)
GF-1 2.5 150—400 0-50 8.2—-234 20.54 1,6, 12
GF-2 3.5 5.7—-16.3 28.76
GF-3 4.5 4.4-12.4 36.98
GF-4 2.5 100-270 7.8—20.9 20.54
GF-5 2.5 40—-160 3.1-12.4
36989 https://doi.org/10.1021/acsomega.3c04202
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solid phase. The drag coefficient model of Schiller and

2. . .
Naumann®” is introduced into F,, as follows:

24 0.687
C, = max R—(l + 0.15Re, ), 0.44

€p (15)

F is the lifting force applied by the gas phase to the solid
phase.

E = 1.615akdpukCLRe§'5(Z - ;;) X (VX ) (16)

(1 = 033144 )exp( — 0.1 X Rep) Re, < 40
c =] +033145"

0.5
0.0524(pRe, ) Re, > 40
(17)
Pdlf (V X w)
esi =
My (18)
Resi
B =
0.5Re, (19)
— du.  du
t t (20)

To investigate the coalescence process in a numerical way,
the source term S; was added to the right side of the
momentum equation:23

S,;=—(B+ A7) 1)
A=clom
- 22pvs (22)
_pe
B=1n (23)

where §; is the source term in the direction of i and Z is the
velocity vector of the particle. The first term B on the right side
of the equation is the Darcy flow term, and the second term on
the right side of equation A is the inertial resistance term. This
source term is supposed to lead to a change in dust speed,
pressure gradient, which, in turn will achieve a dust
coalescence on the filter element. a is the permeability, and
C, is the coefficient of inertial resistance. The coefficients of
inertial resistance and viscous resistance can be obtained
through the relationship between pressure drop and velocity,
as shown in eq 24

-2 -
Ap = Ay, + By, (24)

Three filter separators GF-1, GF-2, and GF-3 were
considered in the numerical simulation. The relationships
between the initial pressure drop and the velocity were
obtained by the curve fitting presented in Table 3. All of the
correlation indexes R* are approximately 0.98. During the
fitting process, the values of A and B should be greater than 0.
Viscous resistance VR and inertial resistance IR can be
expressed as eq 25 and eq 26

Table 3. Coeflicients Obtained for the Inertial and Viscous
Resistance

filter separators A IR B VR porosity
GF-1 0.062 0.0070 0.05812 7567 0.9
GF-2 0.051 0.0074 0.04441 578
GF-3 0.018 0.0026 0.25 325
1 B
VR =—=
a pAn (25)
2A
IR=C, =
pAn (26)

The values of the parameters in the equations above are
given in Table 4.

Table 4. Basic Parameters and Data Sources for Equations
2-26

parameter
parameters significance corresponding values
a volume fraction of ~ Gas phase: 99.99; solid phase: (2.7—8.0) X
gas and solid 107"
phases (%)
Pr density of gas and ~ Gas phase: 20.54—36.98; solid phase: 3880
solid phases (%)
m bulk viscosity (kg/  Gas phase: 1.19 X 107%; particle phase: 1.19
(m-s)) x 1078
a permeability 0.98
o particle diameter 0—50. The median particle size is 25.
(um)
o velocity of the solid Determined by the initial conditions of mass
P phase (m/s) flow. The value is provided in Table 2.
W velocity of the gas
k phase (m/s)
D pipe diameter (m)  See Figure 1 for the size of the geometric
model
0, viscosity coefficient ~ Obtained by consulting the particle viscosity

of particles resistance coefficient and the Reynolds

number curve®**®
An filter cloth thickness See Table 1
(mm)

3.2. Model Solution. A hybrid mesh was generated, as
shown in Figure S. The unstructured grid number of the filter
chamber are approximately 410,000, and the structured grid
number of the filter cartridges are approximately 130,000 grids.

Turbulent kinetic energy and turbulent dissipation rate were
set as 5 and 10%, respectively. The outlet pressure was set the
same as the inlet pressure because the maximum pressure drop
of the filter separator is only tens of kilopascals. The particle
size distribution of the dust particles was compiled into the
particle size of the second phase through macro DEFIN-
E_PROPERTY in the user defined function. The SIMPLE
algorithm was used to obtain the velocity and pressure drops of
each phase. The momentum equations of each phase were
discretized by the first-order upwind method, and the second-
order upwind algorithm was used to obtain the turbulent
kinetic energy and turbulent diffusion rate. The time step was
set as 107* s, and 2 X 10° steps were incorporated until the
simulation was converged. Finally, the filtration process in 12
months can be achieved by increasing the time step. The
convergence criterion was determined as follows:

M
CI)inlet - cDoutIet =

(27)

https://doi.org/10.1021/acsomega.3c04202
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(@)

(b)

Figure S. Hybrid mesh with partial geometry: (a) partial mesh of the filter separator; (b) partial mesh of the internal filter elements.

I Geometric modeling and grid generation I

The continuity, momentum and constitutive equations of the gas and solid phases
were solved separately

4

J

| Drag force, virtual mass force, lifting force

I Darcy flow term, inertial resistance term |

4

| Flow field distribution of the gas and solid phases |

| Coalescence process of dust |

Figure 6. Flowchart for the model solution.

where @ is the dust mass flow, kg/s; M is the collected dust
mass, kg; and t is the operating time, s.

It is also worth explaining the operational time captured in
the simulation. The transient method was used for the
calculation, and the time setting was consistent with the actual
operating time of the on-site filter. After the operation
converged, the pressure drop between the inlet and outlet of
the filter was established and the particles entering and exiting
the filter reached dynamic equilibrium. Then, to synchronize
with the real time, the step size was enlarged, and the model
established can be calculated.

The solution process of abovementioned models is
illustrated in Figure 6. First, the physical model and the
corresponding grids were established. Then, the continuity,
momentum, and constitutive equations of the gas and solid
phases were solved simultaneously. The Darcy flow terms and
inertial resistance terms were then identified by introducing the
values in Table 3 and Table 4. The gas flow field, the solid
phase distribution, and the filtration process of the filter
element were obtained.

The calculation accuracy usually increases with increasing
the grids, but the balance between the accuracy and calculation
time needs to be taken into account.”® A mesh independence
study was conducted to ensure that the mesh resolution did
not significantly affect the results of the numerical simulation.
To this aim, the GF-2 model was meshed using different
numbers of grids (between 250,000 and 750,000). The
distortion of all the grids is between 0 and 0.4, indicating
that the grids are with good quality.

Figure 7 shows the coalescence process of the particle flow
when GF-2 was operated for 0.5 s under different numbers of
grids. A certain difference can be noted in the coalescence
process when the number of grids are between 250,000 and
430,000. By contrast, the coalescence process remains basically
the same when the grids increase from 540,000 to 750,000.

36991

Volume fraction of particles (%)
0c+000  1e-006  2¢-006  3¢-006  4¢-006

g ¢ @

(a) 250,000 grids (b) 330,000 grids (€) 430,000 grids
(d) 540,000 grids () 640,000 grids (f) 750,000 grids

Figure 7. (a—f) Coalescence process of particle phase flow when filter
separator GF-2 was operated for 0.5 s under different grid numbers.

Therefore, the mesh of 540,000 grids can lead to relatively high
simulation accuracy in a reasonable simulation time.

Figure 8 shows the changes in the dust volume
concentration at the outlet of the filter when the filter
separator GF-2 was operated for 11 s under different grid
numbers. It can be also indicated that the outlet dust volume
concentration tends to be stable when the number of grids is
greater than 540,000; hence, the reasonable grid number can
be determined as 540,000.

4. RESULTS AND DISCUSSION

4.1. Effect of Operational Pressure on the Gauge
Pressure Drop. The gauge pressure drops and flow rates of
GF-1, GF-2, and GF-3 were recorded during the first month in
use. The effect of the flow rate on the pressure drop is
presented in Figure 9. It can be found that the pressure drops
of the three filters generally increase with increasing flow rates.

https://doi.org/10.1021/acsomega.3c04202
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Figure 8. Change in dust volume concentration at the outlet of the
filter when filter separator GF-2 was operated for 11 s under different
grid numbers.

When the corresponding plots are presented in terms of
dimensionless Euler number (Eu = AP/(pV?*)) vs Reynolds
number (Re = pVL/(u)), a trend similar to that in terms of
pressure drop vs flow rate in Figure 9 can be also obtained.
Under the same operational flow rates of 150—400 X 10*
Nm®/d, the pressure drop measured in GF-3 is the lowest but
that in GF-1 is the highest. The reason is that the lower
operating pressure generally leads to a faster particle flow
velocity and a higher local resistance under the same flow rate.

Figure 9 shows the comparison of the experimental pressure
drop with the simulated data at different operational flow rates.
The simulated values are generally lower than those fitted by
the experimental data. It can be attributed to the fact that the
particles intermittently enter the filter fiber and then flow out
through the weak pores of the filter material in actual operation
of the filter."” This will cause disturbance of the pressure drop,
resulting in an increase in the relative error of the pressure
monitoring device and a slow decrease in the pressure drop.
However, the process in which particles “find” weak fiber pores
in the actual flow is difficult to describe through the CFD
method. In accordance with the settings of the source term in
eq 21, the resistance characteristics of the filter element can
only be described linearly.'” It can be noted from the
simulation results that the relative errors of the pressure
drop simulated increase with increasing operating flow rate.
Nevertheless, the maximum error can still be controlled within
+20%, which indicates that the initial pressure drops in the
filter separator within 1 month can be accurately predicted
using the simulation method.

4.2. Effect of Operational Time on the Gauge
Pressure Drop. Figure 10a—c shows the gauge pressure
drops of the GF-1, GF-2 and GF-3 filter separators under
operating times of 1, 6, and 12 months, respectively. For both
the pressure drops obtained from online testing and numerical
simulation, it can be found that the gauge pressure drops
generally gradually increase with the flow rate for all the three

20

— Fitted by experimental data
I ® Experimental
| — Simulated ™

—
w

Pressure drop (kPa)
w =
T T

ol v
100 150 200 250 300 350 400

Flow rate (10*°Nm’/d)

(a) GF-1

20

20
—— Fitted by experimental data
m  Experimental
= ——— Simulated
& 15k
=<
N—
= |
o
=
< 10 -
3
=
= |
]
e
A S
P R TR R R I |

0
100 150 200 250 300 350 400
Flow rate (10*'Nm®/d)

(b) GF-2

Pressure drop (kPa)
= >
T

w
T

— Fitted by experimental data
B Experimental
| — Simulated

100 150 200 250 300 350 400
Flow rate (10"Nm’/d)

(¢) GF-3

Figure 9. (a—c) Comparison of the simulated and experimental pressure drops at different flow rates for the filter separators during the first month
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Figure 10. (a—d) Effect of operating time on the pressure drop (the solid symbols represent the data obtained through online testing, and the

hollow symbols represent the data obtained by numerical simulation).

filter separators studied. A higher pressure drop can be
obtained for a longer operating time at fixed operating
pressures and the coalescence amount of dust also increase
as the operating time increases. The detection pressure drop
point will continuously deviate from the fitted optimal
quadratic curve, and the correlation coefficient R* becomes
smaller. In addition, the increase rates of pressure drops for
GF-2 and GF-3 under higher operating pressures are lower
than those for GF-1 under lower operating pressures. It can be
explained that the lower the gas velocity, the smaller the
resistance under the same friction coefficient.

What is more, it can be also found that the higher the
operating pressure, the lower the gauge pressure drop in both
simulation and experimental results. Compared with the
experimental pressure drops shown in Figure 10d, the relative
errors between the simulated and experimental values are
basically within +20%. This indicates that the simulation
method could provide a relatively reliable prediction of the
gauge pressure drop of filter separator over time.

4.3, Effect of Flow Rate on the Gauge Pressure Drop.
The effect of flow rate on the gauge pressure drop was
experimentally investigated under the same dust concentration,
physical properties of the filter element, operating pressure,
and temperature. As shown in Figure 11, three filter separators
GF-1 with an operating flow rates from 150 to 400 X 10*
Nm?®/d, GF-4 with an operating flow rates from 100 to 270 X
10* Nm?/d, and GF-5 with an operating flow rates from 40 to
160 X 10* Nm?/d were taken into consideration, and all the
gauge pressure drops tend to increase with an increase in gas
flow rate after 12 months of operation. The detected gauge
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Figure 11. Effect of flow rate on the gauge pressure drop for 12
months of operation.

pressure drops become more scattered with increasing gas flow
rates and velocities.

4.4, Effect of Operating Time on the Dust Removal
Efficiency. The effects of operating time on the dust removal
efficiency of filters GF-1, GF-2, and GF-3 are presented in
Figure 12a—c. From both the results obtained by online testing
and simulation, the efficiencies are basically the same at the
initial moment of 1 month. As the operating time increases, the
dust removal efficiency gradually reduces. In particular, the
efficiency of GF-1 declines at the fastest rate when the
operating pressure is fixed at 2.5 MPa, whereas the efficiency of
GF-3 reduces at the slowest rate when the operating pressure
increases to 4.5 MPa. This can be attributed to the fact that the
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GF-1 filter has a faster velocity, and thus more agglomerated
particles will be rushed out from the filter separator in
operation, which leads to an increasing dust concentration at
the downstream. As shown in Figure 12d, all the relative errors
between the simulated efficiencies and measured values are
within +£20%, which indicates that the simulation method is an
effective way to determine the dust removal efficiency of filter
separators.

Mouret et al.”’” found that when the pore size of the filter
element increased from 400 ym to 2 mm, the corresponding
flow rate increased by 7 times, while the dust removal
efficiency of 5 nm particles decreased to one-ninth. What is
more, larger pore sizes are more likely to cause higher particle
passing rates, making the filter material easier to be destroyed.
Xu et al.*® explored that the pressure drop of the filter element
exhibited a linear relationship with the inlet velocity and the
slope k of which was approximately 0.7. When the adsorption
capacity of the filter element is saturated, the loss of the filter
material per unit time is increased with increasing flow rate.
Figure 13 shows the surface morphologies of the GF-1 and GF-
3 filter elements after 12 months of usage. The surface of the
filter element was crushed and deformed under low pressure
and high gas velocity, indicating that the filter material is more
likely to be damaged under low pressure.

4.5. Effect of Flow Rate on Dust Removal Efficiency.
The effect of flow rate on the dust removal efficiency and
particle proportion at different operating times is shown in
Figure 14. Here, dN/N is defined as the ratio of the number of
particles with a certain particle size to the total number of
particles detected. From Figure 144, it can be found that when
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(a) (©)

Figure 13. Surface morphologies of the filter elements after 12
months of operation under different pressures. (a) Original filter
element; (b) surface of the filter element operating at 4.5 MPa (GF-
3); (c) surface of the filter element operating at 2.5 MPa (GF-1).

(b)

the GF-1 separator with a flow rate of 150—400 X 10* Nm®/d
was operated for 1 month, particles with sizes greater than 1.7
pum at the outlet only account for a relatively small proportion.
When the operating time was extended to 6 months, the
average proportion of particles with sizes greater than 1.7 ym
gradually increased to about 10%. After 12 months of
operation, the proportion of particles at the outlet reached
30%. Correspondingly, the dust removal efliciency slightly
increased from 94 to 96% in the first 6 months but then rapidly
declined to 30% at after one year of operation. This indicates
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that the dust removal efficiency generally reduces with the
increase in the proportion of large particles.

As shown in Figure 14b, when the flow rate of the GF-4
separator was controlled in the range 100—270 X 10* Nm®/d,
the efficiency initially increased from 90 to 94% and then
decreased to about 80% during 12 months of testing. In the
entire process, the particle proportions at the three time points
were relatively close, with an average ratio of approximately
15% maintained. It can also be seen from Figure 14c that the
proportion of large particles at the outlet is low and the filter
has great performance. This is because the interior of the filter
element has not yet reached saturation, and there are still lot of
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unused pores. The general dust removal efficiency in the test
period is maintained above 95%. Considering the flow rate,
dust removal efficiency, cost of filter separator, and differential
pressure comprehensively, a reasonable gas flow rate of 100—
270 X 10* Nm®/d is the recommended in the gas transmission.

4.6. Flow Field Characteristics of Dust Flow. Figure 15
shows the coalescence process of the dust flow of the GF-1
filter during the first 10 s. At the initial moment, the upstream
dust volume fraction is 100% at 0.0S s, the downstream dust
volume fraction maintained about 30% at 10.0 s, and the dust
removal efficiency can reach approximately 70%. We can see
that when the dusts just entered the filter separator, they
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Figure 16. (a—c) Pressure distribution of dust on the surface of the filter element.
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Figure 17. (a—c) Velocity distribution of dust on the surface of the filter element.

coalesced on the filter element closest to the inlet at 0.1 s and
the dynamic balance of dust flow was observed after 10 s of
operation. Subsequently, the dusts underwent complex flow
under the action of turbulence before coalescing through the
filter element and eventually entered the collection chamber.
Therefore, the concentration of dust at the far end of the
coalescence chamber is higher than that at the inlet and outlet
of the coalescence chamber.

In Figure 16, the pressure in the GF-3 separator is mostly
concentrated on the inlet side of the filter. In contrast with the
GF-1 and GF-2 separators, the pressure is not rapidly released
and a high flow rate zone will form. Moreover, it can be found
from Figure 17 that as the operating pressure increases, the
velocity on the surface of the filter element decreases from 14
to about 8 m/s. This also indicates that the rapid decrease in
the dust removal efliciency of the GF-1 separator is related to
the increase in flow velocity and the rapid passage of dust
particles through the filter element. The areas with high surface
flow velocity of the filter element are located in the tightly
connected area between the filter aggregation chamber and the
collection chamber, which is consistent with the damaged
position of the filter element shown in Figure 13c.

5. CONCLUSIONS

Investigations on the dust removal efficiency of a natural gas
filter via a pressure drop under different operational conditions
were carried out experimentally and numerically, which could
provide guidelines for the on-site operation and replacement of
a filter in the filter separator. Based on the findings presented
in this study, the following can be concluded:
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(1)

)

(3)

(4)

(8)

Under the same standard flow rate, the lower the
operating pressure, the faster the gas velocity, the greater
the local resistance of the filter separator, and the higher
the pressure drop. This process can be effectively
predicted by the computational fluid dynamics simu-
lation method.

As the operating time increases, the pressure drop of the
filter separator will gradually deviate from the fitted
optimal quadratic curve, and its dust removal efficiency
will continue to decrease. A faster decrease in the dust
removal efficiency occurs at lower operating pressures.

Under the same operating pressure, the larger the gas
flow rate, the more dispersed the pressured-drop points
upstream and downstream of the filter separator, which
continuously deviates from the fitted optimal quadratic
curve. Moreover, the faster the dust removal efficiency
decreases, the more large particles appear downstream.

The dust removal efficiency of the filter separator
obtained through the CFD simulation and experimental
detection can effectively reflect its actual performance,
and the relative errors of the experimental and simulated
results are basically within +20%. The actual dust
removal amount on site can further confirm the accuracy
and reliability of the two methods.

Based on comprehensive consideration of the factors
including gas flow rate, differential pressure, dust
removal efficiency, etc., an economic and reasonable
gas flow rate of 100—270 X 10* Nm?/d is the
recommended in the actual gas transmission.
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