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Abstract: Control rods (CRs) have a significant influence on reactor performance. Withdrawal of
a control rod leaves a region of the core significantly changed due to lack of absorber, leading to
increased fission rate and later to Xe135 buildup. In this paper, an innovative concept of structured
control rods made of tungsten is studied. It is demonstrated that the radial division of control rods
made of tungsten can effectively compensate for the reactivity loss during the irradiation cycle of
high-temperature gas-cooled reactors (HTGRs) with a prismatic core while flattening the core power
distribution. Implementation of the radial division of control rods enables an operator to reduce
this effect in terms of axial power because the absorber is not completely removed from a reactor
region, but its amount is reduced. The results obtained from the characteristic evolution of the
reactor core for CRs with a structured design in the burnup calculation using the refined timestep
scheme show a very stable core evolution with a reasonably low deviation of the power density and
Xe135 concentration from the average values. It is very important that all the distributions improve
with burnup.

Keywords: HTGR core design; control rods; Xe135 oscillations; tungsten; MC burnup calculations

1. Introduction

HTGRs are loaded with TRISO fuel, which is characterized by tolerance to high
temperature (up to about 1600 ◦C); however, considering the high operating temperature
of the fuel (up to about 1200 ◦C), there is a risk of local overheating of the fuel to the
temperature at which the migration of radionuclides through ceramic coatings of fuel
microspheres increases. In adverse cases, the temperature can also potentially exceed
the integrity limit and damage TRISO ceramic coatings. The postulated safety concept
of the HTGR reactor core assumes its resistance to core degradation even in the event of
loss of active cooling of the reactor core. While it is not physically possible to melt the
ceramic fuel, the degradation of the fuel after exceeding the limit of maintaining integrity
is associated with large releases of gaseous radioactive fission products. The risk and scale
of this phenomenon depend on the temperature and density of the energy deposited in the
fuel. In this respect, local quantities are important, and large deviations from medium sizes
increase the risk of releases of radioactive nuclides. Therefore, great importance should
be placed on ensuring the best possible equalization of the spatial distribution of reactor
power and limiting neutron flux disturbance processes during operation that can lead to
spatial oscillations of xenon concentration and power density [1]. This type of disturbance
can be induced by the work of the control rods. As HTGRs are being developed for various
applications, a few core concepts were proposed depending on the major purpose of the
particular application. A technological heat source for chemical processes is one of the
most promising applications with a substantial potential market. Due to the compromises
between their economy, on the one hand, and the understanding of industry needs, on the
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other, the concept of a high but slim reactor core was proposed as a result of international
collaboration on HTGRs [2].

During the irradiation cycle in an HTGR with a prismatic core, the loss of reactivity
due to the fuel burnup needs to be compensated. Compensation is achieved by extending
the compensating rods, by means of burnable poisons, or both. Although burnable poisons
can effectively compensate for reactivity, the limit here is a moderate level of fuel burnup.
In a situation in which we want to increase fuel burnup to use it economically, which
is important in the case of expensive production of TRISO fuel, it is necessary to use
compensation rods. The movement of the compensating rods during the operation of
the reactor is associated with a disturbance in the distribution of the generated reactor
power, especially in the axial direction. In the simplest variant, when all compensation
rods made from a solid material (graphite matrix with B4C microspheres) are extended at
the same time, the disturbance of the distribution of power is the greatest. Improvement
can be achieved by dividing the rods into groups and withdrawing them into groups
and properly adjusting the CR withdrawal strategy. On the other hand, an innovative
method currently being studied by us is the use of tungsten-made compensation rods
with a structural design. To quantitatively assess the effects of the CR designs studied on
the characteristics of the reactor core, a spatial distribution parameter is introduced as a
measure of the deviations in power and concentration of Xe135 from uniform distributions.
Due to the high temperatures in the HTGR reactor core, the use of materials commonly
used in light-water reactors such as boron steel is excluded. In HTGR reactors, the control
rods are usually made on the basis of graphite or ceramic materials, and the neutron-
absorbing material contains boron, whose isotope B10 has a very high cross section of
neutron capture—especially in thermal energies. However, while high absorption cross
sections are useful in safety rods or startup rods, for the sections of rods used to compensate
for reactivity loss in the deeply moderated neutron spectrum characterizing HTGR reactors,
strong absorption of thermal neutrons strongly disturbs the spatial distribution of neutrons.
The use of tungsten as a metallic material resistant to high temperatures, characterized
by moderate neutron absorption but sufficient to compensate for reactivity, will make it
possible to reduce the adverse disturbance of the spatial neutron flux. Moderate active cross
sections of the absorbent, if they are sufficient to ensure effective compensation, translate
into greater durability because they are much slower to burn.

2. Materials and Methods

Analysis was performed using the internal coupling of the Monte Carlo burnup
(MCB) code [3,4] with the upgraded thermal–hydraulic code POKE [5]. This Monte Carlo
burnup calculation system has been developed and applied to Gen-IV reactors, including
HTGRs [6–8]. The model is based on the HTGR design, referred to as Go_HTR [9], that
was developed in the Polish national research program on HTR industrial applications as
a heat source. The core design used in current studies is based on the fuel rod and block
structure designed by the Japan Atomic Energy Research Institute (JAERI) [10], where fuel
rods are surrounded by a graphite sleeve and inserted into a cooling channel. A special
feature of the Go_HTR design is the implementation of half-fuel blocks. Those blocks
contain CR holes and four rows of fuel compacts instead of seven. They are located in
the outermost ring of fuel blocks and serve to make the shape of the active core more
cylindrical. Helium is used as the coolant. The detailed structures of fuel rods and TRISO
particles are shown in Figure 1. In the current article, we did not address the mechanical
design of innovative control rods but the nuclear analysis of their work and the impact
on the characteristics of the core of a high-temperature reactor. In the mechanical design,
mechanisms and configuration will have to be carried out to ensure the insertion of the
telescopic structure of the control rods.
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Figure 1. Structure of (a) fuel rods and (b) TRISO particles. Dimensions are given in mm.

Any mechanical problems related to the stiffness of the system should be solved
during the mechanical analysis of the system, but because of the mechanical properties of
tungsten as an elastic metallic material, they should not pose any difficulties here.

Specifications of the modeled reactor core is presented in Table 1. Fuel rods were
grouped into 240 burnable zones: 10 radial zones according to their radial position, each
divided into 24 axial zones. Every axial burnable zone covers one-third of the height of a
graphite block.

The radial configuration of the reactor core is presented in Figure 2. The letters A, B,
C, and D visible in the figure refer to the control rod groups. The numbering of the radial
zones starts from the innermost zone 1 (dark yellow rods) and ends with the outermost
zone 9 (dark green rods). The exception is a special zone consisting of rods (light yellow)
surrounding inner control rods.

In order to improve the safety characteristics of the HTGR reactor, we proposed
an innovative CR design through an application of tungsten and boron carbide (B4C),
dispersed in graphite matrix as absorbers in control rods. Due to the deep moderation
of neutrons in HTGR reactors, the use of a strong absorber such as B4C is not necessary
to compensate for the reactivity, and moderate absorption cross sections for tungsten are
sufficient to ensure adequate control of the reactivity. An additional advantage of tungsten
is the negligible loss of its absorption properties during reactor operation.

In this concept, the rod section with B4C serves as the reactivity margin during
reactor shutdown, and it works independently from the compensation section made of
tungsten. This enables us to use control rods as both startup and compensation rods. This
is possible due to the radial division of the control rods into the central B4C section in
the graphite matrix, which acts as the starter rods, and the outer radial section made of
tungsten, which serves to compensate for reactivity during the fuel irradiation cycle. In this
paper, we do not propose any mechanical design of such rods, nor its driving mechanism;
therefore, appropriate solutions need to be found yet. The purpose of this research is
to assess the potential benefits of the proposed nuclear design of CRs for improving
HTGR safety characteristics. Several designs of the radial division of CRs, along with the
strategy of their withdrawal procedure, were tested in the search for an adequate reactivity
compensation process.
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Table 1. Specifications of the Go_HTR design.

Parameters Values

General

Power [MW] 180
Fuel enrichment [%] 12

Upper/lower reflector thickness [cm] 120.1
Core radius [cm] 200

Active core height [cm] 792.8
Initial heavy metal mass [kg] 902.07

Initial U235 mass [kg] 108.25

Fuel block

Apothem [cm] 18.1
Height [cm] 99.1

Fuel compacts pitch [cm] 5.15
Control rod hole radius [cm] 5.08

Graphite density [gcm−3] 1.74

Fuel compact

Inner radius [cm] 0.5
Graphite sleeve inner radius [cm] 1.3
Graphite sleeve outer radius [cm] 1.7

Radius of the coolant channel hole [cm] 2.05
Packing fraction [%] 15

TRISO capsules

Fuel kernel radius [µm] 250
Fuel kernel density [gcm−3] 10.65

Porous carbon outer radius [µm] 345
Porous carbon density [gcm−3] 1.05

Inner pyrocarbon (IpyC) outer radius [µm] 375
Pyrocarbon density [gcm−3] 1.9

Silicon carbide (SiC): outer radius [µm] 420
Silicon carbide density [gcm−3] 3.18

Outer radius of the outer pyrocarbon (OpyC) outer radius
[µm] 460

Burnable poison

Burnable poison rod radius [cm] 0.7
Burnable poison rod hole radius [cm] 0.71

Eu2O3 density [gcm−3] 7.42
Burnable poison rod height [cm] 93.3

Control rods

Inner B4C radius [cm] 1.97
Inner tungsten radius [cm] 3.8

Outer radius [cm] 4.3
Length [cm] 800

Tungsten isotope
mass fraction

[%]

W182 26.5
W183 14.3
W184 30.6
W186 28.4
He4 0.2

Tungsten density [gcm−3] 19.3
B4C-graphite matrix density [gcm−3] 1.31

B4C-graphite matrix isotope mass
fraction [%]

B10 3.35
B11 13.35
C12 83.3
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Figure 2. Go_HTR core configuration. Purple rings represent control rods, and purple dots represent burnable poison rods.

The first strategy is the simplest and is referred to as St_solid. The control rods have
their radial structure divided into just two sections: the inner made of B4C in a graphite
matrix and the outer made of tungsten. Detailed data on the geometry and composition of
the rod are presented in Table 1. The control rods were grouped into four groups of A, B, C,
and D. Two groups outside of the active core, A and B, contain six rods each, alternating
three in half-fuel blocks and three in moderator blocks. In the active core, two groups, C
and D, consist of three alternating control rods each.

The second design introduces a radial structure in the tungsten section. It is a structure
of cylindrical layers where each layer can be withdrawn independently of the other. Again,
the innermost central section is solid and made of B4C and graphite. The solid sections
combined from all rods play the role of the startup rod. Regarding the tungsten section,
we started from their equal divisions. This strategy is called St_struc. Later in the core of
our investigation, we optimized the tungsten section divisions and refined the timestep
structure in order to simulate the criticality evolution close to reality. The last strategy is
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termed St_opt. For better visualization of the structure, the actual proportions and radii of
the radial layers are presented in Figure 3.
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For investigation of the power profile behavior after control rod operation, two types
of rods and the corresponding operation strategies, St_solid and St_struc, were simulated,
which are presented in Table 2. In both strategies, the same times of operation were applied,
and the same amounts of absorber material were withdrawn. In both, B4C was removed
at the beginning of the simulation. Further operations were performed every 25 days,
removing 25% of the tungsten absorber from the single control rod group from the core,
starting with group A, then groups B, C, and D. The St_struc strategy is different from the
St_solid strategy in only one aspect—namely, the implementation of radial layers of control
rods. Each rod was divided into four radial layers with an equal volumetric share in the
St_struc strategy. A single radial layer was totally withdrawn from all rods of a single
group at every operation, starting with the outermost tungsten radial layer in group A.
The layers are referenced by the Roman numbers I (outermost), II, III, and IV (innermost).
In St_solid, radial division of control rods was not applied; thus, the absorber was removed
vertically by a quarter of the control rod height in a single group at each operation.
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Table 2. Specification of St_solid and St_struc control rod operation strategies.

Control Rods
Group

Withdrawn Axial Part of
CR in St_solid

Withdrawn Radial Layer
(100%) in St_struc Day

A

0–25% I 20
25–50% II 45
50–75% III 70
75–100% IV 95

B

0–25% I 115
25–50% II 140
50–75% III 165
75–100% IV 190

C

0–25% I 210
25–50% II 235
50–75% III 260
75–100% IV 285

D

0–25% I 305
25–50% II 330
50–75% III 355
75–100% IV 370

For convenient investigation of the power profile, the axial power distribution param-
eter was defined with the following formula:

Oaxial =
∑imax

i=1 Paxial,ihi

P ∑imax
i=1 hi

(1)

where

• Oaxial—the axial distribution parameter [-];
• Paxial,i—the average power density in the i-th axial burnable zone [Wcm−3];
• hi—the average height of the i-th axial burnable zone [cm];
• P—the average power density in the core [Wcm−3].

The average height of the axial zone is defined as the distance between the top of the
core and the axial center of the burnable zone, as shown in Table 3.

Table 3. Average positions of the radial burnable zones.

I 1 2 3 4 5 6 7 8 9 10 11 12

hi
[cm] 16.52 49.55 82.58 115.62 148.65 181.68 214.72 247.75 280.78 313.81 346.85 379.88

i 13 14 15 16 17 18 19 20 21 22 23 24

hi
[cm] 412.92 445.95 478.98 512.02 545.05 578.08 611.12 644.15 677.18 710.22 743.25 776.28

In other words, the power distribution parameter is the normalized sum of the power
momenta in the burnable zones in the considered direction. The parameter value lower than
one means that the power profile is concentrated in the upper half of the core; otherwise,
the power profile is concentrated in the upper half of the core.

Similarly, the radial power distribution parameter was defined.

Oradial =
∑imax

i=1 Pradial,iri

P ∑imax
i=1 ri

(2)

where
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• Oradial—the radial distribution parameter [-];
• Pradial,i—the average power density in the i-th radial burnable zone [Wcm−3];
• ri—the average position of the i-th radial burnable zone [cm];
• P—the average power density in the core [Wcm−3].

The positions of the burnable radial zones were assumed as the average distance
between the center radial of the core and each fuel rod in the zone and are presented
in Table 4.

Table 4. Average positions of radial burnable zones.

i 1 2 3 CR 1 4 5 6 7 8 9

ri [cm] 10 30.96 44.96 55.95 59.55 71.34 83.36 96.47 103.16 108.03

1 Special burnable zone surrounding control rods in the active core.

The radial power distribution parameter lower than one means that the power profile
is shifted toward the center of the core, whereas higher shows that the power profile is
tilted toward the outer region of the core. In the same way, the Xe-135 concentration
was analyzed.

3. Results

It should be noted that the power and temperature distributions obtained with MCB
coupled with POKE are tilted inward and downward, respectively, as shown in Figure 4,
where the power factor is the ratio of the local power density in a burnable zone and the
mean power density of the entire distribution. Results are presented for burnable zones
and their average positions, as was described in the previous section. It is observed that
the power distribution is significantly shifted toward the center of the core.
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Figure 4. Power distribution (a) and temperature distribution (b) in fresh core calculated by MCB after the initial temperature
and Xe concentration adjustment—both in the St_solid and St_struc cases.

It is confirmed by the radial distribution parameter calculated according to Equation (2),
which in this case is 0.92, and the axial parameter is 1.02, which means that the distribution
is slightly tilted downward. One can observe a decrease in the power density in the radius
of 55 cm, which is a result of the presence of control rods in the active core. Further
effort was put into flattening the power distribution by operating the radial layers of the
control rods.
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The results of the simulations for the St_solid and St_struc strategies are presented in
Figure 5. One of the most common problems that occur during Monte Carlo burnup analy-
ses is xenon numerical oscillations, and one way to reduce them is to shorten timesteps;
thus, two additional one-day burnup timesteps were applied after every operation.
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and keff (bottom) evolution in St_solid; (c), distribution parameters in St_struc; (d) peaking factor (top) and keff (bottom)
evolution in St_struc; (e) power profile at day 300 after control rod operation in St_solid; (f) power profile at day 300 after
control rod operation in St_struc.
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In Figure 5a, it can be seen that the removal of the absorber from the bottom part
of the core causes a tilt of the power distribution and a concentration of Xe135 in the
bottom part. As the withdrawal of the control rods proceeds, the power profile tilts in
the opposite way, and with each control rod group, the tilt is enhanced. When comparing
Figures 4a and 5b, it can be derived that the more tilted the power profile is, the higher is
the peaking factor. The application of the structured control rods significantly reduced the
change in the power and xenon profiles in the axial direction, as well as peaking factors,
as seen in Figure 5c,d. It can be inferred that the radial power profile flattens as the outer
control rods are removed, but later it becomes tilted again toward the core center as the
inner control rods are withdrawn. This seems to be also confirmed by the behavior of the
total peaking factor, as it keeps a minimal level, and the radial power oscillation is closest
to value 1. However, it should be noted that closer to the end of the cycle, the withdrawal
of the last CR sections caused larger changes in reactivity and distribution parameters than
at the beginning of the cycle. This applies to both strategies, but for the simpler St_solid,
the effect is that the power distribution axial swing is much stronger. Figure 5e,f provide a
visualization of the significance of the distribution parameter, where the axial distribution
parameters are 0.55 and 0.95, respectively. The maximum power factor in the St_solid
strategy oscillates, increasing along burnup, and reaches a level of 4.0, whereas in the
St_struc strategy, it floats below 2.3 after peaking at beginning of live (BOL). However, the
above results were obtained in some way too simplified timestep scheme, which generates
some biases. A better timestep scheme is needed—first in order to narrow the margin
of calculated criticality level, and second, to increase the number of steps for the case of
structure rods in order to calculate distribution parameters also in the time point when CR
sections are partially withdrawn.

More effort was put into establishing an optimal control rod operation strategy in
terms of reducing the power peak factor (defined as the maximum form factor) and
possibly keeping the reactor critical. Due to the high number of parameters to set and
their dependencies (volumetric fractions of control rod radial layers, times of operations),
the search was carried out with a trial-and-error method. It was found that starting the
operation from the outermost radial layer, the more inner layer of the control rod had
a greater impact on the reactivity; thus, the volumes of inner layers were significantly
reduced in favor of outer layers. Thus far, the structure of the radial layers of the control
rod is most promising in terms of volumetric fraction, which is, starting from the outermost
layer, 45%, 33.6%, 14.3%, and 7.1%. Later layers are referenced by Roman numbers I, II,
III, and IV, respectively. This structure was tested for the St_opt strategy, as described in
Table 5. The timesteps were refined to better represent the evolution of the system. This
process was also adopted for the St_solid strategy.

Table 6 presents the worth of each radial layer of control rods in each group corre-
sponding to control rod parts operated in the St_opt strategy and the reactivity swings
thus obtained. Every reactivity worth value is calculated as the difference in reactivity of
the fresh core with all rods completely withdrawn and reactivity of the core with single
specific rod parts inserted. The reactivity worth of the B4C radial layer is much higher than
the corresponding reactivity swing in St_opt; however, it should be noted that the method
of determining the worth influences the results [11]. The worth of tungsten radial layers
decreases as the volumetric fraction of the radial layer decreases. Nevertheless, there is an
almost opposite tendency in the case of reactivity swings.
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Table 5. Specification of St_solid and St_opt control rod operation strategies in a refined timestep simulation scheme.

Control Rods
Group

Withdrawn Axial Part of
CR in St_solid

Radial Section
St_opt

Withdrawn Radial Layer in
St_opt Day

A 6.25%, 12.5%, 18.75%, 25% A I 25%, 50%, 75%, 100% 3, 8, 15, 25

A 31.25%, 37.5%, 43.75%, 50% A II 25%, 50%, 75%, 100% 35, 45, 55, 65

A 56.25%, 62.5%, 68.75%, 75% A III 25%, 50%, 75%, 100% 72, 79, 86, 93

A 81.25%, 87.5%, 93.75%, 100% A IV 25%, 50%, 75%, 100% 98, 103, 108, 113

B 6.25%, 12.5%, 18.75%, 25% B I 25%, 50%, 75%, 100% 118, 123, 128, 133

B 31.25%, 37.5%, 43.75%, 50% B II 25%, 50%, 75%, 100% 138, 143, 148, 153

B 56.25%, 62.5%, 68.75%, 75% B III 25%, 50%, 75%, 100% 158, 163, 168, 173

B 81.25%, 87.5%, 93.75%, 100% B IV 25%, 50%, 75%, 100% 178, 183, 188, 193

C 6.25%, 12.5%, 18.75%, 25% C I 25%, 50%, 75%, 100% 198, 203, 208, 213

C 31.25%, 37.5%, 43.75%, 50% C II 25%, 50%, 75%, 100% 218, 223, 228, 233

C 56.25%, 62.5%, 68.75%, 75% C III 25%, 50%, 75%, 100% 238, 243, 248, 253

C 81.25%, 87.5%, 93.75%, 100% C IV 25%, 50%, 75%, 100% 258, 263, 268, 273

D 6.25%, 12.5%, 18.75%, 25% D I 25%, 50%, 75%, 100% 278, 284, 290, 296

D 31.25%, 37.5%, 43.75%, 50% D II 25%, 50%, 75%, 100% 302, 308, 314, 320

D 56.25%, 62.5%, 68.75%, 75% D III 25%, 50%, 75%, 100% 326, 332, 338, 344

D 81.25%, 87.5%, 93.75%, 100% D IV 25%, 50%, 75%, 100% 350, 356, 362, 368

Table 6. The worth of control rod parts and the reactivity swings in St_opt.

Control Rods
Group Radial Layer

Reactivity Worth of the
Control Rod Part

[pcm]

Corresponding Reactivity
Swing in St_opt

[pcm]

All B4C 36,735 7337

A

I 3049 942
II 2667 1851
III 1805 1998
IV 866 2008

B

I 3154 1266
II 2567 1879
III 1794 2125
IV 906 2025

C

I 4495 1950
II 3166 2920
III 2396 2686
IV 1523 2477

D

I 4370 2128
II 3656 3237
III 2292 3134
IV 1239 2672

The results of the optimal strategy with structured rods are shown in Figure 6. With
a given control rod structure and operation strategy, axial power oscillations were not
eliminated but significantly reduced. The visualization of the St_opt strategy and division
of control rods into the effectiveness of the radial layer, as well as power profiles with
maximum and minimum peaking factors, were presented directly after operation; it is for
days 20 and 260 in Figure 6c,d, respectively.
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4. Discussion

The results obtained from the characteristic evolution of the reactor core by using
the St_opt strategy and the refined timestep scheme show a very stable core evolution
with a reasonably low deviation in the power density and the concentration of Xe135 from
the average values. Most importantly, all distributions improve with burnup. The radial
distribution parameter at BOL equals 0.91 and starts to increase moderately, not to grow
above 1.02, and then drops to a value of 0.95 at the end of cycle (EOC). The power peaking
factor oscillates between 2.26 at BOL and 1.33 at the middle of cycle (MOC). The axial
power distribution parameters oscillate in a margin of 15% from unity.

The results of the St_solid strategy in refined timesteps are shown in Figure 7.
There is a noticeable improvement compared with the results in the first scheme since

the power peaking factor oscillates below the value of 3.0 but still is 50% higher than in the
St_opt strategy. The axial power distribution parameter oscillates in a margin of 30% from
unity, which is up to twice as much as in the St_opt strategy.
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Table 7 summarizes the results obtained for St_solid and St_opt strategies, with a
refined timestep calculation scheme. It can be derived that significant improvement in
power distribution is achieved with CRs of structural tungsten design. The maximum
power peaking factor is about 1/3 lower than in design with solid rods. The peaking
factors in the St_opt design are generally becoming smaller with irradiation time, which is
different from the St_solid strategy, in which the deviation of power distribution is growing
with irradiation time.

Table 7. Summary of the simulation results.

Quantity St_solid St_opt

Max. peaking factor 3.1 2.26

Min. peaking factor 1.53 1.33

Max. axial power distribution parameter 1.32 1.14

Min. axial power distribution parameter 0.63 0.83

Max. radial power distribution parameter 1.02 1.02

Min. radial power distribution parameter 0.91 0.91

5. Conclusions

In this paper, the concept of radial division of control rods and its possible applicability
to flattening power distribution were shown. Control rods are neutron absorbers; thus,
they play important roles in shaping the neutron flux and, with it, power profile, especially
in HTGRs, which take into account their specific neutronic properties. Due to deep neutron
moderation in the graphite, control rods locally have a very significant impact on reactor
performance. Withdrawal of a control rod leaves a region of the core significantly changed
due to lack of absorber, leading to increased fission rate and later to Xe135 buildup.

Implementation of a radial division of control rods enables an operator to reduce
this effect in terms of axial power because the absorber is not completely removed from
a reactor region, but its amount is reduced. Thus, the fission rate cannot increase rapidly,
and the change in the power profile is smoother. Furthermore, analyses showed that even
a small amount of absorber matter, and it can be seen by the fact that the removal of the
last innermost layers significantly changed the keff, and thus, its volumetric share was
greatly reduced. However, this aspect of the work requires more analyses in the future,



Energies 2021, 14, 7377 14 of 14

since studying the radial structure of control rods was not the subject of this work. Another
important aspect that may require additional work is the numerical xenon oscillation.

However, the presented concept should not replace other aspects of control rod
operation strategies, as it did not seem to affect the power profile in the radial direction.
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