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Abstract: Control of Particulate matter (PM) emission is a key pollution issue affecting the environment and human health,
especially sizes that range below 10 µm. The objective of this work is to develop a dust flow separator type electrostatic
precipitator (DFS-ESP) for the effective control of fine particulate matter emission from natural gas combustion. An experiment
was conducted for natural gas combustion exhaust flow rates from 2.5 Nm3/h to 9 Nm3/h, ESP applied voltage from 0 to 30 kV,
and combustion gas temperature from 80 ℃ to 160 ℃. Particle measurements were conducted at upstream, downstream and
middle of the DFS-ESP system. The experimental results show that particle size emitted from the natural gas combustion ranges
in 17 nm -300 nm in diameter, volume density ranges approximately from 5×108 #pt/m3 to 5×109 #pt/m3 depending on the
combustion conditions. The dust flow separator can concentrate 90% of fine particles in 1%-3% of the gas flow and divert it to the
ESP section from the main flow channel allowing a higher efficiency for particle removal. In terms of overall particle collection
efficiency, the DFS-ESP system can remove up to 95% particles based on the number density.
Keywords: Electrostatic Precipitator, Flow Separation, Fine Particulate Matter, Emission Control

1

INTRODUCTION
Among all the pollutants, particulate matter (PM)
contributes to more severe effects on both the environment
and human health than normally realized [1]. PMs, ranging in
diameter from several nanometers to a few hundredmicrometers, originate from power plants, automobile
exhaust, steel manufacturing, pulp and paper plants, food
processing, etc. as well as commercial buildings and home
ventilation systems [1]. Particles less than 2.5 μm (PM2.5, also
named respirable particles) can penetrate deep into human
lungs, deposit in the alveolus, and may be transported to
systemic apparatus or tissue leading to various health
problems [2]. For this reason, new regulations on PM control
are expected from existing PM10 to the new emission limits of
PM2.5.
Particle control technologies have been developed and
commercialized for centuries. There are five major
approaches[3] for removing PMs based on different
mechanisms: (1) settling and momentum separators by
gravity, inertia and centrifugal effects such as cyclones, baffle
chambers and settling chambers; (2) filtration separators by
diffusion, interception, such as fabric filters, paper filters and
baghouse filter; (3) wet collectors mainly scrubbers by
impingement, diffusion, thermal gradients and electrostatic
attraction; (4) acoustic separators by agglomeration resulting
from sound waves; (5) electrostatic precipitation by
electrostatic forces.
The electrostatic precipitator (ESP) is the most effective
equipment for removing submicron (Dp<1 μm) and even
ultrafine particles (Dp<0.1 μm) as small as 0.01 μm, plus

ESPs have very high collection efficiency for almost all size
ranges of particles, low pressure drop, lower operation cost,
and ease of maintenance[3,4]. Typical types of existing ESP
can be classified as wire-plate and wire-tube ESP. In this
work, the wire-tube type ESP is utilized.
This research focuses on the control of submicron and
ultrafine particles from natural gas combustion exhaust.
Natural gas is an increasingly important source of energy and
has been considered as a cleaner source, since the main
pollutants from the combustion of natural gas (CO2, CO, NOx,
and hydrocarbons) are relatively lower than for other fossil
fuels, e.g. coal and oil, and PMs are relatively small in terms
of mass fraction (mg/m3). However, recent studies show that a
significant number of ultrafine particles are observed from
natural gas combustion exhaust, size range below 0.1 μm [5],
which may be hazardous to human health. Therefore,
characterization of the PM emission from natural gas
combustion is an important research objective.
The conventional ESPs have several limitations. Firstly,
the particle size collection efficiency in terms of number
density for the ultrafine- or submicron-particles by a
conventional ESP is relatively low, since these particles are
mostly small in mass loading but very large in number density
[6-11]. Secondly, heavy dust loading could cause corona
quenching of the discharge electrode and a highly possible
locally rise electric field in the region near the collecting
electrode to trigger sparking [11, 12]. Thirdly, the particle
re-entrainment problem could be generated during the rapping
process, or back corona [13-15]. Therefore, the dust flow
separator type electrostatic precipitator (DFS-ESP) is
proposed to solve these problems in PM control from natural
gas combustion exhaust.
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CNPC – Condensation Nucleation Particle Counter, OPC – Optical
Particle Counter
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EXPERIMENTAL APPARATUS
Fig.1 shows the schematic of the experiment loop. There
are three sampling ports, MP1, MP2 and MP3, upstream,
downstream, and in the middle of the main branch of the dust
flow separator type electrostatic precipitator (DFS-ESP). The
sample ports are made for particulate matter sampling,
pressure and temperature monitoring, and flow profile
detection in the main branch and ESP branch under different
test conditions. There is a small heat exchanger located
directly before the particle sampling instruments, to eliminate
most of the condensate in the sample stream, to ensure the
instruments are working properly. Heat exchanger is placed at
upstream of DFS-ESP, for the purpose of temperature control;
and hot air line is injected at the inlet of DFS-ESP, for the
purpose of dilution.
The total flow rate in the loop ranged from 2.5 Nm3/h-9
3
Nm /h. The temperature of the flue gas at the exhaust line
varied from 160 ℃ at measuring port 1 (MP1) to 80 ℃ at
measuring port 2 (MP2). The particulate matter created during
natural gas combustion has been sampled from various
locations within a loop and characterized by using
Environmental Electron Scanning Microscopy (ESEM),
where after particle sampling, Condensation Nucleation
Particle Counter (CNPC—TSI), and optical particle counter
(OPC—HazDust III) are on-line as shown in Fig.1.
Schematic configuration of the dust flow separator type
electrostatic precipitator (DFS-ESP) used in this experiment is
shown in Fig. 2. The basic structure of the DFS-ESP consists
of a main run section of Pyrex glass sleeve tubes (O.D. 90
mm, I.D. 76 mm and 254 mm long), with a Stainless Steel
pipe (I.D. 63.5 mm and 760 mm long) as the flow separator.
The flow separator diverts flow into a branch run containing
the ESP which then rejoins the main run flow at the end of the
stainless steel pipe insert. An Aluminium pipe (I.D.63.5 mm
and 430 mm long) in the ESP branch is used as the collection
electrode of the wire-pipe ESP and a 0.7 mm diameter wire is
used as the discharge electrode.
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EXPERIMENTAL RESULTS

3.1 Particles Characteristic
ESEM images were taken of deposited particles sampled
from center of flow dusts at upstream (MP1), downstream
(MP2) of DFS-ESP, and the upstream flow separator wall. Fig. 3
shows a typical example of these images, where the
corresponding size distribution analysis is shown in Fig. 4.
The ESEM images indicated that the majority of the deposited
fine particles are agglomerated structures of the near spherical
shape. The size distribution determined by ESEM image
analysis shows that particles sampled from three locations
have the similar size distribution and particle sizes from 50 to
100 nm. The mean particle diameter is estimated approximately
84 nm, 96 nm and 85 nm for locations MP1, MP2 and the
upstream flow separator wall respectively.
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Fig. 1 Schematic of experimental loop
NGC- Natural Gas Combustor, HX – Heat Exchanger, MP – Sampling
ports for PM, temperature, and pressure, ESP – Electrostatic Precipitator,

Fig. 3 Typical ESEM image of deposited particles Sampled
from tube center at MP1
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Fig. 4 Size distribution of deposited particles from tube
center at MP1 for Q=7Nm3/h, T=160℃
Particle size distributions at different locations analyzed
by CNPC method are also analyzed. The size distribution
determined by CNPC method has a bimodal distribution with
peaks for particle groups in the range from 17 nm to 41 nm
and 132 nm to 162 nm in diameter, at MP1; and the size
distribution at MP3 shows a similar bimodal distribution with
the peaks for particle groups in the range from 41 nm to 72
nm and greater than 162 nm. The total particle number density
varies with the combustion situation (sufficient combustion/
insufficient combustion), approximately ranging from 5 × 108
#pt/m3 to 5 × 109 #pt/m3, taking into account changes in inlet
air flow rate, exhaust temperature, and pressure drop across
the system.

3.2.2 Particle Separation Characteristic
The particle number density for different total inlet gas
flow rate at upstream (MP1) and middle of main channel
(MP3) are shown in Fig.6; and the corresponding size
distribution for MP1, MP2 and MP3 at 7 Nm3/h is shown in
Fig. 7. Fig. 6 shows that the particle number density increases
with increasing total inlet flow at MP1, and decreases at MP3,
which demonstrates that more particles are separated to the
ESP branch at higher inlet gas flow. Fig. 13 shows the particle
size distribution at MP1, MP2 and MP3 for total inlet flow at
7 Nm3/h. First of all, fine size particles (17 nm-41nm) range at
MP1 (upstream) and MP2 (downstream) is approximately
15% difference, which most likely is the function of
deposition of the whole DFS-ESP system. Secondly, particles
with size range larger than 162 nm occupy most of the portion
at MP3. Based on the above observations, the particles with
smaller size range are separated at DFS section, especially
effective with 17 nm to 41 nm size range; and particles show
the trend of agglomeration at MP2 and MP3 at higher size
range.

Fig. 5 Flow rate at branch and run channel vs. total inlet
gas flow rate
3.2 Characteristic of Dust Flow Separator
The role of the dust flow separator is to separate most of
the fine particles from the exhaust flow to ESP branch, while
maintaining most of the flow in the main stream. Hence,
characterizing the flow separation, particle separation and
pressure drop of the DFS-ESP system were conducted.
3.2.1 Gas Flow Separation Characteristics
Based on the flow velocity distribution in main branch at
location MP3, the flowrate was determined, where by
subtracting the flow rate of the main channel (MP3) from that
at upstream (MP1), the flow rate in the ESP branch is
determined. The comparison for flow rates between ESP
branch and mainstream (run) is shown in Fig. 10. Since the
flow rate in the ESP branch is relatively small, the real value
is scaled 10 times to observe the trend.
Fig. 5 shows that, the main flow increases and branch
flow decreases as increasing total inlet flow rate. This
demonstrates less gas flow to the ESP branch as the total inlet
flow increases. Flow separation fraction in branch is
determined by:
η = (QMP1 − QMP 3 ) / QMP1
Therefore, for the different total inlet flows (5 Nm3/h, 7
Nm3/h and 8.5 Nm3/h), the gas flow separation fraction are
approximately 3%, 2% and 1% respectively, where the major
gas flow is in the main flow channel and less in ESP branch.

Fig. 6 Comparison of particle number density for different
total inlet flow rate at MP1 and MP3
Furthermore, the separation fraction can be computed by,
( N − N MP 3 )
× 100%
η = MP1
N MP1
so that, separation fraction for 17 nm-41 nm size range
particles is 99.4% to the ESP branch, and overall separation
fraction to the ESP branch is around 95% for all particle sizes.
3.2.3 DFS-ESP Particles Collection Efficiency
Dust particle collection efficiency based on particle
density as a function of ESP applied voltage is shown in
Fig. 8 for which gas flow for inlet gas temperature 165°C and
dust density 2×109#pt/m3-4×109#pt/m3. From the flow rate
analysis in previous paragraph, the ESP branch flow rates are
approximately 0.2 and 0.14 Nm3/h for 5 Nm3/h and 7 Nm3/h
total inlet gas flow rates respectively, and these information as
inputs for the MESP code [16], to compare dust particle
collection efficiency as shown in Fig. 8.
Fig. 8 shows that particle collection efficiency based on
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number density increases with increasing total inlet gas flow
rate and ESP applied voltage, where the relatively low
collection efficiency before corona-onset voltage may be due
to the diffusion and thermophoresis effects within the entire
system. The experimental results and MESP code prediction
agree qualitatively and quantitatively for above 20kV ESP
voltage and 7 Nm3/h gas flow rate, where quantitative
analysis shows that about 95% particle collection efficiency
based on the number concentration can be obtained at 7
Nm3/h and ESP voltage above 20kV.

Further analysis for partial particle collection efficiency
is conducted using CNPC-PSS. Results are shown in Fig. 10
and 11, for the collection efficiency at 20kV ESP voltage, and
5 Nm3/h and 7 Nm3/h gas flow rate, respectively. It indicates
that the most particle number collection efficiency can be
obtained for fine particles in the range of 17 nm to 41 nm,
which is 86.6% for 5 Nm3/h gas flow rate, and 95.6% for 7
Nm3/h gas flow rate. Agglomeration of particle can also be
observed for particles’ size in the ranges of 72 to 102 nm and
above 162 nm.

Fig. 7 Size distribution comparison for MP1, MP2 and MP3
at 7Nm3/h and 0kV by CNPC-PSS with 30nm increment

Fig. 9 Particle collection efficiency based on mass fraction
versus ESP voltage for different gas flow rates without insert

Fig. 8 Particle collection efficiency based on number
density versus ESP voltage for different gas flow rates
without insert, compared with MESP modeling result
The particle mass concentration based collection
efficiency is presented in Fig. 9, where particle mass density
is around 1.05 mg/cm3. Comparing with the number density
based particle collection efficiency, particle mass density
based collection efficiency is relatively smaller, where the
highest value is around 76%. This discrepancy might due to
the fact that the agglomerated larger dust particles may not
well separated to reach ESP branch due to the larger inertia.
Note the detection limit of the instrument used for mass
density ( ±0.01mg/ m3 ) may contain a few percentage error in
the present range of measurement.

Fig. 10 Particle collection efficiency based on number
density at 20kV ESP voltage and 5 Nm3/h by CNPC-PSS with
30 nm increment
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Fig. 11 Particle collection efficiency based on number
density at 20 kV ESP voltage and 7 Nm3/h by CNPC-PSS
with 30 nm increment
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CONCLUSIONS
Dust flow separator type electrostatic precipitator for a
control of fine particle emission from natural gas combustion
was experimentally and numerically investigated, and the
following conclusions were obtained:
1. Size of particles from natural gas combustion ranges
from smaller than 17 nm to 300 nm, with a maximum
particle mass density at 1.05 mg/cm3 and number density
approximately at 5×108 to 5×109 #pt/m3 depending on
combustion conditions.
2. Particle size shows a bimodal distribution with maximum
density for particle size groups in the range from 17 nm
to 41 nm and 132 nm to 162 nm in diameter, at upstream
of DFS-ESP; and the size distribution at main flow
channel of DFS-ESP shows a similar bimodal
distribution with the maximum for particle groups in the
range from 41 nm to 72 nm and greater than 162 nm.
3. The flow separation fraction to ESP branch of the flow
separator are approximately 3%, 2% and 1% for gas flow
with respects to 5 Nm3/h, 7 Nm3/h and 8.5 Nm3/h total
inlet flow rate respectively, while the particle separation
fraction to ESP branch are 97%, 98% and 99% for 5
Nm3/h, 7 Nm3/h and 8.5 Nm3/h total inlet gas flow rate
respectively.
4. The experimental results and MESP code prediction for
particle collection efficiency based on particle number
density for ESP branch agree qualitatively and
quantitatively for above 20 kV ESP voltage and 7 Nm3/h
gas flow rate, where quantitative analysis shows that
about 95% particle collection efficiency based on the
number concentration can be obtained.
5. The collection efficiency based on particle mass density
increases with increasing ESP voltage and total inlet gas
flow. However, compared with those based on particle
number density, the collection efficiency is lower with a
maximum achievable value of 76% for 8.5 Nm3/h inlet
flow and 30 kV ESP voltage.
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