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a b s t r a c t

Radioactive aerosols are produced during the cutting of contaminated and activated metals. They must
be collected and removed by a high-performing filtration system before releasing to the environment
from the decommissioning workplace. The filtration system requires regular replacement to ensure the
sufficient removal of radioactive aerosols because its filtration efficiency gradually decreases. This study
evaluates the efficiency and lifetime of filters while cutting metals by using a plasma arc cutter.
Particularly, this study considers the aerodynamic diameter distribution of number and mass concen-
trations for aerosols from 6 nm to 10 mmwhen evaluating the performance of filters. After 20 time reuses
for cutting operation performed in a cutting chamber, the removal efficiency is reduced from over 99 to
below 93% at 2 mm. The results are used to analyze the lifetime of filters, the frequencies of their re-
placements, and impact on internal radiation dose.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Many nuclear power plants (NPPs) constructed in the 1970s will
be decommissioned. During the decommissioning and decontam-
ination (D&D) of nuclear reactors and nuclear fuel cycle facilities,
various types of radioactive waste can be generated [1e3]. For
treating these radioactive wastes, numerous cutting operations are
required for dismantling various activated metallic components.
The cutting of the metallic components produces aerosols in par-
ticle size of a few nm to 10 mm, and radioactive isotopes can be
trapped into the aerosols, so-called radioactive aerosols [4e8].
Once radioactive aerosols are generated, they will be dispersed in
the workplace and have the potential to contribute to the internal
dose of people and the radiological contamination of the environ-
ment [9]. Thus, the workplace for cutting has to be designed and
operated to efficientlymanage radioactive aerosols not to release to
the environment by using a filtration system.

The nuclear facilities, including the D&D workplace, usually use
high-efficiency particulate air (HEPA) filters to prevent the leakage
of radioactive aerosols to the environment for protecting people
and minimizing contamination. Most of the aerosols do not pass
.

by Elsevier Korea LLC. This is an
through the filter [10e12]. However, the aerosol particles around
300 nm in size cannot be completely removed by the filter because
the HEPA filters have the lowest filtration efficiency in a region of
300 nm size [13,14]. As the removal efficiency of filters gradually
decreases during operation, the filters no longer meet the re-
quirements of HEPA filter, and they are needed to be replaced. To
protect the workers, the public, and the environment at reasonable
costs and acceptable waste generated, it is important to evaluate
the removal efficiency of aerosols and determine the frequencies of
replacements [15].

Several studies have been conducted for evaluating factors
affecting filter efficiency [16e19]. However, most studies have
been conducted using conventional aerosol generators, and
aerosols that occur during metal cutting have not been
addressed significantly. In addition, many studies have not fully
considered the distribution of particle sizes for the efficiency of
filters [20e22], although it is significant to understand the
fraction of aerosols smaller than 0.1 mm for reducing internal
radiation dose. The aerosols smaller than 0.1 mm are respirable.
Dispersion and deposition behaviors are also a function of
aerodynamic diameter. Moreover, there is a very limited study to
evaluate the lifetime and replacement frequency of filters ac-
cording to the distribution of particle sizes.

The purpose of this experimental study is to evaluate the effi-
ciency and lifetime of HEPA filters while cutting metallic
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components. A unique experimental system is used for cutting
metal sheets using a plasma arc cutter, measuring the aerodynamic
diameter distribution of number and mass for aerosols from metal
cutting, and collecting the aerosols in HEPA filters before release. In
particular, this study analyzes the reduction of filtration efficiency
across a range of different particle sizes from 6 nm to 10 mm. Also,
the pressure drop across the filter is measured and used to suggest
amethod to determine the lifetime of the filter or the frequencies of
its replacements.
Fig. 2. Plasma cutting device (Powermax 125, Hypertherm) and moving table
controlled by the servo-motor system.
2. Material and methods

2.1. Aerosol chamber and sampling pipe for collecting aerosol

We designed the isolated aerosol chamber for collecting
generated aerosol particles without leakage outside. The aerosol
chamber was designed with a size of 1.3 m wide, 1 m long, and
0.66 m high. Fresh air flows continuously into the chamber through
the air inlet tube with a HEPA filter installed on the side of the
chamber. The aerosols generated by metal cutting is released
through a sampling pipe in which the opposite side of the inlet
tube. The end of the sampling pipe is connected to a blower pump
system (Fig. 1).

The sampling line was designed for minimizing particle losses
which would be a measurement error [23]. To minimize particle
losses in the sampling line caused by gravitational settling, shock,
and thermoplastic forces, the sampling linewas installed as short as
possible without bending [24]. Also, the inner surface of the
chamber and sampling tube was coated to prevent particle losses
by sticking to the surface.
2.2. Automatic metal cutting system

A plasma cutter (Powermax 125, Hypertherm) was selected to
cut a metal plate. The plasma cutter was fixed in the center of the
chamber ceiling. The plasma cutting device operated up to 125A
current power by supplying compressed air. A movable table
controlled by the servo-motor system on X-axis may adjust the
speed of the metal cutting. A PLC panel connecting the plasma arc
cutter to the movable table provides the program to set the
placement and moving speed of the workpiece. This allows the
movement of the workpiece to be reproduced and controlled pre-
cisely (Fig. 2).
Fig. 1. The aerosol measurement system for metal cutting in KAIST Nuclear Fuel Cycle
Lab.
2.3. Detection and measurement of metal-containing aerosols

Themeasurement of the aerosol is performed using an electrical
low-pressure impactor (ELPIþ, DEKATI) and a diluter (eDiluter,
DEKATI). All aerosol particles which have the size from 6 nm up to
10 mm were collected at each of 15 different size stages. Unlike a
typical cascade impactor, a unipolar corona charger in ELPIþ allows
aerosol particles to have an electrical charge. For this reason,
ELPIþ has the advantage of real-time monitoring, while the con-
centration of measurable aerosols has a maximum limit for each
step. Since the concentration of aerosols generated bymetal cutting
is higher than the measurement limit at some of impactor stage
regions (Fig. 3), the diluter was used for reducing concentration.
The dilution factor of the diluter was identified as 64 at 1013 mbar.

The measured distribution data was converted into the
normalized form to compare each distribution form directly.
Normalized number per logarithmic diameter denoted by a “(dN/
N)/dlogDp” and normalizedmass per logarithmic diameter denoted
Fig. 3. Maximum count and mass concentration limits for each stage of the
ELPIþ specifications. The number and mass of aerosol that exceed the limits of each
stage are incorrectly recognized as maximum values.



Fig. 4. The aerosol measurement system for measuring particles downstream of the
filter. The handmade HEPA filter and filter basket were installed in front of the sam-
pling port. Using flexible plastic tube, generated aerosols were transported to the inlet
of ELPIþ.
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by a “(dM/M)/dlogDp” were plotted along the Y-axis.

dN
N � d logDp

¼ dN

N �
�
logDp;u � logDp;l

� (1)

where N is the total number of particles in all stages of the
impactor, dN is the number of collected particle in each stage of the
impactor.

dM
M � d logDp

¼ dM

M �
�
logDp;u � logDp;l

� (2)

where M is the total mass of particles in all stages of the impactor,
dM is the mass of particles collected particle in each stage of the
impactor, and dlogDp is the difference in the log of the aerodynamic
diameter width. dlogDp is calculated by subtracting the log of the
lower stage aerodynamic diameter (logDp,l) from the log of the
upper stage (logDp,u) in ELPIþ properties (Table 1).

The aerodynamic diameter (Dp) corresponding to the x-axis is
on a log scale because of the broad range of the measurement from
6 nm up to 10 mm size. Also, dlogDp could be changed dependent on
measurement resolution. For this reason, the size distribution
function is usually plotted as dN/dlogDp to avoid measurement
error resulted from the difference in measurement resolution of the
equipment. The normalized distribution form ((dN/N)/dlogDp) is
needed to avoid confusing data interpretation resulted from both
the different total counted value as well as the different resolution
of a measurement system [25].

2.4. Aerosol filtration system with HEPA filter

We assumed that an operator would cut the stainless steel in
lengths of 3 cm with a plasma arc torch at given chamber size, and
this process was defined as “unit cut” in our cutting scenario. The
cutting process repeats the same operation up to 20 times using the
same HEPA filter without exchanging. The number and mass of
aerosols generated during each cutting were measured by ELPIþ.

The HEPA filter (Woosung HI-VAC, Korea) is a custom-made
filter by folding the fabric to form a cylindrical shape. For
coupling with the sample pipe, the HEPA filter was mounted in a
metal basket which has the same diameter as the pipe. The HEPA
filter was installed in front of the sampling port to measure parti-
cles downstream of the filter (Fig. 4). Whenmeasuring downstream
aerosols of the HEPA filter, the majority of aerosols are captured
inside the filter, so we connected ELPIþ to sampling pipe directly
without using the diluter.
Table 1
Nominal impactors specification of ELPIþ.

Stage Number D50% (mm) Di (mm) dlogDp

1 0.006 0.00936 0.386202
2 0.0146 0.020541 0.296545
3 0.0289 0.039541 0.272299
4 0.0541 0.071539 0.242694
5 0.0946 0.121091 0.214441
6 0.155 0.199198 0.217908
7 0.256 0.312308 0.172685
8 0.381 0.478918 0.198672
9 0.602 0.755046 0.196753
10 0.947 1.242421 0.235838
11 1.63 2.006514 0.180509
12 2.47 3.002582 0.169596
13 3.65 4.423121 0.166872
14 5.36 7.277142 0.265592
15 9.88 e e
3. Results

3.1. Aerodynamic diameter distribution of mass and number
according to the existence of filter

In order to compare the particle size distributions between the
concentration of aerosols with and without filters, particle size
distribution is reported as a normalized concentration. Fig. 5 shows
the particle size distributions between the concentration of pre-
filter and post-filter. Without the filtration system, the normal-
ized number distribution has a single peak around 0.1 mm regions,
whereas the mass distribution shows a bimodal distribution with
peaks around 0.3 mm and 9 mm (Fig. 5 (a)). In the case of the post-
filter streamline, the number distribution is quite similar in having
a single peak. However, there is a significant difference between the
mass distribution of aerosols without filtration system and that of
filtered aerosols. Unlike the previous one, the filtered aerosols show
a trimodal distribution with peaks around 0.3 mm, 3 mm, and 9 mm
(Fig. 5 (b)).
3.2. Life-time of HEPA filter on metal cutting condition

Fig. 6 shows the number and mass aerodynamic distribution of
aerosol when the same HEPA filter was used up to 20 times cycle
without replacements. Despite the repeated process, it showed
quite similar the number distribution with a single peak at 0.1 mm
regions. As the cutting process was repeated, the peak tended to
shift to 0.3 mm. In mass distribution, the peak value tended to in-
crease from 0.3 mm as the number of filter reusable increased.

The relationships between the total counted number of aerosols
and the number of filter reuses are fitted by the linear equations. As
the number of reusing the same HEPA filter without exchanging
increases, both the number and the mass of particles in filter
downstream increase in exact proportion (Fig. 7). As the number of
filter reuses increased to 20, the number concentration of aerosols
passed through the filter increased by about 3 times and the mass
concentrationwas about 10 times higher than that of the new filter.
3.3. Aerosol removal efficiency of HEPA filter

The beta ratio is one of the indices that can be used to show a
removal efficiency of filter easily. The beta ratio is defined as the
ratio of influent particle number to effluent particle number [26]. It
follows that the higher the value of the beta ratio, the more parti-
cles of the specified size or greater are retained on the filter.



Fig. 5. Counted number and mass aerodynamic diameter distribution of stainless-steel cut with the plasma cutter. (a): The particle size distributions of pre-filter stream line
(without filter), (b): The particle size distributions of post-filter stream line (with filter).

Fig. 6. Counted number and mass aerodynamic diameter distribution of stainless-steel cut with the plasma cutter without exchanging HEPA filter. (a): Test filter reused 5 times, (b):
10 times, (c):.20 times.
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bx ¼
 
Cu;x
Cd;x

!
(3)

Where bx is the beta ratio for particles larger than x mm, Cu,x is the
concentration of upstream particles larger than x mm, and Cd,x is the
concentration of downstream particles larger than x mm.

The ratio of upstream to downstream concentrations at a given
particle size is then used to determine the particle size removal
efficiency (PSE) at that particle size [27]. For example, if the up-
stream concentration and the downstream concentration particles
of test filter are Cu and Cd, the particle size removal efficiency is
determined as:

PSE¼
�
1� Cd

Cu

�
� 100 % (4)
In the size area corresponding to ultrafine dust (PM 2.5), the
removal efficiency was highest at 99.85% when the new filter was
used. Subsequently, it consistently decreased as the number of
reuse filters increased and decreased by 99.07% for filters used 20
times (Fig. 8) (Table 2). The removal efficiency of aerosols below
10 mm, which can be measured with ELPI, was similar to that of
those below 2.5 mm above. As a result, our custom-made filter had
up to 99.86% efficiency and tended to gradually decrease as the
number of reuses increased (Table 3).

The overall filter efficiency is over 99%, but the particle removal
efficiency could be greatly reduced at certain particle size. As
shown in Fig. 9, the efficiency of the new filter at 0.02 mm had a
minimum value of 99.73%, and the efficiency of the reused filters
dramatically decreased locally at 0.3 and 2 mm values. In particular,
the efficiency of the filters reused 20 times had decreased sub-
stantially, even reaching 93.3% level at 2 mm size regions.



Fig. 7. The number and the mass of particles in filter downstream depending on
number of filter reused. The linear fitting lines with the R-squared values are calculated
by using OriginPro program.

Fig. 8. Particle removal efficiency and beta ratio versus filter reuse number. As the
number of filter reused up to 20 times, the particle removal efficiency tends to
decrease continuously.

Table 2
Comparison of filter particle removal performance for PM 2.5 (under 2.5 mm diameter).

Filter Reuse Number Influent Particle Count (#/cm3) Effluent

0 (New filter) 5,494,213
5
10
15
20
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4. Discussion

HEPA filters are commonly used in many industries to prevent
harmful aerosols from entering the surrounding ecosystem and the
operator's respiratory tract. HEPA filters are usually rated according
to one of the twomost common classification systems; the EN-1822
standard issued by Eurovent 1 and the minimum efficiency
reporting value (MERV) standard issued by the American Society of
Heating [11].
4.1. HEPA filter performance depending on aerodynamic diameter

A filter test has been traditionally performed by measuring the
particle penetration ratio of a thermally generated dioctyl-
phthalate (DOP) aerosol [28]. The HEPA filter should be required
to remove at least 99.95% or 99.97% of particles that are 0.3 mm in
diameter at rated flow. In theory, the most penetrating particle size
(MPPS) in the fibrous filter was identified to be between 0.1 mm and
0.3 mm [14]. That is the reasonwhy the 0.3 mm size selected a critical
point for the definition of HEPA filter. Fiber filters essentially
remove an aerosol particle using one of the following five basic
mechanisms: (1) direct interception, (2) inertial impaction, (3)
diffusion, (4) electrostatic attraction, and (5) gravitational settling.

Inertial impaction occurs when the particle cannot follow a flow
line because of sufficient momentum with going straight toward
the filter elements. Direct interception can occur if the particle
follows a flow line which is close enough to contact the filter ele-
ments [29]. For this reason, relatively larger particles having the
chance to escape from the gas stream are likely to follow the in-
ertial impaction mechanism. By contrast, the smaller particles may
be likely to be captured by impaction at the closest point. If most
particles are less than 1 mm, diffusion (Brownian motion) and
electrostatic attraction are dominant because of higher molecular
mobility other than the two mechanisms, as mentioned above [30].
A gravitational settling may also contribute to particle capture.
However, gravitational settling is not relevant in the nano-sized
aerosol region. Brownian diffusion is a random motion of small
particles. It occurs predominantly in particle smaller than about
0.1 mm [12]. Electrostatic precipitation is based on the electrostatic
attraction between a single charged particle and an opposite po-
larity of collection device [31]. The aerosol capture mechanisms of
the filter are quite complicated, as described in the above para-
graphs. But in a nutshell, particles larger than 1 mm can be mainly
filtered by impaction and direct interception, whereas particles
from 0.001 to 1 mm are removed by diffusion and electrostatic
separation [32]. However, this relationship of the capture mecha-
nisms and the particle size can only be explained theoretically, and
the particle removal efficiency of the actual filter can vary
depending on the physical composition of the filter, the particle
flow rate, and the properties of aerosols.

As shown in Fig. 9, the filter efficiency for 0.3 mm sized particles
Particle Count (#/cm3) Removal Efficiency (%) Beta Ratio

8,009.799 99.85421 685.9364
32,042.88 99.41679 171.4644
42,874.41 99.21964 128.1467
48,076.34 99.12496 114.2810
50,897.13 99.07362 107.9474



Table 3
Comparison of filter particle removal performance for PM 10 (under 10 mm diameter).

Filter Reuse Number Influent Particle Count (#/cm3) Effluent Particle Count (#/cm3) Removal Efficiency (%) Beta Ratio

0 (New filter) 6,034,207 8,077.190 99.86614 747.0677
5 33,832.61 99.43932 178.3548
10 47,095.05 99.21953 128.1283
15 54,069.63 99.10395 111.6007
20 60,434.75 98.99846 99.8467

Fig. 9. Particle removal efficiency versus particle size for HEPA filter. (a): 0.06 nm to 10 mm size distribution, (b) Magnify graph: To view distribution trends of 0.06 nme1 mm.
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is 99.99%, which appears to meet the HEPA filter requirements.
Unlike filter theory, however, MPPS was identified in the 0.02 mm
sized area, and the filter efficiency was 99.73%. Also, the new filter
particle removal performance of PM 10 and PM 2.5 were 99.86%
and 99.85% respectively (Tables 2 and 3), which is not strictly
satisfied with the minimum efficiency of HEPA filters (99.95% or
99.97%). It is assumed that the types of aerosols used in the filter
test were different, and the flow rate was also very different from
the typical filter test. The test has been used relatively sophisti-
cated equipment to manufacture DOP aerosols of homogenous
size (0.3 mm) to form an almost single dispersion aerosol. How-
ever, we collected metal-containing aerosols from the actual metal
cutting process. Unlike DOP aerosols, metal-containing aerosols
have not homogenous size distribution and also have high density
resulting in a binomial mass distribution with peaks around
0.3 mm and 9 mm (Fig. 5(a)). It is well established that increasing
aerosol velocity results in a shift in filter MPPS to smaller particle
sizes, both from theoretical and experimental perspectives [33,34].
The inertial impaction would become increasingly important at
sufficiently high velocities. Thus, the MPPS would shift from
0.3 mm to 0.02 mm in a smaller size. For example, the filter test
controlled the fluid flow at a speed of a few cm/s to avoid product
damage of the filter. But, in this experiment, relatively large flow
rates were used to account for the actual working environment at
a rate of a few m/s.
4.2. Particle removal efficiency of HEPA filter according to filter
usage time

As aerosol particles accumulate in the filter, the permeability of
HEPA filter decreases and the force acting on the aging substance
increases consequently [12]. Therefore, the pressure drop in the
filter increases due to the dust load and the weakening of the filter
material. Except for electrostatic effects, the efficiency of the filter
may increase temporarily as the dust load increases. However, the
efficiency of the filter decreases because the flow rate decreases
when the pressure drop across filter reaches a certain point. In
high-pressure environments, filter bypasses can occur when air
passes around the filter or through other unintended paths, and the
filter rupture may be carried out in severe cases. Hence, filter
replacement is determined bymeasuring or predicting the pressure
drop [22]. Until now, the decision to replace the filter by pressure
drop does not reflect the physical and chemical properties of
aerosols that actually come through the filter.

To overcome these limitations, the efficiency of the filter was
calculated bymeasuring aerosols from downstream of the test filter
according to filter usage time in this study. It is experimentally
confirmed thatMPPS of filters can be formed in different areas from
theoretical values, and filter efficiency continues to decrease as
filter usage time increases. When the test filter was reused for 20
times, the number concentration of aerosol was 3 times higher than
using the new test filter. In addition, the total filter efficiency
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dropped from 99.86% to 98.99% (Table 3). In areas less than 1 mm
size, MPPS is 0.2e0.3 mm when reusing filters and is the same as
theoretical values. As the number of reuses increases, the filter ef-
ficiency decreases at 0.2e0.3 mm. Finally, the 20 times reused filter
efficiency at 0.3 mm is reduced to 98.2% which is about 1.7% lower
than that of the new filter (Fig. 9(b)) However, in the entire mea-
surement area, MPPS is found to be 2 mm, which is quite a large
diameter. The reuse filter reduces filter efficiency by up to 93.3%,
which is considered a major reason for increasing total concen-
tration of aerosol when reusing filters (Fig. 9(a)).

The HEPA filter blocks the most of aerosols, but the aerosol
removal efficiency decreases gradually as filter usage time in-
creases. The reduction of filter efficiency can increase unexpected
leakage of radioactive aerosols released into the external environ-
ment and led to the internal exposure of workers. Since D&D
workplace uses multiple filter systems, reducing aerosol removal
efficiency of a single filter is not expected to have a significant
impact on radioactive contamination in the external environment.
However, workers who rely solely on a respiratory mask against
radioactive aerosols can be fatal to one's health.
4.3. Relationship between filter efficiency and worker's internal
exposure

According to previous researches, it is confirmed that the
aerodynamic diameter distribution of aerosol depends on the
chemical composition of cutting materials and has not been
changed by isotopic compositions [9,35]. Therefore, the non-
radiative aerosol distribution data used in the calculation of the
filter efficiency is expected to be not significantly different from the
radioactive aerosol distribution.

The general formulations for inhalation dose estimation are
described in the following equations [36,37].

I¼Cair � BR� T
RP

(5)

where I is the inhalation intake of radionuclides [Bq]; Cair is the
airborne radionuclide concentration [Bq/m3]; BR is the breathing
rate for a worker, (i.e., an average breathing rate of 1.2 m3/h was
given in ICRP 66 publication); T is the working duration [h]; RP is
the respiratory protection factor.

D¼
X
i

ðIi � eiÞ (6)

where D is the inhalation dose [Sv]; i is the type of radionuclide; ei
is the inhalation dose coefficient for radionuclide i [Sv/Bq].

Inhalation dose coefficient depends on the properties of aero-
sols such as the chemical composition of aerosols, activity median
aerodynamic diameter, and the absorption rates [38,39]. For
equations (5) and (6), the inhalation dose increases proportionally
to radionuclide concentration and working time. By contrast, it
decreases proportionally to respiratory protection efficiency.

Reduction of filter efficiency resulting from reuse or long-term
use of filters can directly affect the increase in workers' internal
exposure. When the test filter was reused up to 20 times, the total
filter efficiency decreased by about 1%. However, even with the
small reduction in filter efficiency, it is confirmed that the total
aerosols mass in the downstream of filter increased significantly by
about 10 times comparedwith using the new test filter. Therefore, if
the efficiency evaluation of HEPA filter in a worker's mask is not
performed properly and the worker continues to use it, there is a
risk that the internal dose assessment could be underestimated by
at least 10 times.
5. Conclusion

The nuclear facilities including the D&D workplace usually used
several HEPA filters to prevent radioactive aerosol leakage and to
keep workers safe. However, the aerosol particles cannot be
completely removed by a filter because of HEPA filters have the
lowest filtration efficiency in an MPPS region. In this study, it is
experimentally confirmed that MPPS of filters can be formed in
different areas from theoretical values, and filter efficiency con-
tinues to decrease as the number of filter usages increases. During
D&D activities, the particle removal efficiency of the HEPA filter is
directly related to the radiological safety of workers. For radiation
safety of workers, the filter efficiency assessment will be required
according to the working time.
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