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Abstract This paper aims to present the measurements and analysis results of
welding fume concentration and particles character in nuclear island containment.
The concentration of fume exposure is measured by using CCZG-2A portable
personal fume meter and CEL-712 fume detector. In addition, the morphology,
element composition, and particle size distribution of fume particles are analyzed
through high-resolution transmission electron microscope (TEM) and
energy-dispersive spectroscopy (EDS). The results show that (1) there are mainly
three types of fume particles in the confined space of nuclear island, namely
spherical metal particles with particle size of 0.3–2 lm, non-metal particles with
particle size of 1 lm, and welding primary and secondary fume particles with
particle size of several nanometer to microns. (2) On the one hand, welding
workers’ individual fume exposure exceeds the standard rate by 75%, and the
highest concentration exceeds the standard by more than 6 times. On the other
hand, the possible welding exposure of non-welders is also beyond the standard
rate, which exceeds the prescribed limit rate between 3 and 16 times. (3) Welding
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fume particles in confined space of nuclear island are located in the accumulation
mode with particle size of 0.08–2.0 lm. The median diameter of the particle
number is 0.3 lm, in which the particles account for 67% of the total particle
number in the range of 0.15–0.6 lm, and 95% of the total particles in the range of
0.07–1.24 lm. The results of this study will provide support for computational fluid
dynamics (CFD) numerical simulation of nuclear island welding fume decontam-
ination in the next step.

Keywords Occupational exposure �Welding fume � Confined space � Particle size
distribution

1 Introduction

Confined space is a general term for all places with poor ventilation, which is easy
accumulation of toxic substances. The operation environment in confined space is
complex and easy to lead to safety accidents. In this one, poisoning is one of the
main risk factors for confined space operations.

As a connection technology, welding is widely used in commercial manufacture,
mechanical maintenance, and civil installation. However, in the process of welding, a
large amount of welding fumes are dispersed in the air and can be absorbed into the
body through respiratory system. Previous studies have shown that chromium and
nickel compounds in fume would cause damage to respiratory and increase the
incidence of lung cancer [1]. In addition, the heavy metal cadmium can also lead
damage to kidneys and bones [2–5]. Therefore, a series of researches have been
carried out on the welding fume in the confined space of plants. The welding
workshop of pollutants and fume control measures are investigated by Zhaiand
Liand; they find that different welding workshops for different types of welding
process, material, and work intensity may lead to different fume concentration
measurement values. They also point out that it is difficult to timely eliminate pol-
lutants only by overall ventilation; however, controlling pollutants at source is a more
effective method [6, 7]. Liu takes the lead in estimating the parameters of the overall
distribution of welding fume concentration in contact with employees in shipbuilding,
metal manufacturing, and other workplace in Shanghai. Based on the sample data of
fume sampling detection, they conducted a quantitative exposure assessment of
welding fume [8]. Wang studies the diffusion and ventilation of welding fume in the
large factory buildings and puts forward the control method of fume in the factory
buildings combining displacement ventilation and local ventilation [9–11].

At present, research on welding fume control mainly focuses on workshops with
ventilation and purification systems such as shipyards and automobile manufac-
turing. Less attention is paid to the problem of welding fume pollution in places
without fume ventilation and purification design, such as those in the construction
stage of the factory building. In this paper, the fume concentration and particle size
distribution generated by welding in the confined space of nuclear island were
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measured and analyzed to provide a basis for the research on the control and
purification of welding fume in the confined space of nuclear facilities.

2 Methods

The measuring sites are located at 3.4 m underground of the nuclear island con-
tainment. Individual sampling and measuring points are arranged in accordance
with the standard. Four groups of individual fume sampling and measuring points
are set, namely group A, B, C, and D. Fixed-point measurement of fume are shown
in Fig. 1. According to the field measurement, the safety officer works in the area
within 1 m from the solder joint during welding, and the maximum height of the
breathing zone is 1.6 m, which constitutes the cylindrical area affected by welding
fume. In order to obtain the maximum concentration of fume that people in the area
may exposure, the measuring points are arranged in the downwind direction of
fume fluid.

3 Results and Discussion

3.1 Analysis of Particle Morphology and Energy Spectrum
of Fume

Through the analysis of TEM and EDS, it is found that the fume particles collected
from the samples can be divided into three types in terms of morphology and
contained elements, as shown in Figs. 2, 3, and 4, respectively. As can be seen from
Fig. 2, the particles are compact spherical with diameters ranging from 0.3 to 2 lm.
Studies have shown that the distribution range of primary particles of welding fume
is roughly between 80 and 200 nm, and secondary particles are polymers with

Fig. 1 Schematic diagram of fume and fume fixed-point measurement
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irregular structures formed by the primary particles. The primary particles that are
coalesced often have no time to coagulate and become complete spheres. Therefore,
it can be concluded that the particles in Fig. 2 are not primary particles of welding
fume or secondary particles formed by primary particles. Through semi-quantitative
analysis of element types, as shown in Table 1, Fe and O are the main components
of this kind of particles. This kind of particles may be spherical particles formed by
condensation and oxidation of metallic liquid masses spatter from welding spots in
the air under the action of high-voltage arc when welding parts melt. The particles
in Fig. 3 have an overall structure with particle size over 1 lm. As can be seen from
the peak distribution figure of element mass, F and Ca are the main components of
this type of particles, while the content of metallic elements is low. It can be seen

Fig. 2 EDS element
distribution at the scanning
site 1

Fig. 3 EDS element
distribution at site 2
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that the generation of this type of particles does not come from welding, but may be
non-metallic ore particles such as fume.

As shown in Fig. 4, the particles have irregular shapes, large scatter, and three
elements (F, Ca and Fe) distribution peak quality. As shown in Tables 2 and 3, they
also contain higher Mn and Ti. Combining with the feature of morphology and
element, it can be concluded that this type of particles are secondary particles
formed by the union of non-metallic particles.

Fig. 4 EDS element
distribution at site 3

Table 1 Element mass
percentage

Element type Mass percent (%) Atomic percent (%)

O 16.2 40.75

Si 0.35 0.5

Ca 0.87 0.87

Fe 64.1 46.18

Cu 18.48 11.7

Table 2 Element mass
percentage

Element type Mass percent (%) Atomic percent (%)

O 4.24 7.39

F 36.07 53

Si 3 2.98

Ca 36.85 25.66

Mn 0.52 0.26

Fe 1.76 0.88

Cu 13.21 5.8
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3.2 Individual Exposure to Fume Concentration

It can be seen from Fig. 5, four groups of welding individual fume exposure
concentration in three consecutive days are measured. The minimum measured
value is 2.78 mg/m3, and maximum value is 30.15 mg/m3. Nine samples of fume
concentration exceeded 4 mg/m3 (the workplace fume concentration limit pre-
scribed by the standard) among twelve samples, which was 75%. And the maxi-
mum fume concentration exceeds the prescribed limit more than 6 times. Thus,
welding fume individual exposure concentration is above standard when fume
control measurements are not used.

Table 3 Element mass
percentage

Element type Mass percent (%) Atomic percent (%)

C 4.01 10.89

O 8.31 16.94

F 12.79 21.97

Ca 16.72 13.61

Ti 0.8 0.55

Mn 7.69 4.57

Fe 23.34 13.64

Cu 17.64 9.06

Fig. 5 Concentration distribution diagram of individual exposure for consecutive days
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3.3 Fume Concentration in Solder Joint Area

Figures 6, 7 and 8 shows the measurement results of fume concentration in the
breathing area near the solder joint for 3 consecutive days. It can be seen that the
average fume concentration at the measuring point on the first measurement day is
4.5 mg/m3, and the unqualified rate of fume concentration at the measuring point is
50% (Table 4). The maximum fume concentration is 13.76 mg/m3. On the second
day, the average fume concentration is 19.2 mg/m3, and the fume concentration
exceeds the threshold by 60.6%. Short period of high fume concentration is
70.5 mg/m3. On the third day, the average fume concentration is 21.5 mg/m3, and
the fume concentration exceeds the threshold by 92.6%. The maximum concen-
tration is 90.39 mg/m3.

The fume concentration around solder joint region is above the standard for
more than half of the working time, and the exceed multiple is between 3 and 16,
indicating that the personnel who do not directly carry out welding operation may
also be affected by the welding fume.

Fig. 6 Fume concentration
distribution (first day)

Fig. 7 Fume concentration
distribution (second day)
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3.4 Fume Particle Size Distribution

Figures 9, 10, and 11 show the particle size distribution histogram. It can be seen
from the figures that 0–0.5 lm is the main particle size distribution range. The
particle size distribution characteristics of fume particles can be described by the
particle size distribution function. According to the measured number variation
trend of particles in each particle size interval, logarithmic normal distribution is
used [12].

IndR ¼
Xn
i¼0

ni Indi

,Xn
i¼0

di ð1Þ

In rR ¼
X1
i¼0

niðIndR � IndiÞ2
,X1

i¼0

ni

" #1=2

ð2Þ

Fig. 8 Fume concentration distribution (third day)

Table 4 Unqualified rate of sample fume concentration

Measurement
days

Sample
concentration
exceed ratio (%)

Sample maximum
concentration exceed
multiple

Sample average
concentration exceed
multiple

1 50 3.0 0.12

2 60.6 16.6 3.8

3 92.6 10.6 4.4
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f ðIndÞ ¼ 1

In rR
ffiffiffiffiffiffi
2p

p exp � 1
2

Ind� IndR
In rR

� �2
" #

ð3Þ

f ðdÞ ¼ f ðIndÞ=d ð4Þ

where dR is the geometric average diameter of particles, n is the number of particles,
d is the median diameter, di is the median value of each particle size distribution
interval, rR is the geometric standard deviation, and f(d) is the particle size dis-
tribution function.

By substituting the data into Eqs. (1)–(4), the overall size distribution function
of fume particles within three days can be obtained, and the frequency density

Fig. 9 Diameter distribution
(day 1)

Fig. 10 Diameter
distribution (day 2)
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distribution function of particle size can be obtained, as shown in Fig. 12. The
median diameter of fume particles is 0.3 lm, the number of particles in the range of
0.15–0.62 lm accounted for 67% of the total number, and 95% of the total number
of particles range from 0.07 to 1.24 lm.

Welding fume particles usually show three kinds of modes, namely Aitken
mode, accumulation mode, and coarse mode [13]. The above analysis shows that
under 0.5 lm in diameter particles accounted for more than 50% of the total
number. Accumulation mode particles (0.08–2.0 lm) are the main components of
fume.

Fig. 11 Distribution of fume
particles (day 3)

Fig. 12 Frequency density
distribution
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4 Conclusions

(1) The particles in the containment mainly can be divided into three types. The
first is spherical particle which is formed by metal spattering condensing and
oxidizing. The second is non-metallic particle emitted from construction
materials. The last is irregular secondary particle formed by collision and
cohesion between welding steam particle.

(2) Within the confined space of the nuclear island, the unqualified rate of indi-
vidual welding fume exposure is above 75%, and the maximum concentration
exceeds the standard more than 6 times. Fume concentration exceeds 3–16
times during half of the working time. In addition to welding operators, indirect
welding operators will also be threatened by welding fume. Therefore, in the
construction of confined space on the nuclear island, the hazard of welding
fume to site workers should be considered, and effective protective measures
should be taken for those who may be endangered by welding fume.

(3) Welding fume in the containment is formed by accumulation mode particles.
Particles’ median diameter is 0.3 lm. Particles’ diameter ranging from 0.15
microns to 0.62 microns accounts for 67% of the total particles and 95% of total
particles’ diameter distributes within the scope of 0.07 microns to
1.24 microns. Therefore, submicron particles should be paid more attention
when take measures to control and purify welding fumes in the nuclear island
containment.
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