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Abstract – Occupational radiation exposure during maintenance is a widely 
concerned topic for High temperature gas-cooled reactor. In order to provide first-
hand data on this topic, extensive radiation monitoring has been performed 
throughout the whole process of the recent maintenance of HTR-10’s helium 
circulator. The monitoring data were systematically analyzed. The results reveal that 
the external dose rate and contamination level is quite low, while the aerosol may be 
the primary radiation safety concern during maintenance. The waste generated 
during the maintenance was all of low level radioactive waste. As for occupational 
radiation exposure,  the average effective dose for a single person was about 0.05 
mSv, the highest cumulative dose was 0.45 mSv, while the collective dose for the 
whole staff was 2.33 man*mSv. 

 
I. INTRODUCTION 

 
Pebble-bed high temperature gas-cooled nuclear 

reactors (HTR) have drawn increased interest 
recently due to several appealing features such as 
inherent safety and potential cogeneration of heat 
and electricity.  Since the concept pebble-bed HTR 
has been proposed, several reactors have been 
designed and constructed around world. These 
reactors include the AVR reactor[1] and the Thorium 
high-temperature reactor[2] (THTR-300) in Germany, 
as well as the 10 MW high temperature gas-cooled 
reactor[3] [4] (HTR-10) in China.  

The HTR-10 reactor is designed with 10 MW 
thermal power and an average core power density of 
2MW/m3. Spherical fuel elements with TRISO-
coated fuel particles are used in the HTR-10 and 
these fuel elements can be discharged continuously [3, 

5]. The noble gas helium serves as the primary 
coolant since it is inert with respect to both 
chemistry and neutron reaction. The primary coolant 
of HTR-10 is driven by a helium circulator which is 
located on the top of the steam generator (SG) inside 
the steam generator vessel[6]. The helium circulator 
plays a similar role as the primary water pump in a 

pressurized water reactor. Therefore it is one of the 
important facilities of HTR. 

Currently, the HTR-10 is undergoing a 
preparation for licensing reactor re-startup. As one of 
the tasks required in this licensing process, the 
maintenance of HTR-10’s helium circulator was 
completed last year. From the perspective of 
radiation protection, this maintenance provides a 
valuable opportunity to take an insight into the 
radiation level, radioactive contamination, and dust 
deposition information of the helium circulator in 
HTR-10.  

For this reason, a comprehensive monitoring has 
been planned and implemented throughout the 
process of helium circulator maintenance. This study 
reports the radioactivity monitoring method 
throughout the maintenance process and performed a 
systematical analysis on the acquired data.  

 
II. MAINTENANCE PROCESS 

 
The helium circulator is located on top of the SG 

and is sealed in its own pressure vessel. The pressure 
vessel of helium circulator is composed of an end 
closure dome and a pressure vessel body, which are 
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connected by a flange. The pressure vessel of helium 
circulator is connected to the SG vessel via another 
flange at the bottom of the pressure vessel body of 
helium circulator (Fig. 1).  

 
Fig. 1: The structure of helium circulator of HTR-10. 

 
The maintenance was performed in the reactor 

maintenance hall that is at the top of the nuclear 
island. The layout of function area of the 
maintenance hall is shown in Fig. 2. The helium 
circulator was moved to a specific maintenance area. 
In that area, the inspection and repairing work was 
done. After that, the helium circulator was moved 
back and reinstalled.  

 

 
Fig. 2: The function area layout of the maintenance 

area. 
 

A more detailed description of the  process of the 
maintenance is as follows:  

1. Preparation such as scaffolding installation 
and wire disconnection.  

2. Removal of the helium circulator. 
3. Initial decontamination of helium circulator. 
4. Inspection and wire disconnection inside the 

helium circulator. 
5. Removal of the end closure dome of the 

helium circulator. 
6. Removal of the insulation. 
7. Pipeline cleaning. 
8. Removal and decontamination of the motor 

cooler, motor and impeller. 
9. Inspection of the helium circulator. 
10. Reinstallation of motor and impeller. 
11. Helium circulator testing. 
12. Replacement of the insulation.  
13. Reinstallation of the whole helium circulator 

and its pressure vessel onto the top of SG.  

 
III. RADIOACTIVITY MEASUREMENT 

 
The radioactivity measurement was performed 

throughout the whole maintenance process, including 
background measurement before maintenance, the 
working area monitoring during the maintenance, 
and measurement after the reinstallation of helium 
circulator.  

The contents of radioactivity measurement 
include radiation dose, radioactive contamination 
and sample measurements of deposited radioactivity.  

The specific measuring method depends on the 
facilities under maintenance and the operation 
required. Primary measurement is arranged as 
follows: 

 
III. A. Rate and contamination measurement before 

maintenance 
 

Before the helium circulator was removed, the 
dose rate of the helium circulator cavity and the 
maintenance hall were measured. In order to provide 
a sound evaluation of radiation level near the SG, 
multiple measuring points were set around SG 
(Fig.2). Beside the SG, there were two sets of 
measuring points. One set was placed at the side 
surface of SG, while the other was placed 1 meter 
away from the side surface of SG. The vertical 
distance between two adjacent points is 1 meter.  

For top and bottom of SG, the measuring points 
are placed in a similar way. One set of the measuring 
points is located on the surface of both top head and 
bottom head, while the other set is placed 1 meter 
away from the surface. The horizontal and vertical 
distance between measuring points is both 1 meter. 
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Fig. 2: The distribution of measuring points near 

the SG.. 
 

III. B. Dose monitoring when removing the 
helium circulator 

 
To reduce the occupational exposure of the 

working crew, the dose rate of the removed helium 
circulator has been measured at eight positions that 
were uniformly distributed on the circumference of 
the bottom of the helium circulator (Fig. 3).  Portable 
X-ray and γ dose ratemeters were used to measure 
the dose rate at these positions. 

 

 
Fig. 3: The distribution of measuring points 
around the removed helium circulator. 

 
III. C. Surface contamination measurement and 

dust sampling before decontamination 
 

The surface contamination of different facilities 
and working area has been measured with surface 

decontamination survey meter. Those measured 
surfaces include the inside surface of the end closure 
dome and the pressure vessel body, the surface of 
impellers, and the bearing of circulator.  

For dust sampling, two methods were used, 
depending on the surface condition of facilities. One 
method is multiple points sampling using tapes, 
while the other one is area sampling (approximately 
5cm × 5cm) using absorbent cotton. For surfaces that 
are difficult to access, remote tools have been used 
in both methods. The dust sampling facilities inside 
the surface of the end closure dome and the pressure 
vessel body, the surface of impellers and the 
circulator. 

 
III. D. Personal dose measurement 

 
The personal dose measurement involved both 

external dose and internal dose. In the working area, 
the radioactivity aerosol concentration was online 
monitored during the working process. The external 
dose measurement was done with 
thermoluminescence personal dosimeters. To verify 
the external dose data, whole-body counter was used 
for monitoring at the same time. 

 
III. E. Radioactive waste monitoring and 

management 
 

The surface dose and contamination level of 
radioactive waste generated during the maintenance 
was measured for classification and minimization of 
waste. And the radioactive waste classification was 
performed every day after the maintenance work on 
that day was finished, based on the monitoring 
results.  
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IV. RESULTS AND DISCUSSION 

 
The amount of dose and contamination data 

measured during the whole process of helium 
circulator is huge and it is difficult to present all the 
data in this paper. For this reason, only the most 
representative data are presented and analyzed in this 
section. The personal radiation dose and 
occupational radiation dose are also calculated and 
analyzed in this section. 

 
IV. A. Dose rate and contamination level before 

maintenance  
 
The dose rate and contamination level of 

representative positions before maintenance are 
summarized in Tab. 1. For both dose rate and 
contamination, the background level is considerably 
low. Near the connection flange between helium 
circulator and SG, the dose rate is about 2~3 times of 
the dose rate in other areas. And the radioactivity 
aerosol concentration is quite low in the maintenance 
area. 

 
Table 1: Measurement before maintenance 

Position Dose rate 
(μSv/h) 

Surface 
contamination 

level 
(Bq/cm2) 

Aerosol  
(Bq/m3) 

Reactor 
maintenance 

hall 

Average: 
0.10 

α<LLD 
β<LLD － 

helium 
circulator 

cavity 

Average: 
0.10 

Maximum: 
0.12 

α<LLD 
β<LLD 

α：
0.004 
β：
0.003 

Flange of 
helium 

circulator 

Average: 
0.26 

Maximum: 
0.31 

－ － 

Maintenance 
area of 
helium 

circulator 

Average: 
0.11 

α<LLD 
β<LLD － 

LLD: lower limit of detection. 0Bq/cm2 forα, 0.095 
Bq/cm 2 forβ. 
 

IV. B. Dose rate and contamination level during 
maintenance 

 
Tab. 2 summarizes the measured results of 

important positions during the removal of the helium 
circulator. The maximum dose rate in the helium 
circulator cavity rises significantly due to the open of 
the helium circulator’s flange. After the helium 
circulator is removed, the dose rate still remains 

higher than the dose rate before maintenance. In 
contrast, the radioactivity in aerosol doesn’t change 
much during the removal of helium circulator. 
 
Table 2: The measured result during the removal of 

helium circulator. 

position Working  
stage 

Dose rate 
(μSv/h) 

Aerosol  
(Bq/m3) 

Reactor 
maintenance 
hall 

2013-5-
31 
14：10 

Average:0.10  

helium 
circulator 
cavity 

The 
helium 
circulator 
was lifted 
0.5 
meters 
away 
from the 
ground. 

Max: 
2.9 

2013-5-
31 
21：45  
α ：
0.000 
β ：
0.003 

helium 
circulator 
cavity 

Helium 
circulator 
removed 

East:0.94 
North: 
0.98 
South: 
1.02 

 

 
The dose rates around the removed helium 

circulator are listed in Table 3. Generally, the dose 
rate is quite low, although it varies between different 
measuring positions. The dose rate at the bottom of 
helium circulator is generally higher than that of the 
surface. This is possibly because there is no shadow 
shielding effect near the bottom of the helium 
circulator. 

 
Table 3: Dose rate near removed helium circulator 

Position Average dose rate 
(μSv/h) 

1 meter away from the 
surface 0.13 

0.4 meter away from 
the bottom on the east 

side 
0.30 

0.1 meter away from 
the bottom on the north 

side 
1.24 

0.1 meter away from 
the bottom on the west 

side 
1.10 

 
In order to ensure the safety of the working crew, 

the dose rate, surface contamination and the 
radioactive aerosol concentration of the entire 
working area was under monitoring throughout the 
process. As shown in Tab. 4, the dose rate and 
contamination level is higher near the removed 
helium circulator. For other areas, the measured 
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results remained almost unchanged compared to the 
data obtained before maintenance. This is similar to 
the results in Tab. 1, which demonstrates that the 
increase of the dose rate is quite limited during the 
maintenance process. Therefore, the dose rate is 
probably not the primary radiation safety issue in the 
maintenance. However, in comparison, the aerosol 
concentration in the maintenance area of helium 
circulator (Tab 4) is 10 times of that before 
maintenance (Tab 1). For places outside the 
maintenance area of helium circulator, the aerosol 
concentration is about 6 times of that before 
maintenance inside the maintenance area of helium 
circulator (Tab 1). Therefore, aerosol appears to be 
the primary concern of radiation issue in the 
maintenance operation. 

 
Table 4: Radiation monitoring of maintenance area 

Monitoring 
position 

γdose 
rate 
(μ

Sv/h) 

Surface  
contaminatio

n 
(Bq/cm2) 

Aerosol  
(Bq/m3) 

Maintenance 
area entry 

Average 
0.11 

α<LLD 
β<LLD 

In 
maintenance  
area of  
helium 
circulator 
α：0.058  
β：0.059 
Reactor 
maintenance 
hall 
α：0.017 
β：0.018 

End closure 
Dome 
surrounding
s 

0.06 β<LLD 
0.05 β<LLD 
0.06 β<LLD 
0.08 β<LLD 
0.06 β<LLD 

Helium 
circulator 
surrounding
s 

0.18 0.09(γ) 
0.22 0.14(γ) 
0.34 0.42(γ) 
0.37 0.36(γ) 

The south 
part of 
helium 
circulator 
cavity 

0.09 β＜LLD 

The west 
part of 
helium 
circulator 
cavity 

0.10 β<LLD 

The north 
part of 
helium 
circulator 
cavity 

0.12 β<LLD 

The east part 
of helium 
circulator 
cavity 

0.11 β<LLD 

helium 
circulator 
cavity entry 

0.10 β<LLD 

Entry of the 
maintenance 
area 

0.09 β<LLD 

LLD: lower limit of detection. 0Bq/cm2 forα, 0.095 
Bq/cm 2 forβ. 
 

 
IV. C. Aerosol concentration during the 

reinstallation of the helium circulator 
 

The dose rate in the reactor maintenance hall is 
0.11 μ Sv/h, which is consistent with several 
previous measurements. Since monitoring during 
inspection of the helium circulator revealed that the 
primary concern of radiation safety is aerosol instead 
of external exposure, the aerosol measurement was 
reinforced so that the aerosol in the work area was 
continuously monitored online. The corresponding 
results are shown in Tab 5. Generally, the β 
radioactive aerosol concentration is higher than 
that of α aerosol. It is noticeable that the real time 
measurement is very oscillating. Before the helium 
circulator was reinstalled, the average β aerosol 
concentration could be as high as 14.52 Bq/m3 and 
the maximum average α aerosol concentration was 
5.352 Bq/m3. After the helium circulator was 
reinstalled, the maximum β aerosol concentration 
was below 2.00 Bq/m3 and the maximum α aerosol 
concentration was below 1.00 Bq/m3. Based on this 
result, working crew was equipped with masks and 
respiratory facilities so that inhalation of the aerosol 
was reduced. 

 
Table 5: Aerosol concentration during the 
reinstallation of the helium circulator 

 time 
Real-time 

concentration(Bq/m3) 
Average 

concentration(Bq/m3) 
α β α β 

Before 
helium 
circulat

or is 
reinstal

led 
(2013-
6-15) 

09:55   1.527 4.786 
09:58 3.586 2.988   
10:00 6.212 12.61   
10:10 2.216 4.404   
13:00 5.450 30.00 0.118 0.975 

13:15 0.277 1.325 5.352 14.52 

After 
the 

helium 
circulat

or is 
reinstal

led 
(2013-
6-17) 

13:20 -1.354 -0.251 0.030 -4.400 

13:25 0.747 0.517   

13:35 0.324 6.713   
13:55 0.309 -2.406 -0.036 0.578 
14:01 -0.211 0.702 0.006 0.691 
14:22 -1.051 0.546 -0.072 0.096 
14:36 -0.603 1.371 -0.168 0.061 
15:10 0.540 2.616 -0.389 -0.051 
15:40 0.688 1.426 0.095 0.724 
15:45 -1.252 -1.606 0.250 1.115 
16:05 0.530 8.370 0.681 1.916 
16:13 0.144 1.918 0.685 1.843 
16:37 0.333 2.667 0.423 1.022 
16:52 1.925 4.853 0.344 1.022 
17:02 0.114 5.710 0.284 0.569 
17:22 1.844 5.447 0.221 0.539 
17:40 2.615 8.867 0.063 0.619 
18:00 1.619 5.740 0.132 0.805 
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18:11 1.234 -6.183 0.229 1.060 
Negative values are a result of the background 
oscillation of the instrument. 

 
IV. D. Dose rate and contamination level after 

maintenance 
 

Table 6 summarizes the radiation dose rates and 
surface contamination level after the maintenance. 
Both dose rate and contamination were on the same 
level as were before maintenance. This demonstrates 
the effectiveness of the related decontamination 
operation.  By comparing Tab. 6 and previous 
measurements, it could be found that the change of 
dose rates during the whole process is quite limited, 
which again implies that the primary concern may be 
aerosol issue. 
 

Table 6: Dose rate and contamination level after 
maintenance 

Position γdose rate 
(μSv/h) 

Surface 
contamination 

(Bq/cm2) 
East part of 

helium 
circulator 

cavity  

Average:0.10 α<LLD 
β<LLD 

South part of 
helium 

circulator 
cavity 

Average:0.11 α<LLD 
β<LLD 

North part of 
helium 

circulator 
cavity 

Average:0.08 α<LLD 
β<LLD 

West part of 
helium 

circulator 
cavity 

Average:0.08 － 

The 
maintenance 

area of 
helium 

circulator 

Average:0.11 α<LLD 
β<LLD 

The ground 
of reactor 

maintenance 
hall 

Average:0.11 α<LLD 
β<LLD 

LLD: lower limit of detection. 0Bq/cm2 for α, 
0.095 Bq/cm 2 for β 

 
IV. E. Radioactive waste management 

 
All of the radioactive waste generated in the 

maintenance was of low level radioactive waste. All 
the waste was packed into 45 bags, 31 of which were 

filled with contaminated waste. The average surface 
dose rates of different radioactive waste are 
summarized in Tab 7. It is noticeable that the dose 
rate of the vacuum filter is highest. Since the vacuum 
filter was used to remove the floating dust inside the 
helium circulator before maintenance, the 
radionuclides deposited on the floating dust were 
probably the main source of the radiation. Those 
tools that were used to clean the inside of helium 
circulator and its components show a higher dose 
rate. This also implies that the dust inside the helium 
circulator is the primary source of the radiation. 
 
Table 7: The surface dose rate of radioactive waste 

generated in maintenance. 
Waste type Average surface dose 

rate 
(μSv/h) 

Plastic film 0.18 
Paper clothes, shoe covers 
and rubber glover, 

0.31 

Plastic wrapper 0.65 
Rubber sealer 0.55 
Duster cloth 0.20 
Duster cloth for helium 
circulator inside cleaning 

3.90 

Vacuum filter 18.9 
Duster cloth for impeller 
cleaning 

2.13 

Duster cloth for O-ring 
cleaning 

0.16 

 
IV. F. Personal dose and collective dose 

 
For external dose rate, the thermoluminescence 

personal dosimeter was used for recording during the 
maintenance. The record shows that the maximum 
personal dose was 0.45mSv, while the average 
personal dose was 0.05mSv. The occupational 
exposure was 2.33mSv. 

For internal dose, the online aerosol 
concentration measurement value was lower than the 
derived air concentration (DAC) value of 
corresponding radionuclides. Based on the whole 
body monitoring result, the committed effective dose 
for a single person is lower than 5 μ Sv. For 
important radionuclides such as Cs-137 and Co-60, 
the measurement revealed that their internal activity 
is lower than the lower limit of detection of 
instrument (100Bq). 
  

V. CONCLUSION 
 

In this study, the external dose rates, 
contamination level and the radioactive aerosol 
concentration have been measured and analyzed 
during the process of helium circulator maintenance 
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for HTR-10. The analysis results revealed that both 
the α and β contamination levels were generally 
below the Lower Limit Of Detection (LLD) of 
instrument and the maximum absorbed dose level 
was below 3μSv/h throughout the working process. 
In contrast, the aerosol concentrations varied a lot at 
different working stages, which might be the primary 
radiation safety concern during maintenance. The 
waste generated during the maintenance was all low 
level radioactive waste. The tools used for cleaning 
the inside of helium circulator have shown the 
highest dose rates, which might result from the 
radioactive dust deposited in the helium circulator. 
As for the occupational exposure level, the average 
effective dose for a single person was about 0.05 
mSv, the highest cumulative dose was 0.45 mSv, 
while the collective dose for the whole staff was 2.33 
man*mSv. 
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