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*e spherical fuel elements are adopted in the high-temperature gas-cooled reactor pebble-module (HTR-PM).*e fuel elements
will be discharged continuously from the reactor core and transported into the fuel transport pipelines during the reactor
operation, leading to spatially varying dose outside the pipeline. In this case, the dose evaluation faces two major challenges,
including dynamic source terms and pipelines with varying lengths and shapes. *is study tries to handle these challenges for
HTR-PM through comprehensive calculations using the QAD-CGA program and to design the corresponding shielding of the
pipeline. During the calculation, it is assumed that a spherical fuel element stays in different positions of the pipelines in turn, and
the corresponding dose contributions were calculated. By integrating the dose contributions at different positions, the dose at the
points of interest can be obtained. *e total dose is further determined according to the assumed fuel elements transport speed of
5m/s and total 6000 fuel elements transportation per day. Two types of fuel transport pipelines and two source terms were
considered, i.e., the spent fuel element transport pipelines with corresponding spent fuel source term and the different burn-up
fuel element transport pipelines with the average burn-up fuel source term. Doses at different points of interest were calculated
with no shielding scenario and with lead shielding of different thicknesses scenario. To evaluate the shielding effect, the dose limit
of the orange radiation zone of HTR-PM and the radiation damage thresholds from NCRP report No.51 were both adopted. *e
calculated results show that, for pipelines that transport the spent fuel, a 4 cm lead shielding will be enough. And for pipelines that
transport fuel elements with different burn-up, a 5 cm lead shielding will be added. *e method and results can provide valuable
reference for other work of HTR-PM.

1. Introduction

*e high-temperature gas-cooled reactor pebble-module
(HTR-PM) is undergoing commissioning in Shandong
Province of China. It has many characteristics different from
the traditional pressurized water reactors [1–5]. *e
spherical graphite coated components are adopted in HTR-
PM reactor as fuel elements. Each spherical fuel element is
60mm in diameter and coating about 8000 UO2 kernels in it.
During the operation of the reactor, the spherical fuel ele-
ments will be removed and reloaded into the core period-
ically through the fuel transport pipelines [6]. Without
enough shielding, the dose rate outside the pipelines will be

too high, since the irradiated spherical fuel elements are
severely activated. For practical engineering design, two
types of pipelines are worth attention. One is for the spent
fuel elements transport, and the other is for the transport of
fuel elements with different burn-up. *e transport of both
spherical fuel elements involves dynamic source terms. In
addition, the length of the pipelines varies from place to
place, leading to different dose in each case.

For the shielding calculation, the Monte Carlo simulation
method and the empirical formula approximation calculation
method are commonly employed. *e Monte Carlo method
can deal with complex geometric structures, material com-
position, and source terms, by simulating the real particle
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transport process, such as scattering, transmission, and ab-
sorption. Widely used software based on the Monte Carlo
method includes MCNP [7–9], FLUKA (http://www.flu-
ka.org/fluka.php; [10], GEANT4 [11, 12], and so on. However,
the Monte Carlo method usually requires a longer calculation
time. *e QAD-CGA program, which is based on the point-
kernel integration technique, is especially suitable for dealing
with shielding design problems under simple geometric
structures. *e scattering of particles is approximated by the
buildup factor [13, 14]. After comparison and verification,
under the simple geometric model, the QAD-GCA program
has the advantages of fast calculation speed and accurate re-
sults [15–19]. *e dose evaluation along the pipelines involves
only a simple geometry, but requires repetitive calculation with
varying source terms. *ese features make the QAD-CGA
program a good candidate for the dose calculation.

For the above reason, the QAD-CGA is used to calculate
the dose caused by a moving fuel element in this study. *e
dose rates by a fuel element at different positions are cal-
culated at the points of interest. Based on the speed of the fuel
element, the total dose at the point of interest is calculated by
integrating the dose rates with the duration of the fuel element
at each position. *is method is applied to the calculation of
the point-by-point dose rate for a single spent fuel element,
the average hourly dose rate from 6000 elements per day, and
the cumulative dose of 40 years from 6000 elements per day
for different cases. *e results are compared with the dose
limit of the orange radiation zone of HTR-PM and the
thresholds of radiation tolerance of different materials from
NCRP report No. 51.

2. Method

2.1. Source Terms. *e spherical fuel elements will pass
through the fuel transport pipelines at an average speed of
5m/s. Two types of source terms need to be considered: (1)
the spent fuel and (2) the average burn-up fuel, which is for
the fuel elements transport with different burn-up. Nor-
mally, there will be 6000 elements passing through the
pipelines per day.

*e source term for the average burn-up fuel is calculated
under the assumption that the proportion of the fuel elements
with different cycle numbers (1–4 \ 5–8 \ 9–12 \ 13–14 \ 15) is,
respectively, 1.2/15, 1.1/15, 1.0/15, 0.9/15, and 0.

*e KORIGEN code was adopted to calculate the gamma
source terms. KORIGEN is a KARLSRUHE version of the
ORIGEN code [20] developed by the Oak Ridge National
Laboratory, which contains an updated nuclide cross section
data library for high-temperature gas-cooled reactors.
KORIGEN calculates the radionuclide inventory at the
equilibrium of the reactor, by solving deterministic differ-
ential equations. It can calculate irradiation in both thermal
and fast-neutron spectra [21–24].

From the KORIGEN calculation, there will be more than
60 radionuclides in a spent fuel element [25]. Figure 1 shows
the gamma-ray intensity of the two source terms, which were
derived from the radionuclide inventory. For the spent fuel

source term, the total gamma intensity is 7.67×1012 c/s. For
the average burn-up fuel source term, the total gamma
intensity is 1.25×1013 c/s.

2.2.GeometryModel. *eouter diameter of the fuel transport
pipelines is 69mm with a thickness of 2mm as shown in
Figure 2.*e pipeline is made of stainless steel with density of
7.8 g/cm3. Its main component is iron and also contains
impurities, such as carbon, silicon, manganese, nickel,
chromium, and titanium. In the calculation, the composition
of the pipeline was simplified to iron. *e points of interest
were all chosen in the middle line of the pipeline.*e distance
between one point of interest and the outside of the pipeline is
defined as Dpi.

For pipelines that transport the spent fuel, two scenarios
were considered: with no shielding and with a 4 cm lead
shielding. For pipelines that transport fuel elements with
different burn-up, three scenarios were considered: with no
shielding, with a 4.5 cm lead shielding, and with a 5 cm lead
shielding.

When the spherical fuel element moves from the left side
to the right side of the pipeline, its dose contribution to the
points of interest at different positions of the pipeline may
vary greatly. In this work, the following method was adopted
to calculate the total dose at one point of interest produced by
a spherical fuel element passing through the pipeline one time.

Taking the 5m-length pipeline as an example, its left half
can be divided into 13 segments, as shown in Figure 2, where
AB, BC, CD to LM are all 20 cm length (12 segments in total),
and the length of the MN is 10 cm.

Define the dose from a spherical fuel element to one
point of interest during its movement in the AB segment as
DAB. DAB can be conservatively calculated by

DAB � dB × tB, (1)
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Figure 1:*e source terms for the spent fuel and the average burn-
up fuel.
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where dB is the dose rate of the spherical fuel element at
point B and tB is the time required for the fuel element to
pass through the AB segment.

For the other segments, the calculation method is
similar. Since the points of interest are located in the middle
of the pipeline, due to the symmetrical relationship, the
spherical fuel element gives the same dose to one point of
interest when it moves in the left half and right half sections.
*en, the dose from a spherical fuel element to the point of
interest during its movement along the whole pipeline (D)
can be calculated by

D � 2 ×  DAB, DBC, . . . , DLM( 

+ DMN. (2)

2.3. Dose Limit. We focus on _Dand D40y, which are defined
as follows: _D is the average hourly dose rate from 6000
elements per day, mGy/h, which can be calculated by
equation (3); D40y is the cumulative dose of 40 years from
6000 elements per day, Gy, which can be calculated by
equation (4).

_D � D ×
6000
24

 , (3)

D40y � _D × 40×365.25 ×
24
1000

. (4)

For Dpi � 30 cm, the dose limit of _D should be 3mGy/h,
which is the upper limit value of the orange radiation zone of
HTR-PM.

For D40y, it is mainly used to evaluate the material ra-
diation damage. Two concerned radiation damage thresh-
olds are listed in Table 1 (NCRP report No. 51) [25].

3. Results and Discussion

3.1. For Pipelines/atTransport the Spent Fuel. For pipelines
that transport the spent fuel, two scenarios were considered:
pipelines with no shielding and with a 4 cm lead shielding.

Firstly, for each case, the point-by-point dose rate by one
spent fuel element should be calculated. Figure 3 shows one
of the point-by-point dose rates calculated results. It is
relative to a point of interest of Dpi� 30 cm and for a 5m
pipeline with no shielding case.

From Figure 3, it can be seen, at point B, the dose rate is
239mGy/h, while at point N the dose rate increases to
2.09×104mGy/h, which is 2 orders of magnitude higher
than point B’s dose rate. So, it can be drawn that the dose of
points of interest is mainly affected by the segments near the
middle of the pipeline.

*en, based on the point-by-point dose rate results, the
_D and D40y results of different Dpi and different pipeline
lengths can be calculated by equations (3) and (4).

Figure 4 shows the average hourly dose rate _D at dif-
ferent Dpi positions for a 5m pipeline, from which it can be
seen, for the pipeline with no shielding case, at Dpi� 30 cm’s
position, _D� 318mGy/h; and at Dpi� 500 cm’s position,
_D� 5.99mGy/h, which decreased by two orders of magni-
tude. For the pipeline with a 4 cm lead shielding case, the _D
at Dpi� 30 cm and 500 cm are 2.86mGy/h and
9.74×10−2mGy/h, respectively. It can be drawn that a 4 cm
lead shielding can reduce the dose rates at points of interest
with the same Dpi by nearly two orders of magnitude.

Figure 5 shows the calculatedD40y results at different Dpi
positions for a 5m pipeline, from which it can be seen, for
the pipeline with no shielding case, atDpi� 30 cm’s position,
D40y � 1.11× 105Gy; and at Dpi� 500 cm’s position,
D40y � 2.1× 103Gy, which also decreased by two orders of
magnitude. For the pipeline with a 4 cm lead shielding, the
D40y at Dpi� 30 cm and 500 cm are 1000Gy and 34.2Gy,
respectively. Similarly, as _D, a 4 cm lead shielding can reduce
D40y at points of interest with the same Dpi by nearly two
orders of magnitude.

Table 2 lists the _D and D40y values at Dpi� 30 cm’s
position for pipelines of 1–5m length.*e calculation results
show that when the pipeline lengths are changed from 1m to
5m, the _D at Dpi� 30 cm increases from 227mGy/h to
318mGy/h, while with a 4 cm lead shielding, the _D at
Dpi� 30 cm increases from 2.72mGy/h to 2.86mGy/h when
the length of the pipeline changes from 1m to 3m. But when
the pipeline length increases from 3m to 5m, the _D andD40y
will not increase, since the two ends contribute very little
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Figure 2: *e geometry structure in the QAD-CGA calculation.

Table 1: Two concerned radiation damage thresholds.

Item *reshold (Gy)
Plastics losing tensile strength 1× 104–1× 107

Natural rubber losing elasticity 5×104–3×105
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dose to the point of interest for a long pipeline. Compared
with the dose limit of 3mGy/h, a 4 cm lead shielding should
be suitable for pipelines of different lengths.

Also, compared with the radiation damage thresholds
list in Table 1, with a 4 cm lead shielding, the highest D40y is
1000Gy, lower than the plastics losing tensile strength and
natural rubber losing elasticity thresholds.

3.2. For Pipelines/at Transport Fuel Elements with Different
Burn-Up. For pipelines that transport fuel elements with
different burn-up, the average burn-up fuel source term was
adopted. Table 3 lists the calculated results of _D and D40y for
pipelines of 1–5m lengths at Dpi� 30 cm’s position. *ree
scenarios were considered: with no shielding, with a 4.5 cm
lead shielding, and with a 5 cm lead shielding.

From Table 3, it can be seen that, for with no shielding
case, the _D increases from 371mGy/h to 518mGy/h for
1–5m pipelines. With a 4.5 cm lead shielding, the _D can be
reduced by 2 orders of magnitude, but still higher than the
dose limit of 3mGy/h. With a 5 cm lead shielding, the _D can
be reduced to lower than 3mGy/h. Similar to the spent fuel
transport case, the phenomenon happened that the _D and
D40y did not increase when the pipeline length increased
from 2m to 5m for with lead shielding case. *is is also
because the oblique lead shields at both ends of the long
pipeline greatly attenuate the dose.

Also, compared with the radiation damage thresholds
list in Table 1, with a 5 cm lead shielding, the highest D40y is
908Gy, lower than the plastics losing tensile strength and
natural rubber losing elasticity thresholds.
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Figure 5: D40y at different Dpi positions for a 5m pipeline.
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Figure 3: *e dose rates from one spent fuel element (Dpi� 30 cm, 5m pipeline, no shielding).
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Figure 4: _D at different Dpi positions for a 5m pipeline.
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So, a 5 cm lead shielding should be added for pipelines
that transport fuel elements with different burn-up.

4. Conclusions

In this work, the radiation protection design and dose
evaluation were performed for the fuel transport pipelines
for the HTR-PM reactor, using the shielding calculation
software QAD-CGA program. Two types of fuel transport
pipelines were considered, i.e., the spent fuel element
transport pipelines and different burn-up fuel element
transport pipelines. Correspondingly, two source terms were
adopted: one is the spent fuel source term and the other is
the average burn-up fuel source term.*emoving process of
a fuel element is discretized and dose calculations were
performed to fuel elements at different positions. *ese
doses were integrated with the moving time to obtain the
total dose. For pipelines that transport the spent fuel, two
scenarios were considered: with no shielding and with a 4 cm
lead shielding. For pipelines that transport fuel elements
with different burn-up, three scenarios were considered:
with no shielding, with a 4.5 cm lead shielding, and with a
5 cm lead shielding. For each case, the point-by-point dose
rate by one spent fuel element, the average hourly dose rate
from 6000 elements per day, and the cumulative dose of 40
years from 6000 elements per day were calculated. Different
Dpi and pipeline lengths were considered. To evaluate the
shielding effect, the HTR-PM’s orange radiation zone dose
limit of 3mGy/h and the radiation damage thresholds from
NCRP report 51 were both adopted. *e calculated results
indicate that, for pipelines that transport the spent fuel and
different burn-up fuel elements, a 4 cm and a 5 cm lead
shielding should be added separately.
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