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ABSTRACT
Due to the severe air pollution situation, more stringent regulations on pollutant emissions are being promulgated in
China, necessitating more accurate and reliable monitoring of particulate matter (PM) emission in coal-fired power plants.
In this work, we study the sampling loss of continuous emission monitoring system (CEMS) under different conditions by
numerically solving the particle transport equation in the sampling line. With a high Reynolds number, the particle
deposition loss is higher than in conventional laminar sampling and increases with the Reynolds number when the plant
load changes. The temperature difference between the hot sampling gas and the pipe wall has a great effect on the
sampling loss of PM10. A small temperature difference of 2 K, which is very likely to exist even with thick thermal
insulation, will increase the deposition velocity of PM1-2.5 by ten times. The surface roughness, from either the pipe itself
or deposited particles, also enhances the deposition loss by partly shifting the capture boundary to a higher diffusivity
region. Combining all the possible factors, the loss ratio of 10-µm particles can reach 69% after 0.2 s and 95% after 0.5 s.
The loss ratios of 2.5- and 1-µm particles are much lower but also reach 4.1% and 7.9%, respectively, after 1 s, which
cannot be neglected when high accuracy monitoring is needed.
Keywords: Deposition; CEMS; Sampling; Coal-fired power plant.

INTRODUCTION
Although more stringent regulations of pollutant emissions
have been promulgated, the fact of national-wide haze still
indicate a severe air pollution situation in China (Zhang et
al., 2012; Gao et al., 2014; Liu et al., 2014; Gao et al.,
2017; Zheng et al., 2017). In 2016, among 338 major cities,
only 84 cities met the air quality standard (Ministry of
Environmental Protection of PRC, 2016), which means
that the air quality of over 75% cities are still harmful to
human health in a long-term view. The coal-fired power
plants of China (Wang et al., 2016; Ma et al., 2017) that
consume more than 50% coal per year, has been recognized
as one of the major emission sources. The upgrade and
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transformation action plan for coal-fired power energy saving
and emission reduction (2014–2020) which was released in
2014, required the emissions of particulate matter (PM) of
coal-fired power plant to be under 10 mg Nm–3 (standard
situation: 273 K, 6% oxygen content). Though the regulation
of PM emission is already quite strict even compared to
developed countries, the accuracy of continuous emission
monitoring system (CEMS) and gravimetric method (often
used as the calibration for CEMS) could be the weak point,
because the relative error may become larger for lower
emission standard.
Installed at the flue-gas stack, the CEMS is mainly
composed of a sampling line and a measuring device. A
small portion of flue gas is extracted and measured by
some on-line techniques, for example Beta attenuation or
light scattering. Being different from gas phase pollutants,
the on-line measurement of PM is always disturbed by
deposition loss along the sampling line. The loss ratio
depends on various factors including particle size, flow
rate, temperature difference etc., and sometimes could be
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quite large. However, the current specifications for continuous
emissions monitoring of flue gas from stationary sources
(HJ/T 75-2017 and HJ/T 76-2017) do not have requirements
or guidelines on the sampling loss. Therefore, a detailed
study is needed to address the issue of the sampling loss of
CEMS under different conditions.
Compared with Beta attenuation, the light scattering
technique has the advantage of convenience, safety and realtime response, thus widely adopted as the PM monitoring
device in the coal-fired power plant CEMS in China. The
typical flue gas velocity in the stack of power plants is
around 20 m s–1. To keep an isokinetic condition and avoid
blockage at the sampling nozzle, the flow rate of sampling gas
is relatively large. Take the STACK-181WS type PM sensor
system of PCME Ltd as an example, the nozzle diameter is
12 mm and the inner diameter of the sampling pipe is 20 mm.
Considering of a sampling velocity of 25 m s–1, the Reynolds
number of the sample flow is about 7000, which has fully
entered the turbulent regime. Comparing to conventional
aerosol measuring instruments with laminar sampling flows
(e.g., Electrical Low Pressure Impactor (ELPI), Re ~1000),
the highly turbulent flow in CEMS cause more deposition
due to turbulent diffusion for small particles and inertia-eddy
impaction for large particles. Moreover, other factors, e.g.,
the temperature difference between flue gas and environment,
the roughness of sampling pipe surface, could further
enhance particle deposition along the sampling line.
The deposition of particles in a turbulent pipe flow is
classical. In Lagrangian framework, by using k-ε model,
Large Eddy Simulation (LES) and Direct Numerical
Simulation (DNS) to determine the motion of fluid, the
motion of particles was computed by Gosman and
Ioannides (1983), Wang and Squires (1996) and Ounis et
al. (1993). However, the Lagrangian calculations still face
challenges when the number of the particles is important
for investigation. For Eulerian approach, the particle
concentration problem can be easily handled by treating
particle flow as a fluid. Based on the remarkable contribution
of Friedlander and Johnstone (1957), the Eulerian type
calculation has been used in engineering solutions for a
long time. By considering the particle inertia and the
inhomogeneity of fluid turbulent flow field in an area close
to solid surface, a new mechanism of particle transport which
called turbophoresis is proposed by Caporaloni et al.
(1975) and Reeks (1983). Guha (1997) established a unified
advection-diffusion Eulerian theory, including molecular and
turbulent diffusion, thermophoresis, turbophoresis, shearinduced lift force, electrical forces, and gravity. Moreover,
experimental results on particle motion in turbulent flow
are given by Sehmel (1968), Liu and Agarwal (1974), ElShobokshy (1983), Shimada et al. (1993), Lee and Gieseke
(1994), and among others. The study of particle transport
loss in aerosol sampling line mostly focus on the urban
environment aerosol (Birmili et al., 2007; Kumar et al.,
2008; Martuzevicius et al., 2008; Kumar and Gupta, 2015).
The particle sampling loss of coal-fired power plant CEMS
is more severe than conventional aerosol measurements
due to high Reynolds number of sampling flow, which has
not been adequately studied.

In this work we investigate the sampling loss in the
CEMS of coal-fired power plants and discuss various
influencing factors. Special attention is paid to the practical
conditions of CEMS to reflect important parameters for
different sized particles. The manuscript is organized as
following: Section II describes the numerical method; in
Section III, the influences of Reynolds number, temperature
difference and pipe roughness on the particle deposition in
the sampling line are discussed; finally, we make an
estimation on the loss ratio of difference sized particles
and the possible underestimation of CEMS.
METHODS
For describing physical process of particle deposition in
the Eulerian framework, Guha (1997, 2008) built a unified
advection-diffusion theory by assuming particle phase as a
continuous fluid and then deriving this theory from the
fundamental Eulerian conservation equations of mass and
momentum for the particles. For fully developed turbulence
flow in a pipe, this theory considered molecular and
turbulent diffusion, thermophoresis, turbophoresis, gravity
and the drag force. For the boundary condition of the
calculation domain, the effects of surface-roughness and
particle interception are considered. Before we list the
equations for this theory, note that the particle continuity
equation for fully developed flow gives a constant particle
mass flux in the particle deposition direction, because the
particle phase is treated as continuous fluid.
For simplicity, the curvature of the sampling pipe is
neglected for that the dimension is much larger than
particle sizes (Guha, 1997). The geometry of the calculation
is shown in Fig. 1. The particles deposition flux is given by
J    DB  Dt 
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c
 ln T
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y
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3 d p

Dt = ε
DT = DB(1 + η/kT)
where DB, Dt and DT are the Brownian diffusivity, turbulent
diffusivity and the coefficient of temperature-gradientdependent diffusion; c and J are the particle concentration
and the flux of particles; y and Vpy are the perpendicular
distance from the wall and the particle mean velocity in
this direction; T and η are the fluid temperature and the
thermophoretic force coefficient; k, Kn, µ and dp are the
Boltzmann constant, Knudsen number, dynamic viscosity
and the particle diameter; and ε is the eddy viscosity of the
fluid. The particle deposition velocity Vdep, it is defined as
Vdep = J/c. For the effect of gravitational settling, we have
estimated that the terminal settling velocities of 1-, 2.5and 10-µm particles are only 2.1%, 2.6% and 1.9% of the
deposition velocities respectively under a typical condition
in the sampling line. Hence the effect of gravitational
settling is neglected in this study.
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Fig. 1. Illustration of the particle deposition process.
Eq. (1) can be numerically solved by combining the
particle and the fluid motion equations together. The particle
velocity can be derived from the particle momentum
equations:
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where Vpx, Vʹpy and Vfx are the particle mean velocity in the
x direction, the particle RMS velocity and the fluid
velocity in the x direction; ρf and τI are the fluid density
and the inertial relaxation time.
The fluid motion is described as a function of the wallcoordinate y+ (y+ = y × u*/υ, where u* and υ are the fluid
slip velocity and the kinematic viscosity). And the functions
are summarized in the Table 1.
To correlate fluid and particle Root Mean Square (RMS)
motions, the following correlation is adopted (Binder and
Hanratty, 1991).
1
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where TL = ε/Vʹfy is the Lagrangian time scale. Using the
non-dimensional form of u*, υ, etc., Eqs. (l) and (2) can be
normalized as following:
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where V+dep and c0 are the non-dimensional deposition rate
and particle concentration at the centerline of the tube.
Two kinds of roughness will be considered in this work,
the pipe surface roughness and the deposition roughness
(illustrated in Fig. 1). The former one is the inherent rugged
surface of the pipe, and the latter one is caused by deposited
particles on the pipe surface. With a similar method as Grass
(1971) the starting point of the fluid velocity profile in pipe
roughness cases is chosen as 0.55ks, where ks is the
effective roughness height. Under the effect of interception,
the origin of the particle profile is 0.45ks + dp/2. For the
deposition roughness, we assume that ks = nl × dp, where nl
is the number of particle layers.
RESULTS AND DISCUSSION
Validation of the Method
Fig. 2 shows the comparison between calculation results
and different experimental data in literature. The horizontal
axis is non-dimensional particle relaxation time, and the
vertical axis is non-dimensional particle deposition velocity.
The overall agreement is quite good, considering the scattered
distribution of the literature data. The deviation between
the calculation and the experimental data may due to the
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Table 1. Fluid motion functions.
Parameter
Mean motion of the, fluid in the x
direction, Vfx
Fluid RMS velocity in the y direction, V’fy
Temperature profile of the fluid, T

Functions
Vfx = u*y+
Vfx = u*(–1.706 + 1.445y+ – 0.04885y+2 + 0.0005813y+3
Vfx = u*(2.5lny+ + 5.5)
(V̅ 'fy)2 = 0.005y+4u*2/(1 + 0.002923y+2.218)2
Pr y 
T
T  TW

T200

T
T

5Pr  5ln  0.2 Pr y   1  Pr 

T200

T  TW

y+ ≤ 5
5 < y+ < 30
y+ > 30
y+ < 5
5 ≤ y+ ≤ 30

5 Pr  5 ln 1  5 Pr   2.5 ln( y  / 30)
T  TW

T200

30 ≤ y+ ≤ 200

where Pr is the Prandtl number, ΔT is the temperature difference between
y+ = 200 and the wall and TW is the wall temperature.
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where Re is the Reynold number based on the average fluid velocity.
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Fig. 2. Comparison of calculation and experimental data on particle deposition.
surface roughness difference. Three distinct regimes can be
identified by increasing particle relaxation time: turbulent
diffusion regime, turbulent diffusion-eddy impaction regime
and particle inertia moderated regime. For practical sampling
lines with a typical Reynolds number of 6000, PM2.5 (τ+ ≈
0.58, when dp = 2.5 µm) is mainly in the turbulent diffusion
regime and PM10 (τ+ ≈ 9.2, when dp = 10 µm) enters the
turbulent diffusion-eddy impaction.

The size range of discharging particles of coal-fired
power plants of China is around 0.1–20 µm which locates
in the turbulence diffusion and turbulent diffusion-eddy
impaction regimes. Electrostatic precipitator (ESP) is the
most widely used major PM removal equipment in China, and
its particle penetration window is 0.1–1 µm (Liu et al.,
2016a). On the other hand, in order to meet the ultra-low
emission standard of SO2, wet flue gas desulfurization
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(WFGD) is also equipped. At the outlet of the WFGD, the
concentration of entrained droplet (solid content: 10–20%)
will be mainly reduced by inertial impaction (Zhang et al.,
2017) in the demisters. According to the flue gas
limestone/limegypsum desulfurization project technical
specification (HJ/T 179-2018) and the datasheet of the
commonly used demister (e.g., FLEXICHEVRON style
VIII), the concentration of droplets at the demister outlet is
50 mg m–3 with a cutoff diameter of 20 µm. Based on these
two facts, we can estimate that the size range of particles
in the sampling line of CEMS is about 0.1–20 µm.
The Influence of Reynolds Number
Fig. 3 shows the effect of Reynolds number (Re) on the
deposition velocity of different sized particles. In practical
conditions, the Reynolds number of the sampling flow
varies with the power plant load because an isokinetic
condition has to be maintained at the sampling nozzle.
According to a typical sampling velocity of 10–30 m s–1,
the Reynolds number in the sampling line (inner diameter
10–30 mm) is within the range of 5000–15,000 for different
monitoring equipment (e.g., PCME STACK181WS, SDL
SCS900PM and SICK FWE200DH). In Fig. 3, the flow
considered are isothermal (ΔT = 0 K) and no roughness is
assumed at the wall (ks+ = 0 and nl = 0), in order to isolate
the effect of Re. The results show that the effect of Re is
quite different in different regimes. For small particles
with short relaxation time, the deposition velocity increases
nearly 3 times when Re increases from 6.4 × 103 to 1.5 ×
104. In this diffusion-controlled regime, larger Re leads to

100
10-1

Vdep+

10-2

larger turbulent diffusivity and thus significantly increases
the deposition velocity. For larger particles entering the
diffusion-eddy regime, the effect of Reynolds number
becomes much smaller as the contribution of eddy impaction
overwhelms turbulent diffusion. As the particle relaxation
time further increases to the inertia-moderated regime, the
effect of Reynolds number again starts to emerge. For
instance, at a particle relaxation time τ+ of 300 (corresponding
to a size of larger than 10 µm), the deposition velocity
increases by about 30% as the Reynolds number changes
from 6.4 × 103 to 1.5 × 104, which shows that the influence
of Reynolds number is less significant compared to the
diffusion-controlled regime. The results indicate that the
loss in the sampling line not only changes the total mass of
particles but also changes the size distribution of the sampling
aerosol which must be carefully accounted for. The deviation
is larger for larger Reynolds number of sampling flow,
especially for PM2.5. Larger Reynolds number leads to larger
turbulent diffusivity, which significantly increases the
sampling loss of PM2.5 in the diffusion-controlled regime.
In such condition, the size distribution of CEMS will shift
more to large particle size.
The Influence of Temperature Difference ΔT
Due to the fouling and the corrosion problems, GGH is
no longer a common equipment for coal-fired power plants
in China. Therefore, the typical flue temperature of coalfired power plants is around 60°C, significantly higher
than the environment. Some of the new CEMS use heated
sampling lines to eliminate the influence of the condensation.
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Fig. 3. The dimensionless deposition velocity profile with different Re (ks+ = 0, ΔT = 0 K, nl = 0).
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However, there are still many CEMS using non-heated
sampling lines especially those using dilution sampling
method. And it should be noted that the heating of sampling
line is not a mandatory term in the latest specifications yet.
In such cases if the thermal insulation is not properly
designed, the influence of thermophoresis will reveal and
enhance particle loss in the sampling line. Fig. 4 shows the
effect of temperature difference ΔT between the fluid and
the wall on the deposition velocity. From Fig. 4(a), we can
see that the influence of thermophoresis is quite remarkable
even with a small temperature difference at the wall. The
effect of thermophoresis is most significant to PM2.5 in the
diffusion-controlled regime, and rapidly drops as particle
size increases. Fig. 4(b) shows the dimensionless ratio
between particle thermophoretic velocity at y+ = 0.3 and
deposition velocity without thermophoresis. The ratio reaches
a peak value of about 30 at τ+ = 0.2 for all the temperature
differences, which corresponds to a particle size of about
2 µm at Reynolds number of 6380. Even for a temperature
difference as small as 1 K, the peak value of the ratio can be
larger than 4, showing that thermophoresis largely enhances
the deposition loss of PM2.5 in the sampling line. We perform
a simple heat transfer analysis considering the heat
resistances of forced convection inside the pipe, conduction in
the pipe wall and insulation, and natural convection
outside the pipe. The result shows that if assuming the total
temperature difference between the sampling flow and
environment is 40 K, the temperature difference between
the sampling flow and pipe wall is about 5 K when the
pipe surface is bare and still larger than 3 K with 10-mm
thick thermal insulation. The result suggests that the effect
of thermophoresis must be accounted for when evaluating
the deposition loss along the piping line even with a
thermal insulation.
Moreover, the water vapor in the sampling gas may

condense as flowing through the sampling line if the line is
not heated. The condensation on the particle surface could
enlarge the size and thus change the particle dynamics.
Here we estimate the possible influence of this effect. With
a heat loss of 9.3 W m–1, the mass of total vapor condensation
after 2 m of sampling line is about 7.9 g Nm–3. On the
other hand, it should be noted that the area of pipe inner
surface is over 16,000 times larger than the total surface
area of air-borne particles, which indicates that most vapor
condenses on the pipe surface. Only a very small fraction
of vapor condensation occurs on the particle surface, which
is about 0.47 mg Nm–3. This quantity of condensation only
enlarges the particle size by about 1.6%. Hence, we ignore
the effect of vapor condensation on particle dynamics in
this study. For other situations e.g. an even larger heat loss,
the effect of vapor condensation could be significant and
needs to be considered.
The Influence of Roughness
Pipe Roughness
Fig. 5(a) shows the variation of deposition velocity with
relaxation time for three different effective roughness
heights. The tendency of the calculation agrees well with
the experimental data in literature. It should be noted that
the real roughness of sampling pipe is usually 0–0.5 for
plastic pipes and 0.5–1.5 for steel pipes. For PM10, larger
roughness leads to larger deposition velocity. For even
larger particles in the inertia-moderated regime, the effect
of surface roughness is minor. Fig. 5(b) explains the reason
why surface roughness enhances particle deposition in the
sampling pipe. The turbulent diffusivity increases with y+
in the boundary layer. Therefore, with ks+ increase from 0.5
to 1.5, the Dt/ν increases by about 10 times, which indicates
that the tips of roughness have reached to a region of larger
turbulent diffusivity and local particles are more likely to
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Fig. 4. The influence of temperature difference. (a)The dimensionless deposition velocity profile with different ΔT; (b) the
V+Tdep/V+dep(ΔT=0K) profile ( ks+ = 0, Re = 6.4 × 103, nl = 0).
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Fig. 5. The influence of pipe roughness. (a) The dimensionless deposition velocity profile with different effective roughness
height; (b) Variation of the turbulent diffusivity in the y-direction (ΔT = 0, Re = 6.4 × 103, nl = 0).
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be captured by this roughness. Since turbulent diffusion is
an important deposition mechanism for PM10 in the
sampling line, the effect of surface roughness needs to be
considered.

10-2
+
Vdep

Deposition Roughness
Besides natural roughness of pipe inner surface, the
accumulation of deposited particles also produces another
type of roughness, here named as “deposition roughness.”
The critical pull-off force derived from the Johnson-KendallRoberts (JKR) theory is equal to 1.5πwR, where R is the
effective radius between particles and wall, and its value is
dp/2; w is the work of adhesion with typical values about
10–30 mJ m–2 (Liu et al., 2016b). The value of critical pulloff force is about 10–8–10–7 N for micro-sized particles. And
the drag force act on the particles located in the viscous
sublayer is about 10–10–10–9 N. The comparison between
critical pull-off force and drag force indicates that the resuspension is not likely to occur in the viscous sublayer
and thus the deposited particles will act in a similar way as
natural roughness. In this work, we treat the effect of
deposited roughness the same as the pipe roughness, as
illustrated in Fig. 1. The enhancement of deposition velocity
due to deposition roughness is shown in Fig. 6. Different
from the influence of pipe roughness, deposited roughness
mainly affects the turbulent diffusion-eddy impaction
regime, corresponding to size range 1– 0 µm. Similar to
the pipe roughness, the deposition velocity increases with
the number of deposited paritcle layer. If starting from a
brand-new sampling pipe, the accumulation of deposited
particles on the inner surface will accelerate the deposition
process, which forms a positive feedback until the deposits
grow out of the viscous sublayer and re-suspend by the
flow drag. We can make a rough estimation on the time
needed to form a layer of particles (e.g., nl = 1). Assuming
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Fig. 6. The dimensionless deposition velocity profile with
different particles layer number (ΔT = 0 K, Re = 6.4 × 103).
a particle concentration of 10 mg Nm–3 with 44% PM10+,
the time to reach 50% coverage is less than 7 h. The real
situation is more complicated that the deposition roughness
of large particles also enhances the deposition of small
particles. Therefore, the effect of deposition roughness
needs to be carefully considered.
Underestimation of PM Emission Due to Sampling Loss
Based on the above discussions, we can estimate the
deposition loss in a sampling line in a CEMS. The loss
ratio LR is deduced from particle deposition velocity,
LR = 1 – exp(–4Vdeptr/D)

(7)

Zhu et al., Aerosol and Air Quality Research, 18: 1483–1492, 2018

1490

where tr is the residence time of particle in the sampling
line, and D is the inner diameter of the sampling pipe,
taken as 10 mm.
Fig. 7(a) shows the loss ratio increasing with the
residence time. The dashed lines are the basic cases at
Reynolds number 6380, without considering any temperature
difference, pipe roughness or deposition roughness. The
solid lines are the cases of Reynolds number 8680 (ΔRe =
2300), temperature difference ΔT = 5 K, pipe roughness ks+
= 1, and deposited particle layer nl = 1. As shown by the
dashed lines, the loss ratio of 10-µm particles reaches 60%
after a residence time of 1.0 s while the loss ratios of 1- and
2.5-µm particles are both below 0.1%, if no temperature
difference or roughness is considered. With all these effects
properly accounted, the solid lines indicate that the loss
ratio of 10-µm particles is nearly 1 and the loss ratios of 1and 2.5-µm particles increase to 4.1% and 7.9% respectively.
Fig 7(b) shows the contribution of each effect. We can see
that for 1- and 2.5-µm particle, the major increases result
from the effects of temperature difference (~50 times) and
pipe roughness (~25 times) while the effects of Reynolds
number and deposition roughness are relatively minor. For
10-µm particle, the influences of all the four factors are
close. The results suggest that the sampling loss of large
particles (~10 µm) must be considered because a major
portion of air-borne particles may deposit along the sampling
line and cause a large deviation of CEMS. The loss of
PM2.5 should also be concerned especially when there is a
large temperature difference or surface roughness.
Based on the above analysis, we can make a rough
estimation on the total amount of PM that is underestimated
due to the sampling loss in CEMS. For simplicity, the size
of 1, 2.5 and 10 µm are chosen to represent the loss ratio of
PM2.5, PM2.5-10, and PM10+ respectively. Measurements by
ELPI show that the mass fractions (mf) of PM2.5, PM2.5-10
and PM10+ are about 42.7%, 13.3% and 44% respectively
100

In this work, we investigate the deposition loss along
the sampling lines of continuous emission monitoring
systems (CEMS) in coal-fired power plants. The deposition
velocities of differently sized particles under various
conditions are obtained by solving the particle transport
equation in a turbulent pipe flow. The loss ratio, which can
affect the accuracy of a CEMS, is then calculated for
different conditions. The main conclusions are as follows:
1) With a typical Reynolds number for the sampling flow
in a CEMS, the main deposition mechanisms for PM2.5,
PM2.5-10, and PM10+ are turbulent diffusion, turbulent
diffusion-eddy impaction, and inertial impaction. In
maintaining an isokinetic condition for the sampling
nozzle, the Reynolds number in the sampling line varies
in the range of 5000–15,000, depending on the power
plant load. Increasing the Reynolds number leads to a
larger deposition velocity in the turbulent diffusion and
inertia moderated regimes but produces little effect on
the turbulent diffusion-eddy impaction regime.
2) The contribution of thermophoresis to the deposition
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where ES is the emission standard, LRPM2.5, LRPM2.5-10 and
LRPM10+ are the loss ratio of PM2.5, PM2.5-10 and PM10+
respectively. We use 10 mg Nm–3 (ultra-low emission) as
the emission standard, and the residence time is 0.5 s.
Calculation results indicate that the underestimation of the
CEMS could be 4.3 mg Nm–3 with most contribution from
PM10+.
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(Zhao and Zhou, 2016). The total underestimation per
standard flue gas due to sampling loss is given by
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Fig. 7. Variation of the loss ratio for different diameter particles. (a) the particle loss ratio due to increase in residence time.
(b) the average loss ratio of different deposition mechanism.
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loss is quite significant for PM10. Even a temperature
difference as small as 2 K, which is very likely to exist
even with thick thermal insulation, increases the
deposition velocity of PM1-2.5 by tenfold, which suggests
that in order to achieve accurate monitoring of the
PM10 emission, the temperature of the pipe wall needs
to be equal to or higher than that of the sampling gas
in the CEMS.
3) The surface roughness, either from the pipe itself or
from deposited particles, enhances the deposition loss
by partly shifting the capture boundary to a higher
diffusivity region. The influence of the pipe’s roughness
is the most profound for PM10 particles, which may
become 50 times as large with a common roughness of
20 µm. This effect needs to be particularly considered
for the start-up stage of a CEMS.
4) Combining all the possible factors, the loss ratio of 10-µm
particles can reach 69% after a 0.2-s residence time and
95% after a 0.5-s residence time. The loss ratios of 2.5and 1-µm particles are much lower but also reach 4.1%
and 7.9%, respectively, after a 1-s residence time, which
cannot be neglected when high accuracy monitoring is
needed.
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