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Flow zoning is an important way to achieve core outlet temperature flattening. Appropriate
zoning can improve safety and economy. This study combines an artificial intelligence
optimization algorithm with a parallel multi-channel model to develop a model for
calculating reactor core flow zoning based on the modern optimization theory,
convergence analysis of a genetic algorithm, differential evolution algorithm, and
quantum genetic algorithm is carried out for long-life reactor flow partitioning. Using
the optimized algorithm, two flow rates are determined using power distribution at the
beginning of the core life as the sample data and the maximum power of each fuel
assembly during the entire life as the sample data. Comparative analysis of two different
flow zoning schemes is implemented on a small long-life natural circulation lead-bismuth
fast reactor, SPALLER-100. The findings of this study show that the quantum genetic
algorithm has the best convergence for the long-life reactor among the three intelligent
optimization algorithms, and it can quickly provide optimal results. In flow zoning scheme
calculations based on the core power distribution at the beginning of reactor life, the
maximum outlet temperature of the fuel assembly exceeds the thermal safety limit of the
reactor, and in the flow zoning scheme calculations based on the average core power
distribution during the whole reactor life, the maximum outlet temperature of the fuel
assembly is 140 K lower than the maximum outlet temperature obtained in the previous
scheme, remaining below the thermal safety limit. The optimal number of partitions for the
SPALLER-100 reactor is determined to be 5, and increasing the number of zones only
slightly improved the thermal safety performance of the reactor.

Keywords: lead-bismuth reactor, flow zoning, intelligent optimization algorithm, quantum genetic algorithm, safety
performance

INTRODUCTION

From the perspective of thermal-hydraulic design, the core flow distribution of nuclear reactors is
one of the most important issues. At the core outlet, the mixing of coolant temperatures causes
temperature oscillation with a specific frequency and amplitude, resulting in thermal stress in the
thermal measurement device and the central measurement column. Core flow zoning is an important
means to realize core outlet temperature flattening. Flow distribution between different components
is realized by opening specific component pins. High-power components have larger flows than low-
power components, because of which, different components have similar outlet temperatures. The
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non-uniform distribution of the outlet temperatures of the
reactor core will greatly limit the operation life of the reactor.
Reasonable zoning can improve the safety and economy of the
reactor. Therefore, to improve the operation life of the long-life
reactor and realize the rapid optimization of core outlet
temperature flattening, it is urgent to develop a new core flow
zoning method.

Flow zoning to ensure reactor safety and performance has
been investigated by many researchers. Nagy et al. (2012)
analyzed the influence of flow zoning on the life of a graphite-
moderated of a molten salt reactor and examined the fuel
proliferation efficiency. The fuel proliferation efficiency or the
life of graphite was increased by separating the core into two
radial regions with different amounts of graphite. Basualdo et al.
(2020) coupled the sub-channel code SUBCHANFLOW with the
reactor dynamics diffusion code PARCS. This coupling aimed to
improve the physical model involved in the core analysis by
enhancing the prediction accuracy. Moreover, it enabled the
detailed prediction of local thermal-hydraulics parameters.
Zhao et al. (Chen et al., 2014) developed a non-uniform
heating parallel channel flow field calculation code for a small
modular natural circulation lead- or lead alloy-cooled fast reactor
(LFR) and compared it with the CFD method to verify the
accuracy of the code, and then, based on the results of
optimization analysis, they proposed a 10 MW natural
circulation LFR core flow distribution optimization design. Liu
et al. (Yizhe et al,, 2012) developed the hydraulic characteristic
calculation code DAEMON to calculate the flow distribution of
the whole core under different working conditions, according to
the design characteristics of the core and the primary circuit of
the China Experimental Fast Reactor (CEFR). Zhou et al. (2018)
developed and verified a code for the thermal-hydraulic design
and optimization of a CFR600 fast reactor; the functions included
in the code were fast reactor full-pile graphical modeling, fine
sub-channel automatic division, thermal-hydraulic analysis
considering heat transfer between components, and automatic
flow zoning optimization. Li et al. (2019) divided the reactor core
into external, middle, and internal fuel zones, calculated the
minimum coolant flow required for each fuel assembly in each
fuel zone, and then, divided the flow of the reactor core according
to the different values of adjacent minimum coolant flows. Based
on intelligent optimization algorithm, Wang et al. (2020)
established the optimization model of flow partition design.
Considering the maximum fuel temperature limit and the
cladding temperature limit as boundary conditions, the total
flow of the reactor core was minimized; the average
temperature of the reactor core outlet was the highest,
providing a novel method to address flow partition in large
reactor cores. Zhang et al. (2017) used genetic algorithm (GA)
and artificial neural network (ANN) (Cong et al., 2011) to predict
CHF and succeeded to correlate the existing CHF data with better
accuracy than the existing empirical correlations. Moreover,
Chen et al. (2010) proposed mechanism-based correlations for
LBB leakage by genetic algorithm. The presented correlations
provide higher precision than the existing correlation.

With the increase of the number of fuel assemblies and partitions,
resulting in poor convergence of the algorithm, longer time required

Optimization Method for Core Flow Zoning

fuel pellet gaS‘rgap cladding coolant

x control body

«—X-1 control body

FIGURE 1 | Fuel rod heat conduction model.

for calculation, which cannot realize the rapid optimization design of
core outlet temperature flattening. The power of each fuel assembly
changes with changes in core life. In model establishment and
calculation of results, the impact of different life periods on
reactor power distribution should be considered. The designed
flow zoning method should also ensure that the reactor is below
the thermal safety limit during the entire life period. Based on the
modern optimization theory, the study about artificial intelligence
optimization algorithms with a paralle] multi-channel model, and
develops a reactor core flow zoning calculation model; the
convergence of genetic algorithm, differential evolution algorithm,
and quantum genetic algorithm for addressing the flow zoning
problem of long-life reactors is analyzed, and the convergence
optimal algorithm is obtained. According to the obtained optimal
algorithm, for a small long-life natural circulation lead-bismuth fast
reactor, SPALLER-100, considering two data samples, power
distribution at the beginning of life and the maximum power of
each fuel assembly in the whole life, two different flow zoning
schemes are compared and analyzed, and the optimal flow zoning
scheme is determined. It can be applied to other types of reactors to
provide reference help for the design of the reactor, which will be
strengthened in future study.

MATHEMATICAL PHYSICAL MODEL
Fuel Rod Heat Conduction Model

In this study, the fuel rod heat transfer model is used to describe
the heat transfer process of a fuel rod in a reactor core, without
considering the exchange of mass and momentum between
channels. The heat conduction model is established using the
rod bundle fuel rod, and its axial and radial control bodies are
divided, as shown in Figure 1.
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The axial heat conduction of fuel rods and the heat source
inside the cladding are ignored, and the heat transfer between
control bodies at a certain height in the core active zone is
expressed as follows:

(1) Coolant controller:

Q(x) = ch (tf,x - tf,x—l) (1)

(2) External surface of the cladding control body:

_ q(x)
fo () = £ () + 10 @
(3) External surface of the cladding control body:
) _ N D (%)
tCl (x) - tCS (x) + ln (dCS/dCI) 271'kdad (3)
(4) External surface of the fuel pellets control body:
q (x)
—f. 1 . 4
£0(0) = 1 (0) +In e/ )5 @)
(5) Fuel pellets control body central temperature:
{0 =, () + 1O )

47k,

In the above equations, Q is the heat absorbed by the coolant
(W), W is mass flow (kg/s), Cp is the average constant pressure
specific heat capacity (J- kg™ - K™!), x is the axial control body
symbol, gq;(x) is the linear power density of the xth axial
controller (W/m), h is the convective heat transfer coefficient
(W - (m™2K™)), kcaq is the thermal conductivity of the cladding
(W/(m - K)), kgs is the thermal conductivity of interstitial gas
(W/(m-K)), k, is the thermal conductivity of the core
(W/(m - K)), dg is the largest outer diameter of fuel rods (m),
dg is the inner diameter of the cladding (m), d, is the core
diameter (m), ¢ s (x) is the temperature of the xth coolant control
body (K), t.(x) is the x cladding control body surface
temperature (K); £ (x) is the x cladding to control the body
surface temperature (K), ¢, (x) is the x core control body surface
temperature (K), t,(x) is the xth core control center
temperature (K).

Parallel Multi-Channel Model

The parallel multi-channel model considers that the required heat
pipe is isolated and closed. To facilitate calculation, it is assumed
that there is no exchange momentum, energy, and mass of
coolant with adjacent channels at any point in the core height.
The parallel multi-channel model is most suitable for analyzing
closed channels, but it can also be used for open channels to
simplify calculation. Due to the existence of transverse mixing,
the parallel multi-channel model is rough, and transverse mixing
engineering heat pipe factors should be used to control increase in
enthalpy. The parallel multi-channel model includes following
steps.

Optimization Method for Core Flow Zoning

(1) Enter data and determine the number of partitions.

(2) Identify the hottest pipe in each partition according to the
partition scheme.

(3) Considering the reactor thermal-hydraulic pressure and core
power distribution, determine the hottest tube of the
cladding.

(4) Calculate the outlet temperature of the hottest pipe coolant,
and obtain the hottest pipe flow in each zone.

(5) Calculate the total flow of the whole reactor, and obtain the
average core outlet temperature (Toy) according to the
relationship between the average core outlet temperature
and the total reactor flow. The relationship between
average core outlet temperature and total reactor flow is
given as follows:

Touw = Tin+P[(C,W) (6)

where Tj, is the core inlet temperature (K), P is the total core
power (W).

Designing the Intelligent Optimization

Algorithm for Life Cycle Traffic Zoning

The genetic algorithm (Zhang, 2017), differential evolution
algorithm (Yang and Gu, 1997), and simulated annealing
algorithm (Gai, 2017) are contemporary commonly used
optimization algorithms. The novel quantum genetic algorithm
(QGA) (Ying et al.,, 2018; Liu et al., 2020) provides new ideas for
solving optimization problems. In this study, the genetic
algorithm, differential evolution algorithm, and QGA are
coupled with the parallel multi-channel model for determining
the most suitable intelligent optimization algorithm to calculate
the flow partition of a long-life miniaturized reactor, and then the
convergence of each algorithm is analyzed. The calculation results
of these three algorithms are compared, and the optimal
algorithm to solve the core flow zoning problem is
determined. The main steps of solving flow zoning are as follows.

(6) Import the initial data and design the initial partition
scheme. The partition number (K), of this scheme starts
from 1.

(7) For each component, the partition number k is randomly
allocated between 1 and K.

(8) According to the partition results obtained in the second
step, calculate the average core outlet temperature using the
parallel multi-channel model.

(9) Obtain the optimal flow zoning scheme under the number
of zones and its corresponding total core flow and average
core outlet temperature. If the outlet temperature meets the
requirements, output the zoning scheme to end the cycle.
Otherwise, obtain a new zoning scheme using the intelligent
optimization algorithm.

(10) Obtain another new partition scheme using the intelligent
optimization algorithm.

In this study, three intelligent optimization algorithms will be
used for calculation, namely, genetic algorithm, differential
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evolution algorithm, and QGA. The main steps of the genetic and
differential evolution algorithms are as follows.

Coding Design.

It is assumed that there are k possibilities in the flow area of each
fuel assembly and s fuel assemblies in the whole core. To ensure
that the algorithm can determine the optimal zoning scheme, the
optimization domain should include all flow zoning schemes. The
binary code is used to code the m; of the fuel assembly flow zone,
and the required binary bit number is log,K up integer, denoted
as T. For example, when the number of zones is 4, the required
binary bit number is 2, and the binary codes of flow areas 1-4 are
00, 01, 10, and 11, respectively.

Individual Fitness Design.
To achieve the optimization goal of minimizing the total core flow
in the flow area, the fitness function is defined as:

Fit = é( (nj . minqj) (7)

j=1

where K is the number of zones, j is the number of the flow zone,
and n; is the number of fuel assemblies in the jth flow zone.
min g; is the minimum flow rate required by the maximum power
component in the jth flow zone, which is determined by the fuel
rod temperature limit, that is, the minimum flow not exceeding
the temperature limit.

Evolution and Mutation.

This is the core step of the three algorithms, and it is also what
differentiates them. The genetic algorithm and the differential
evolution algorithm use the same evolutionary operation but
different mutation operations. The genetic algorithm performs
mutation processing according to the previously set mutation
operation, while differential genetic algorithm uses mutation
vector to realize population evolution:

ViG+1 = Xbest,G T /\g (xrl,G - er,G) (8)

where A is a random number from [0,1], and ;g and X, are
different chromosomes.

The QGA combines two special operation methods, namely,
quantum computing and genetic algorithm, and thus, it has the
advantages of two operation methods and is a probabilistic
optimization algorithm. QGA is based on the state vector
representation of quantum, and the probability amplitude of
quantum bit is applied to chromosome coding, because of which,
a chromosome can express the superposition of multiple states. The
quantum logic gate is used to realize the chromosome update
operation, thereby realizing the optimal solution of the target.

The main differences between QGA and genetic algorithm is
the different coding methods and the population evolution
modes. QGA replaces the chromosome coding operator of
genetic algorithm with a quantum bit probability symbol. The
standard QGA uses a quantum revolving gate to update the
population rather than the evolution and crossover operation
used in the standard genetic algorithm. The quantum revolving
gate and its renewal process are given as follows:

Optimization Method for Core Flow Zoning

TABLE 1 | Quantum rotation gate updating table.

X b foa)zfb) A6 s(aify)

aif; >0 aif; <0 =0 B =0
0 0 False 0 _ _ B B
0 0 True 0 _ _ _ _
0 1 False ) +1 1 0 1
0 1 True 8 1 1 1 0
1 0 False 5 - 1 1 0
1 0 True 8 +1 -1 0 +1
1 1 False 0 _ _ _ _
1 1 True 0 _ _ _ _

—="—"nil";6—;A0—,b i—;x —f—.
cos(6;) —sin(6;
)= [ sin ((61-)) cos (E9i)) ] )
%, a; cos(0;) —sin(6; o
[ﬁi ] ) U(Gi)[ﬁf ] B [ Sin((ei)) cos((G,«)) ] [ B; ] (10)
0; = s (o, B,)20; (11)

where («;, ﬁi)T and (o, ,B’i)T are the probability amplitudes
before and after the update of the ith qubit rotation gate of
the chromosome, respectively; U is the quantum rotation gate; 6;
is the rotation angle, calculated from Equation 11, and A0 is the
magnitude of the rotation angle; s(a;,f3;) is the direction of
rotation. The values of § and s(«;,f3;) are given by 8 cases
consisting of x;, b;, f(x;) and f (b;). The specific value-giving
strategy is shown in Table 1. Typically, 0.01m < § < 0.05m

Interpret the iterative steps of the algorithm: When the
maximum number of iterative steps designed by the algorithm
is reached, the original partition number is updated, K=K + 1,
and then, return to the first step to continue the calculation. If
the maximum number of iteration steps designed by the
algorithm is not reached, the new partition scheme
generated by the intelligent optimization algorithm is
returned to the second step to continue the calculation. The
algorithm flow is shown in Figure 2.

Algorithm Test

To test the rationality and convergence of the three algorithms in
flow zoning, CEFR was selected as the research object to test the
adaptability of the three intelligent optimization algorithms. The
half core power distribution of CEFR is shown in Figure 3. Under
the premise of considering the design margin, the limiting
conditions were set as follows: the maximum temperature of
the cladding is <569°C, the temperature of the fuel center is
<2,100°C, and the number of zones is 4. The three intelligent
optimization algorithms were used to calculate the traffic
partition separately. According to the partition results, the
results obtained by the three intelligent optimization
algorithms were consistent. The CEFR traffic is divided into
four zones, which is the same as the actual partition results.
Therefore, all three intelligent optimization algorithms were
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FIGURE 2 | Flow chart of flow partitioning algorithm design.

end

Power/kw
917
867
817
767
717
667
594

FIGURE 3 | Power distribution of CEFR half core power.

feasible for traffic zoning. Figure 4 shows the traffic partition
schemes calculated using the three optimization algorithms.
Table 2 shows that the total iterative steps of QGA and genetic
algorithm are set to 1,000 steps; the QGA tends to converge only
after 101 iterations, and the calculation time is 13,368 s. The
genetic algorithm converges after 316 iterations, and the
calculation time is 15,757s. Compared with the genetic
algorithm, for the QGA, there was 15.16% reduction in time
and 68.03% reduction in iteration steps. Therefore, the QGA has
obvious advantages over the genetic algorithm in convergence

Number of
flow zones

9
L

FIGURE 4 | Flow zoning results of half CEFR.

speed; however, the advantage in the speed of iterative calculation
is not very obvious. Compared with the differential evolution
method, the advantages of QGA are obviously reflected. The
differential evolution algorithm has 1,298 convergence steps, and
the total time consumption is 63,774 s. Comparatively, for QGA,
there is 79.03% reduction in time and 92.21% reduction in
iterative steps. Compared with the differential evolution
algorithm, the QGA has obvious advantages in terms of total
time consumption and convergence speed. Comparing these
three algorithms, we know that the QGA has obvious
advantages over the other two algorithms in terms of
convergence steps and total time required for calculation, and
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TABLE 2 | Algorithm convergence analysis results.

Algorithm Type Total time(s)

Quantum genetic algorithm 13,368
Genetic algorithm 15,757
Differential evolution algorithm 63,774

quantum genetic algorithm .J
genetic algorithm

differential evolution
algorithm

Mass flow rate (kg/s)

134 7 a

T T T T T T T T

0 200 100 600 800 1000 1200 1400 1600
Iteration steps

FIGURE 5 | Adaptive curves of the three intelligent algorithms.

it can be used as an intelligent optimization algorithm for the
optimization of core flow zoning calculation of a long-life small
reactor.

To compare the convergence between algorithms, adaptive
curves of QGA intuitively, genetic algorithm, and differential
evolution algorithm were extracted, as shown in Figure 5. QGA
has obvious advantages in convergence compared with the other
two algorithms. The final mass flows obtained by the three
algorithms have relatively close values.

OPTIMIZATION OF SPALLER-100 FLOW
ZONING DESIGN

SPALLER-100 Core Introduction

SPALLER-100 is a small long-life natural circulation lead- or
lead-bismuth-based fast reactor that named SPALLER-100
designed at the University of South China. Figure 6 shows the
core section diagram of the SPALLER-100 reactor.

The thermal power of SPALLER-100 reactor core is 100 MW,
the refueling cycle is 30 years, the operating temperature is
260-400°C, and the coolant temperature is 200°C under the
condition of refueling shutdown. The height of the reactor
core active zone is 1.5 m, and the equivalent diameter is 1.7 m.
It comprises 48 fuel assemblies, 13 control rod components, 66
reflector components, and 126 shielding components. SPALLER-
100 single fuel assembly has 61 fuel rods, and it uses PuN-ThN
fuel. The effective density of fuel is 85% TD, and the cladding

Optimization Method for Core Flow Zoning

Total Iteration Steps Convergence Steps

1,000 101
1,000 136
1,500 1,298

material is HT-9. He is filled in the gap between the fuel pellet and
the cladding. The diameter of the fuel pellet is 12 mm, and the
thickness of the cladding is 0.6 mm. The inner diameter of the fuel
rod is 12 mm, and the outer diameter is 13.5 mm. The in-pile
loading of nuclear fuel is 5,475.88 kg, and the loading of fissile
nuclides is 891.02 kg. The core activity is divided into internal and
external zones. There are 12 fuel modules in the internal zone,
with a Pu mass fraction of 20.5%, and 36 fuel modules in the
external zone, with a Pu mass fraction of 30.8%. Table 3 shows
the limit conditions of thermal-hydraulic design for the
SPALLER-100 reactor.

Design of Core Flow Zoning Scheme for

SPALLER-100 Full Life Cycle

Based on the power distribution at the beginning of SPALLER-
100 life, flow partition calculation was carried out using QGA.
Flow rates for zones 1-4 were 79.14 kg/s, 72.26 kg/s, 65.05 kg/s
and 57.85 kg/s, respectively. When the number of core zones was
4, the outlet temperature and mass flow rate of SPALLER-100
were 522.92°C and 3,143.38 kg/s, respectively. Figure 7 shows the
flow zoning scheme when the number of core zones is 4.

The containment temperature of the reactor was limited to
550°C. The closed channel model does not consider the transverse
mixing between the components, thereby retaining the margin of
25°C. For the closed channel, the calculation results showed 24
boxes of fuel assembly with temperature >525°C in the whole life
period; the outlet temperature of 12 boxes of fuel assembly was
much higher than the limiting temperature. For the sub-channel,
the calculation results showed 20 boxes of fuel assembly with
temperature >550°C in the whole life period; the outlet
temperature of 12 boxes of fuel assembly was much higher
than the limiting temperature. It was concluded that the
calculation of flow zoning based on the power distribution of
a single time point can lead to serious security risks. Therefore,
core flow zoning during the whole life period should be
considered to ensure the safety of the core during operation.

The maximum power of each fuel assembly during the whole
life of the reactor was considered as sample data, and whole life
flow partition calculation was carried out for SPALLER-100. On
this basis, the relationship between the minimum flow achieved
by different partition numbers and the average outlet temperature
of the active zone was analyzed, as illustrated in Figure 8.

Figure 8 shows that when the number of zones was 5, the
average outlet temperature of the reactor core was close to
saturation. Increasing the number of zones slightly improved
the average outlet temperature of the reactor core, and so, it is
reasonable to divide the reactor into five zones. The total core flow
was 3,424.20 kg/s, and the average outlet temperature of the core

Frontiers in Energy Research | www.frontiersin.org

April 2022 | Volume 10 | Article 849874


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Yu et al.

Optimization Method for Core Flow Zoning

FIGURE 6 | Cross-sectional schematic diagram of SPALLER-100 core.

Fuel assembly in
inner zone

Fuel assembly in
outer zone

Reflectot assembly

Control rad
assembly

Shutoff rod
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| Jol

Shielding layer
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TABLE 3 | Thermal hydraulic design limits of SPALLER-100.

Project Design Limit

Maximum Temperature Limit 2,300

of Fuel/"c

Maximum temperature limit of cladding/’C normal condition 550
accident conditions 650

Maximum flow rate limit of coolant/(m/s) 2

Minimum temperature of coolant/’C 200

was 504.38°C. The partition results are shown in Figure 9. Flow
rates of zones 1-5 are 82.36 kg/s, 79.14 kg/s, 72.29 kg/s, 60.05 kg/s
and 58.00 kg/s, respectively.

Verification of SPALLER-100 Full Life Core
Flow Zoning Scheme

To verify the accuracy of this procedure, the power of each
component at 36 different times during the whole life of the
reactor was extracted, and the maximum power of each
component was selected as the sample data. The parallel
multi-channel model designed in this study was used for
calculations, and the calculated outlet temperature distribution
is shown in Figure 12. The maximum power of each component
was selected as the sample data. The fuel assemblies are shown in
Figure 10, and the axial power distribution of the core is shown in
Figure 11. These data were input into the card parameters, and
the sub-channel code SUBCHANFLOW (Ferraro et al., 2020) was

Number of
flow zones

FIGURE 7 | Flow partitioning results for SPALLER-100 (beginning of core).

Num'bfer o Single zone flow
partitions
1 79.14 kg/s
2 72.26 kg/s
3 65.05 kg/s
4 57.85 kg/s
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3500

Outlet flow of active zone (kg/s)
Average outlet temperature of core (K)

34007 7 475

Number of zones

FIGURE 8 | Total active zone flow and active zone exit temperature for
different number of zones.

used for calculation. The calculated outlet temperatures are
presented in Figure 13.

Analyses shown in Figure 12, Figure 13 show that under the
same flow partition, the calculation results of the proposed model
are in good agreement with the calculation results of the sub-
channel code SUBCHANFLOW. The minimum relative error,
the maximum relative error, and the average relative error were
0.5, 2.9, and 2.3%, respectively. Therefore, it can be considered
that the calculation results of the proposed parallel multi-channel
model design are sufficiently credible.

To verify the impact of flow zoning on the reactor core
outlet temperature, the maximum power of each fuel assembly
in the whole life was taken as sample data, and the coolant
mass flow distribution of each fuel assembly in the core and the
coolant outlet temperature of each fuel assembly without
zoning were compared and analyzed. First, after partition
treatment, the outlet temperature was calculated to obtain
total coolant mass flow of each fuel assembly partition.
Then, the coolant mass flow obtained above was averaged
for each fuel assembly to obtain the outlet temperature without
zoning. The SUBCHANFLOW program was used to calculate

BeO

R 6.75mm

193.5mm——=
198.5mm——~

22.95mm— _
\

FIGURE 10 | SPALLER-100 fuel assembly.
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FIGURE 11 | Axial power distribution of SPALLER-100.

the results. According to the calculation results, the following
conclusions were obtained.

When the core coolant was treated in zones, and the number
of flow zones was 5, the average outlet temperature of the core
coolant was 508.50°C; the difference between the maximum and

1 number of
flow zons

FIGURE 9 | SPALLER-100 final partiton scheme.

Number of .
. Single zone flow
partitions
1 82.36 kg/s
2 79.14 kg/s
3 72.29 kg/s
4 60.05 kg/s
5 58.00 kg/s
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FIGURE 12 | Maximum outlet temperature distribution at 36 groups of power.
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FIGURE 13 | Sub-channel program simulates and calculates the
maximum outlet temperature of each component.

minimum temperatures was 22.44 °C. When the core coolant was
not partitioned, the average coolant outlet temperature of the core
was 507.82°C; the difference between the maximum and
minimum temperatures was 76.85°C. When the total amount
of coolant passing through remained unchanged, the average
temperature change at the core outlet caused by the zoning and
non-zoning treatments was slight, but the temperature
fluctuation after zoning treatment is smaller; the difference
between the maximum and minimum temperatures was small,
and the outlet temperature was better flattened. Therefore, core
flow treatment can flatten the core coolant outlet temperature.
The detailed outlet temperatures are illustrated in Figures 14, 15.

FIGURE 14 | Outlet temperature without zoning.

FIGURE 15 | Outlet temperature under zoning.

CONCLUSION

Reasonable core flow zoning of nuclear reactor can improve its
safety and economy. Core flow zoning is also an essential
means to flatten the core outlet temperature. Based on the
modern  optimization theory, artificial intelligence
optimization algorithms were coupled with a parallel multi-
channel model to construct a reactor core flow zoning
calculation model. The convergence of different
optimization algorithms was analyzed, and the optimal
optimization algorithm was determined. This optimal
optimization algorithm was used to carry out comparative
analysis of two different flow zoning schemes using sample
data of power distribution at the beginning of the life and the
maximum power in the whole life of SPALLER-100. Following
conclusions were obtained.

(1) Considering CEFR as the research object, for three
intelligent optimization algorithms, namely, genetic
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algorithm, differential evolution algorithm, and QGA,
convergence analysis was carried out for reactor flow
zoning. The results showed that QGA has the best
convergence in long-life miniaturized reactor flow
zoning, compared with the genetic algorithm. The total
time consumption decreased by 15.16%. Compared with
differential evolution algorithm, the total time consumption
decreased by 79.03%.

The flow zoning schemes designed based on the sample data of
power distribution at the beginning of life and the maximum
power of each fuel assembly in the whole life were compared
and analyzed. The maximum outlet temperature of the fuel
assembly based on the power distribution at the beginning of life
exceeded the thermal safety limit of the reactor. Based on the
power distribution of the whole reactor life, the maximum outlet
temperature of the fuel assembly decreased by 140 K and was
maintained below the thermal safety limit. The optimal number
of zones of SPALLER-100 reactor at this time was 5. Increasing
the number of zones led to challenges in flow distribution and
did not significantly improve the thermal safety performance of
the reactor.

Flow zoning can bring a good flattening effect to the core
outlet temperature. The SUBCHANFLOW program was
used to analyze SPALLER-100. Taking the maximum
power of the core in the whole life period as the
calculation data, the following conclusions were obtained.
When the core coolant was treated in zones and the number
of flow zones was 5, the average outlet temperature of the core
coolant was 508.50°C, and the difference between the
maximum and minimum temperatures is 22.44°C. When
the core coolant was not partitioned, the average coolant
outlet temperature of the core was 507.82°C, and the
difference between the maximum and minimum

2
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temperatures was 76.85°C. When the total amount of
coolant passing through remained unchanged, the average
temperature change at the core outlet caused by zoning and
non-zoning treatments was only slight; however, the
temperature fluctuation after zoning treatment was
smaller; the difference between the maximum and
minimum temperatures was smaller, and the outlet
temperature was better flattened. Therefore, core flow
treatment can flatten core coolant outlet temperature.
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