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Abstract Core axial power distribution is an essential
topic in pressurized water reactor (PWR) reactivity control.
Traditional PWRs limit stability against axial core power
oscillations at a high-cycle burnup. Because the “camel”
peak power shape typically occurs with increasing deple-
tion, the approaches used for the axial power control
deserve special attention. This study aims to investigate the
performance of different gadolinium rod design schemes in
core axial power control during power operation based on
the reactivity balance strategy, and to propose new multi-
concentration gadolinium rod design schemes. In the new
design schemes, low-concentration gadolinium pellets are
filled in the axial hump part of the gadolinium rod, and
high-concentration gadolinium pellets are filled in the other
parts. The impact of different gadolinium rod design
schemes on the main core characteristics was evaluated
using the nuclear design code package PCM developed by
CGN. The results show that the new gadolinium rod design
significantly impacts the core axial power shape. The new
design schemes can efficiently improve the core axial
power distribution along the entire cycle by reducing the
core axial power peak at the end of a cycle, enhancing the
reactor operation stability, and achieving a better core
safety margin, revealing a sizeable potential application.
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1 Introduction

Long-cycle fuel management is widely applied in cur-
rent pressurized water reactor (PWR) designs to improve
economic performance. For instance, most CGN CPR1000
reactors in China have applied 18-month fuel management
instead of 12-month fuel management, which improves the
annual power generation and introduces economic and
social benefits. However, long-cycle fuel management
requires higher critical boron concentrations at the begin-
ning of cycle (BOC), which results in uneven power dis-
tributions. To reduce the boron concentration and flatten
the power distribution, burnable poison rods were loaded
into the fuel assembly.

Adding gadolinium is a mature burnable poison design
with good performance, which has been proven in nuclear
power plants worldwide. Multiple studies have focused on
gadolinium burnable poison and long-cycle refueling. Asou
and Porta [1] studied the neutronics behavior of different
burnable poisons and presented a potential way to use
gadolinium burnable poisons. Huang et al. [2] studied the
progress of the burnable poison process and analyzed the
properties of different burnable poisons. Frybortova [3]
studied the limitations of burnable absorbers used in VVER
fuel assemblies and concluded that gadolinium has the
most significant influence on fuel characteristics. Vnukov
et al. [4] analyzed the effects of gadolinium arrangement
on the neutronic performance of a VVER-1200 fuel
assembly. Tran et al. [5] investigated the neutronics design
of a VVER-1000 fuel assembly with particles of gadolin-
ium burnable poison. Huang et al. [6] studied the selection
of both integrated- and separated-type burnable poisons for
long-cycle reactor cores, and suggested enhancing the
performance of long-cycle cores through proper matching
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of burnable poisons with low and high burnup rates. Yang
and Wu [7] applied different optimization methods for in-
core burnable poison loading in PWRs. Xia et al. [8]
analyzed the burnup characteristics of a homogeneous
mixing burnable poison for PWRs. Xian et al. [9] analyzed
the different concentrations of gadolinium that impact the
in-core fuel management for an 18-month PWR reload
cycle. Zhang et al. [10, 11] studied fuel management with
gadolinium in an 18-month fuel cycle and quarter-core
refueling for different nuclear power stations. Bai et al.
[12] analyzed the first startup physics test for a nuclear
power plant loaded with gadolinium. Galahom [13]
investigated the effect of gadolinium burnable absorbers on
the neutronic characteristics of a PWR assembly over a
very long cycle. Mustafa and Amin [14] studied the effect
of gadolinium distribution on the neutronic parameters of a
small modular reactor assembly. Reda et al. [15] investi-
gated the performance and safety features of PWR using
gadolinium poison from the Vera core physics benchmark.
Bejmer and Seveborn [16] studied enriched gadolinium as
a burnable absorber for PWRs. Hu et al. [17] used
gadolinium as part of the backup reactivity in a 400 MW
pool-type low-temperature heating reactor core.

At the BOC, the axial burnup distribution in the fresh
fuel assembly is uniform, and the axial relative power in
the middle is generally higher than that at the ends. As the
fuel burnup increases, the power peaks gradually move
toward the ends and form the “camel peaks” at high-cycle
burnup. As the primary approach to adjusting the core axial
power shape in the core, the control rods are implemented
at the top of the vessel such that only one of the two
“camel peaks” can be effectively restricted. Consequently,
axial power perturbation can easily lead to divergent axial
power oscillations. This phenomenon poses a challenge for
axial power control and enforces the heterogeneity power
peak factor, which restricts the load-following capacity and
operational flexibility, particularly for reactors applying
long-period refueling strategies.

Several studies have focused on the core axial power
distribution of gadolinium. Owing to the significantly dif-
ferent axial power shapes at different cycle burnups, it is
challenging for the fuel and core designs to control the
power shape during the entire fuel cycle. Drumm et al. [18]
studied the optimal axial distribution of gadolinium in a
PWR based on the Pontryagin maximum principle using
the conjugate gradient method. Hida et al. [19] developed a
method to optimize the axial enrichment and gadolinium
distribution of boiling water reactor fuel to minimize the
enrichment requirement. Li et al. [20] studied the core
power capability of a core stretched-out operation and
analyzed the core axial power distribution at different
burnups. Zhao et al. [21] studied the core axial power
distribution using a 3-D core power capability
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methodology. Ma et al. [22, 23] studied the long-cycle and
low leakage loading technique for the first cycle and
equilibrium cycle of HPR1000 with gadolinium and pro-
posed a method to optimize the core axial power shape by
replacing the gadolinium pellets at the ends with uranium
pellets. Saad et al. [24] performed a comparative analysis
of fuels with different gadolinium axial distributions in the
advanced PWR core. They proposed a core configuration in
which gadolinium fuel rods were divided into three parts,
with gadolinium fuel pellets in the central region.

In summary, the common idea to improve the core axial
power shape is to replace a part of the uranium and
gadolinium pellets. This study proposes a new method to
improve the core axial power shape by adjusting the axial
distribution of Gd,O; concentration according to the
reactivity rates. Pellets with low Gd,O5 concentrations are
placed at the ends of the fresh fuel where the “camel
peaks” occur, while the traditional gadolinium pellets are
placed in other parts. The results show that this method
significantly dampens the axial power “camel peaks”,
improves the core axial power distribution, and enhances
operational flexibility.

2 Computer code

To analyze the impact of the gadolinium rod design in
the core, a neutronic code system should be used to per-
form assembly/full-core neutronics analysis. There are
alternatives such as CASMO/SIMULATE [17] and Ser-
pent/PARCS [25]. This study uses the nuclear design code
package PCM developed by the CGN for analysis and
calculation. The PCM code package consists of lattice code
PINE and core code COCO.

PINE is mainly used to perform 2-D transport-depletion
calculation on fuel assembly/assemblies and to generate the
equivalent homogenized parameters of fuel assemblies and
reflectors required by coarse-mesh nodal analysis for the
3-D core code COCO. The equivalent homogenized
parameters include: (1) neutron diffusion coefficient; (2)
average macro cross sections of various types of assem-
blies; and (3) assembly surface discontinuity factors.

A 69-group cross section library issued by the IAEA
WLUP was adopted in PINE. The library consists of 175
nuclides and materials. This includes 23 actinides and 72
fission products. A detailed burnup chain of gadolinium is
included in the library. The kinetic parameters of PINE
were developed from JENDL4.0. The MOC method was
applied for the 2-D heterogeneous transport calculation.
The CMFD technique is used to accelerate the MOC sol-
ver. The B1 approximation model was used to correct the
neutron spectra of the assembly, which were calculated
under reflective boundary conditions. Two prediction-
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correction calculation methods, the LR method and LLR
method, were applied in the depletion calculation of PINE.
The code uses the LR method for fuel rods without
gadolinium and applies the LLR method for fuel rods
containing gadolinium to accelerate the calculation of
gadolinium.

COCO was used to perform analyses such as reloading
and reshuffling, depletion calculation, criticality search,
control rod worth calculation, calibration curve calculation,
and xenon transient calculation. It is a 3-D core code that
uses the two-group assembly parameters generated by the
lattice code PINE to perform neutron diffusion calcula-
tions. A nonlinear iterative semi-analytical nodal method
was adopted to solve the diffusion equation. The code
depletion module includes both macroscopic and micro-
scopic burnup calculations. The macroscopic burnup cal-
culation deals with the burnup distribution in the core and
the microscopic burnup calculation deals with the isotopic
concentrations. The microscopic depletion module solves
the depletion equation to obtain the concentration of each
isotope at each burnup step. The neutron reactions analyzed
in COCO include capture and induced fission reactions.
The o decay and f decay reactions were adopted in the
code. Isotopes analyzed by COCO include *Gd, '°Gd,
156Gd, 157Gd, and '°%Gd. With the microscopic depletion
module, COCO can accurately simulate the burnup
behavior of gadolinium.

Many testing, verification, and validation studies have
been conducted for the PCM code package to ensure cal-
culation precision in PWR design [26-30]. The JAEA
benchmark, criticality experiments, and operation data of
CGN NPPs with gadolinium are used to validate the
gadolinium calculation function of PCM. The verification
and validation results show that the PCM code package has
high accuracy in the gadolinium module and can be used to
analyze gadolinium behavior.

This study uses PINE to analyze the fuel assembly
reactivity change with burnup for different gadolinium
schemes and COCO to study the core neutronic charac-
teristics and power distribution loaded with gadolinium
rods.

3 Gadolinium burnable poison reactivity analysis

There are seven gadolinium isotopes in nature: '*>Gd,
'%4Gd, '°Gd, '*°Gd, '*'Gd, '*°Gd, and '°°Gd. The most
important isotopes for neutron absorption are '>°Gd and
'57Gd, as they have large neutron absorption cross sections
and account for an important natural share. In addition,
although their neutron absorption cross sections are not
large, '>*Gd and *°Gd have a relatively significant share in
nature. After absorbing neutrons, these two isotopes

become '%°Gd and 157Gd, and special attention should be
paid to their analysis.

Because of the excellent neutron absorption properties
mentioned above, gadolinium is widely used as a burnable
poison in reactor design to control core reactivity and
flatten the power distribution. During manufacturing, the
gadolinium burnable poison is in the powder form after
being homogeneously mixed with Gd,O5; and UO, and
sintered into gadolinium pellets. Compared with UO, pel-
lets, gadolinium pellets have a lower thermal conductivity
and lower melting point. Therefore, in the reactor design,
to ensure gadolinium rod integrity, the >>U enrichment in
the gadolinium pellets was lower than that in the uranium
pellet, and the Gd,O; concentration in the gadolinium
pellet was limited to < 10%. The 235U enrichment in
gadolinium pellets (0), concentration of Gd,O3 in
gadolinium pellets (x), and **°U enrichment in uranium
pellets (¢) in a fuel assembly generally need to satisfy the
following criteria:

0<e—cpu, (1)

where c is a constant.

Owing to the strong neutron absorption ability of
gadolinium, thermal neutrons are quickly absorbed when
passing through the outer layer of the gadolinium pellet,
and it is difficult to penetrate the outer layer to reach the
inner layer of the gadolinium pellet, resulting in a notice-
able spatial self-shielding effect. This space self-shielding
effect is considered in detail in PINE when calculating the
reactivity characteristics of the gadolinium burnable
poison.

Traditional gadolinium burnable poison generally
adopts an integral arrangement. Several gadolinium rods
were placed in the fuel assembly and gadolinium pellets
were loaded into the gadolinium rods. This design has no
constraints on the loading pattern. Gadolinium rods were
mixed with the fuel rods. Theoretically, the gadolinium
pellets can be placed anywhere in the fuel assembly. The
axial and radial distribution of gadolinium pellet concen-
trations can be changed arbitrarily. Compared with other
burnable poisons such as IFBA and WABA, the gadolin-
ium burnable poison provides more extensive design flex-
ibility. For instance, the 12 ft 17 x 17 fuel assembly
consisted of 264 fuel rods. Each fuel rod contained a fixed
number of fuel pellets. A certain number of gadolinium
rods [17] can be flexibly placed in the fuel assembly. Two
typical layouts with 8 and 24 gadolinium rods in the fuel
assembly are shown in Fig. 1.

The number of gadolinium rods has a significant influ-
ence on fuel assembly reactivity. Figure 2a shows the
infinite multiplication factor (k;,r) curves of fuel assemblies
with different numbers of gadolinium rods. The initial >*°U
enrichment in the UO, pellets was set to 4.45 wt%, the
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Fig. 1 (Color online)
Gadolinium rod layout in fuel
assemblies. a Assembly with 8
Gd-rods. b Assembly with 24
Gd-rods
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Fig. 2 (Color online) Fuel 1.40
assembly k;,¢ variation versus
burnup. a With different
numbers of gadolinium rods.
b With different Gd,O5
concentration
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initial >>>U enrichment in the gadolinium pellets was set to
2.5 wt%, and the initial Gd,O5 concentration was set to
8%. Figure 2a shows that the fuel assembly with more
gadolinium rods had a lower initial reactivity. Fuel
assemblies with different gadolinium rods have the same
inflection point of burnup and reactivity decline rate after
the inflection point.

The Gd,O; concentration in the pellets also has a sig-
nificant impact on fuel assembly reactivity. Figure 2b
shows the k;,r curves of fuel assemblies with different
Gd,0; concentrations. The initial >**U enrichment in the
UO, pellets was set to 4.45 wt%, the initial 235U enrich-
ment in the gadolinium pellets was set to 2.5 wt%, and the
number of gadolinium rods was set to 24. Figure 2b shows
that the fuel assembly with lower Gd,O5; concentrations
had a higher initial reactivity with the same gadolinium
rods. The reactivity peak during burnup and the burnup
inflection point for the fuel assembly differed with the
Gd,O3 concentration. The fuel assembly with a lower
Gd,O3 concentration had a higher reactivity peak during
burnup and reached its peak earlier. The fuel assembly with
a higher Gd,O;3 concentration had a lower reactivity peak
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during burnup and reached a peak later. After the reactivity
peaks, the fuel assemblies with different Gd,O5; concen-
trations exhibit the same reactivity decline rate.

Figure 2 shows that there is a specific reactivity penalty
for gadolinium burnable poison in the later stages of bur-
nup. The reactivity penalty of the gadolinium burnable
poison in the later stage of burnup increases with the
number of gadolinium rods and Gd,O3 concentration. This
characteristic of gadolinium burnable poison must be
comprehensively considered when designing the reactor
core.

4 New gadolinium rod design scheme

The design of the gadolinium burnable poison is mainly
associated with the optimization of four parameters: (1) the
Gd,05 concentration in the gadolinium pellet; (2) the B3y
enrichment of the gadolinium pellet; (3) the number of
gadolinium rods per assembly; and (4) the location of the
gadolinium rods in the assembly.
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In the traditional fuel assembly design, to simplify the
fuel assembly manufacturing process, the fresh fuel pellets
in one fuel rod are typically kept the same for the entire
axial height, as well as the gadolinium pellets (see “Tra-
ditional design” in Fig. 3a).

Although the number of gadolinium rods in the fuel
assembly is limited (typically only accounting for < 1/10
of the fuel assembly), because of its good neutron
absorption characteristics, gadolinium significantly affects
the radial and axial power distribution of the core. To
optimize the radial power distribution of the core,
gadolinium rods are typically arranged near the position of
the guide tube in the fuel assembly (as shown in Fig. 1) to
reduce the fuel rod power caused by better neutron mod-
eration. Simultaneously, with in-depth research on
gadolinium burnable poisons, the axial design of gadolin-
ium rods has been continuously improved to optimize the
core axial power distribution. One of the modified designs
involves loading uranium pellets with identical **°U
enrichment in the same fuel assembly at both ends of the
gadolinium rod (see “Modified design” in Fig. 3b), in
which the core axial power distribution is improved by the
replacement of gadolinium and UO, pellets [22, 23].

As discussed in Sect. 3, the fuel assembly reactivity
decline rate changes with different gadolinium concentra-
tions. With the reactivity peak shifting strategy for differ-
ent gadolinium concentrations, it is possible to flatten the
axial power shape by releasing the local reactivity in the
region where the “camel peaks” appear before the power
peak.

Based on this strategy, in order to improve the axial
power shape along the whole fuel cycle, mainly to flatten
the “camel peaks” appearing at the end of cycle (EOC),
this study proposes a new gadolinium rod design method
with different concentration gadolinium pellets: the pellets
with a low Gd,O3 concentration are placed where “camel
peaks” appear and the pellets with a high Gd,O5 concen-
tration are placed in other parts. Adopting this method, two

< Top end < Top end
<~ Top camel <~ Top camel
< Bottom camel [<— Bottom camel
< Bottom end <~ Bottom end
(a (b) () (d)

Fig. 3 (Color online) Pellet axial layout in gadolinium rod. a Tradi-
tional design. b Modified design. ¢ New design-1. d New design-II

new gadolinium rod arrangement schemes were designed
in this study, as shown in Fig. 3¢ (New design-I) and
Fig. 3d (New design-II). The main feature of the “New
design-1” scheme is that the lower concentration gadolin-
ium pellets are symmetrically arranged at the position
where the “camel peaks” appear (the “Top Camel” and
“Bottom Camel” region in Fig. 3c); the main feature of the
“New design-II" scheme is that, in addition to placing low
concentration gadolinium pellets at the hump region, lower
Gd,05 concentration gadolinium pellets are placed at the
bottom and top of the core (“Bottom End” region and
“Top End” region in Fig. 3d). The “New design-II”
scheme comprehensively considers the various reactivity
of different gadolinium burnable poison, and forms a cer-
tain gadolinium concentration gradient distribution from
the hump to the ends.

Whether it is the “Modified design” scheme, “New
design-I” scheme, or “New design-II” scheme, the new
gadolinium rod design schemes take advantage of the
flexibility of gadolinium pellets in the axial arrangement of
gadolinium rods, and there is no difficulty in fuel assembly
manufacturing.

Compared to other gadolinium design schemes to
improve the core axial power distribution (such as the
“Modified design” scheme), there are two main charac-
teristics of the new gadolinium design schemes in this
study:

(1) Gadolinium pellets with a low Gd,O5 concentration
were adopted instead of UO, pellets in the standard
way to replace the high Gd,Os; concentration
gadolinium pellets, which permits precise adjust-
ment of the axial power distribution.

(2) Gadolinium pellets with a low Gd,O5 concentration
were adopted in the hump regions instead of only in
the top/bottom parts in the standard way, which
permits local adjustment of the axial power distri-
bution near the hump regions.

5 Influence on core characteristics

This study is based on the CGN PWR fleet CPR1000
with 18-month fuel management. There were 157 fuel
assemblies with 4.45 wt% enrichment in the equilibrium
cycle, including 72 fresh assemblies. Fresh assemblies
included 8 or 20 gadolinium rods. The core thermal power
was 2895 MW and the core average coolant temperature at
full power was 310 °C. The “Mode G” load-following
mode was adopted in the CPR1000. The main core char-
acteristics at 100%NP of the CPR1000 are listed in
Table 1.
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Table 1 Main core characteristics at 100%NP

Parameters Value
Number of loops 3
Total heat output (MWth) 2905
Core heat output (MWth) 2895
Power density, kW/liter of core 107.2
Average linear power density at 100%NP (W/cm) 186.0
Total flow of pumps (m*/hr) 70,116
Core flow rate in % total flow rate 93.5
Coolant pressure (bar) 155
Zero load inlet temperature (°C) 291.4
Inlet temperature at 100%NP (°C) 292.7
Core average coolant temperature at 100%NP (°C) 310.0

To analyze the influence of the new design scheme on
the core characteristics, the related parameters of each
gadolinium rod design scheme in Fig. 3 are as follows:

(1) Traditional design scheme (Fig. 3a): the Gd,Os3
concentration of the gadolinium pellets was uni-
formly set to 8%.

(2) Modified design scheme (Fig. 3b): the Gd,O5 con-
centration of gadolinium pellets in the main part was
set to 8%, and the “Top End” and “Bottom End”
parts in Fig. 3b used 4.45 wt% **°U enrichment
uranium pellets.

(3) New design-I scheme (Fig. 3c): the Gd,O5 concen-
tration of gadolinium pellets at the “Top Camel” and
“Bottom Camel” in Fig. 3c is set to 6%, and the
remainder used gadolinium pellets with a Gd,O;
concentration of 8%;

(4) New design-II scheme (Fig. 3d): gadolinium pellets
with a Gd,O5 concentration of 6% were used for the
“Top Camel” and “Bottom Camel” in Fig. 3d. From
the hump to the ends of the gadolinium rod (“Top
End” and “Bottom End” in Fig. 3d), gadolinium
pellets with a Gd,O5 concentration of 4% were used,
and gadolinium pellets with a Gd,O3 concentration
of 8% were used for the remainder.

The 23U enrichment in all gadolinium pellets was set to
2.5%. In this study, all the new assemblies loaded in the
core used only one specific gadolinium rod design
scheme among the four mentioned schemes. A combina-
tion of gadolinium rod design schemes was not considered.

In the original design of the CPR1000 18-month fuel
management, the core of the equilibrium cycle is loaded
with fresh assemblies containing gadolinium rods of the
“Traditional design” scheme in Fig. 3a. In this study, the
gadolinium rods in the fresh assemblies were replaced by
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the design schemes shown in Fig. 3b, ¢, d. The quarter-core
loading pattern for this equilibrium cycle is shown in
Fig. 4a. All other features in the fuel and core designs are
the same for all of these schemes.

Table 2 shows a comparison of the main core neutronic
parameters such as the critical boron concentration (Cg),
moderator temperature coefficient (MTC), and Doppler
temperature coefficient (DTC) under the conditions of
BOC, hot zero power, and all control rods out. The Cy for
the four schemes were similar, and the MTC and DTC were
negative, all of which met the design requirements.

The core boron letdown curves for different design
schemes are shown in Fig. 4b. It can be seen that the trends
of the boron concentration along the entire cycle for the
different schemes are similar. This is readily understand-
able because the local design changes of the gadolinium
rods in the new fuel assembly have little effect on the total
reactivity of the core.

The impact of different design schemes on radial power
distribution was further investigated. The variation in the
core radial power peak factor (F ,z) with the burnup at full
power is shown in Fig. 4c. All F 4 values for the different
schemes satisfy the design requirement. However, as
shown in Fig. 4c, compared with the other schemes, the
“Modified design” scheme has the lowest F,y and the
most flattened radial power during the whole cycle. The
F 4 of the “New design-1” scheme is close to the “Tra-
ditional design” scheme at the BOC, but slightly larger
than the “Traditional design” scheme at the gadolinium
peak burnup. The F 4 of the “New design-II” scheme is
similar to that of the “Traditional design”
scheme throughout the cycle.

Figure 4d highlights the effects of different design
schemes on the core axial power offset (AO) with burnup.
Figure 4d shows that the four design schemes have similar
characteristics of AO variation with cycle burnup: at the
BOC, AO is relatively positive; as the fuel depletes, AO
gradually becomes negative and reaches a negative abso-
lute maximum value; then, the variation trend of AO
reverses, AO gradually becomes positive with fuel deple-
tion and reaches a positive maximum value, and finally, AO
gradually decreases until the EOC. The complex change in
AO with burnup is mainly determined by the nonlinear
variation in the reactivity of gadolinium-containing fuel
assemblies with burnup. In addition, compared with the
“Traditional design” scheme, the other three gadolinium
rod design schemes have a slightly larger maximum AO
value at the gadolinium peak burnup. Although the AO of
these three new design schemes can still meet the opera-
tional needs, special attention should be paid to this phe-
nomenon in nuclear design.

Furthermore, this study investigated the effects of dif-
ferent design schemes on the core axial power distribution
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Fig. 4 (Color online) Main core parameters a Core reshuffling pattern. b Boron letdown curve. ¢ F 4y variation. (d) AO variation

Table 2 Core neutronics parameters

Scheme Cg (ppm) MTC (pcm/°C)  DTC (pcm/°C)
Traditional design 1934 —4.76 —3.23
Modified design 2013 —1.77 —3.23
New design-1 1944 —4.27 —3.24
New design-11 1975 —3.40 —-3.25

in more detail. Figure 5 shows a comparison of the core
axial power distribution (P,) under full power steady-state
conditions for different cycle burnups. In general, with the
increase in cycle burnup, the core axial power is increas-
ingly concentrated at both ends, and the axial power shape
gradually shifts from “olive” to “camel”. Simultaneously,
the core axial power distribution of the different schemes
shows individual features with burnup.

ey

For the “Modified design”: compared with the
“Traditional design” scheme, because of the use of
UO, pellets at the ends of the gadolinium rod, the
core axial power at the top and bottom ends was
relatively high at the BOC. With fuel depletion, it
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gradually evolved
distribution.

For the “New design-I”: the gadolinium pellets at
the “Top Camel” and “Bottom Camel” regions were
replaced with lower Gd,O5; concentration pellets.
Compared with the “Traditional design”, the local
reactivity at the hump regions were slightly higher at
the BOC, which was conducive to flattening the
“olive” core axial power distribution at this moment.
As the cycle burnup increased, owing to the low
Gd,03 concentration in the hump regions, the
reactivity decreased faster than in other regions.
This design scheme is beneficial for flattening the
hump-shaped power distribution at a later stage of
the cycle.

For the “New design-II"": based on “New design-1”,
gadolinium pellets with lower Gd,O5; concentration
were additionally used at the top and bottom ends of
the gadolinium rod. Therefore, compared with “New
design-1”, the core axial power shape of this
scheme was more inclined to the upper and lower
ends of the core, which was conducive for better
flattening of the “olive” power distribution at the
BOC. Because the gadolinium pellets with lower

into a hump-shaped power
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Fig.5 (Color online) Axial power distribution variation versus core
height. a BOC. b MOC. ¢ EOC

Gd, O3 concentration at the ends had faster reactivity
consumption, it was beneficial to reduce the reac-
tivity at the hump regions with the burnup increase.
Therefore, “New design-II” was better than “New
design-I” in optimizing the core axial power shape
throughout the entire cycle, reaching a level equiv-
alent to the “Modified design”.

In general, whether at the beginning, middle or end of
the cycle, compared with “Traditional design”, “Modified
design” and “New design-II” have a better effect on

@ Springer

improving core axial power shape, while the effect of
“New design-I" design is less important.

Compared with “Traditional design”, the other three
schemes reduce the local power at the hump regions of the
core at the later stage of the cycle, which is beneficial to
control the core xenon transient and reduce the risk of
xenon oscillations. Taking the xenon transient with a power
disturbance introduced into the reactor at the EOC as an
example, the reactor power decreased from 100 to 95% FP
instantaneously, and the reactor control system remained
inactive. COCO was used to simulate the core behavior for
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Fig.6 (Color online) Xenon transient simulation. a A/ variation with
time at EOC. b F, variation with time at EOC. ¢ Axial power peak
shape under most penalizing condition
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72 h using different gadolinium rod design schemes. Fig-
ure 6a, b shows a comparison of the core axial power
deviation (41) and core power peak factor (F;) under this
xenon transient for the four schemes.

Figure 6a shows that, in this xenon transient, A4/ tends to
diverge gradually for the core using the “Traditional
design” scheme; while for the core using the other three
schemes, Al is relatively stable. The core of “New design-
II” is the most stable in this transient, followed by
“Modified design” and “New design-1.”

Figure 6b shows that, in this xenon transient, the F, of
“Traditional design” has a significant uptrend, while the F,
of the other schemes is relatively stable and is significantly
less than that of “Traditional design.” “New design-1I"" has
the lowest F, in this transient, followed by “Modified
design” and “New design-1".

Compared with “Traditional design,” the other three
schemes improve xenon transient control performance,
which is beneficial to enhance the core load follow capa-
bility. Through a 3-D core power capability analysis of key
penalizing states, this study evaluated the core power peaks
under normal operating conditions. The axial power peak
shape under the most penalizing conditions for these four
schemes is shown in Fig. 6¢c. The results show that the
other three schemes smoothen the axial power shape under
transient conditions. F, at this penalizing state of “Tradi-
tional design” was 2.41, while the F, of “Modified
design”, “New design-I”, and “New design-II" were 2.03,
2.16, and 2.04, respectively, which were reduced by 15%,
10%, and 15%, respectively, compared with “Traditional
design.” This evidence supports the idea that the new
design schemes enhance the safety margin and have good
application potential.

Therefore, “Modified design”, “New design-1”, and
“New design-II" can significantly improve the core power
shape, promote the control capability, and enhance the core
safety margin.

6 Sensitivity analysis on gadolinium concentration

In the analysis in Sects. 4 and 5, the Gd,O3 concentra-
tion in the hump regions was set to 6%. However,
according to Fig. 2, the reactivity behavior versus burnup
is different for gadolinium pellets with different Gd,O3
concentrations. To analyze the characteristics of different
Gd,05 concentrations, this study performed a sensitivity
analysis of the axial power shape with different Gd,O5
concentrations in the hump regions. The sensitivity study is
based on “New design-II” and adopts a Gd,0O5; concen-
tration of 4% in the “Top Camel” and “Bottom Camel”
regions.
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1

0 100 300 400

200
Core height (cm)

Fig.7 (Color online) Axial power distribution variation versus core
height of sensitivity design

Figure 7 provides the core axial power distribution (P,)
of this sensitivity study at different cycle burnups. These
curves show that the power shape has obviously different
features from the design schemes in Sect. 5. For the sen-
sitivity study scheme, the core occurs “camel” axial power
shape at the BOC and gradually changes into an “olive”
axial power shape with burnup. The initial reactivity is
relatively greater for gadolinium pellets with 4% Gd,O;
concentration, which leads to higher local power in these
regions. From the sensitivity analysis, we can conclude that
the Gd,O5 concentration at the hump regions should be
carefully designed with an appropriate concentration for
the gadolinium pellets at the hump regions to balance the
reactivity between the hump regions and other regions to
improve the axial power shape for the entire cycle.

7 Conclusion and outlook

Traditional PWRs exhibit significant limits owing to the
axial core power oscillation. The design of a gadolinium
burnable poison can substantially affect the shape of the
axial power of the core. To improve the axial power shape
and dampen the axial camel peak power at the EOC, this
study investigated four different gadolinium rod design
schemes and compared their core characteristics. The PCM
code package was used to analyze the fuel assembly
characteristics and core behavior.

The analysis shows that these four design schemes have
similar core characteristics in terms of F g and AO vari-
ation with cycle burnup. Compared with “Traditional
design”, “Modified design” uses 235U uranium pellets at
the ends of the gadolinium rod and has a good axial power
shape along the whole cycle. “New design-I" places low
Gd,Oj3 concentration pellets in the hump regions which can
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decrease the core axial power peak to a certain degree.
Based on “New design-1”, “New design-1I" adopts lower
gadolinium concentration pellets at the ends of gadolinium
rod and achieves a better effect than “New design-1”. In
general, these two new design schemes can efficiently
improve the core axial power shape. Besides, “Modified
design” and “New design-II” can reduce the core power
peak factor by almost 15% compared with “Traditional
design” under the transient conditions. “Modified design”
and “New design-II” improve the core axial power shape
most effectively, and significantly reduce the power peak
factor in key transient states.

To improve the axial power shape for the entire cycle,
the Gd,O;3 concentration in the hump region should be
carefully designed with an appropriate concentration to
balance the reactivity between the hump regions and other
regions.

All of these new design schemes require little cost and
only a slight modification from the current design, but can
significantly improve the core axial power distribution.

Therefore, these new design schemes of gadolinium
rode can improve the core safety margin, enlarge the
capability of load-following and operational flexibility, and
have good application prospects.

Although the new designs proposed in this study are
beneficial, we believe that they can be extended and opti-
mized. Among these possibilities are the following.

(1) Implementing different concentrations of gadolinium
pellets at the top and bottom hump regions instead of
the same concentration may further benefit the core
axial power shape.

(2) Implementing higher concentrations of gadolinium
pellets at different regions axially instead of focusing
on the hump and end regions in the gadolinium rods
may further benefit the core axial power shape.
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