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Abstract

To accelerate the development and utilization of fusion energy, the China Fusion Engineering Test Reactor (CFETR)
has been proposed as a bridge between the International Thermonuclear Experimental Reactor and demonstration fusion
reactors. The primary objective of the CFETR is to achieve fusion energy transformation and tritium self-sufficiency, which
is realized through the function of the blanket. In this study, a neutronics/thermal-hydraulics/mechanics coupling method
is developed and applied to a helium-cooled ceramic breeder (HCCB) blanket, which is one of the two blanket candidates
for the CFETR. A three-dimensional full-scale model is utilized in the coupling analysis to obtain the distributions of
the neutronic, thermal-hydraulic, and mechanical parameters. A structural assessment of the CFETR HCCB blanket is
then conducted considering steady-state conditions and two transient scenarios. The results demonstrate that following
optimization of the blanket structure, the maximum temperatures of the different components remain below the safety limit
of the corresponding materials. The structural assessment indicates that the blanket maintains its structural integrity under
steady-state conditions. However, immediately after an in-box loss-of-coolant accident, structural failure owing to stress
concentration may occur. Additionally, in the early stage of a loss-of-flow accident, the stress at the joint point between the
cooling plate and cap exceeds the allowable stress of the material, potentially leading to structural failure within 17 s if no
protective response is implemented. These findings provide comprehensive insights into the performance and safety of the
CFETR HCCB blanket design.
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1 Introduction

The blanket is a core component of fusion reactors for
achieving energy self-sustainability and thermal-electric
conversion [1, 2] and serves as a crucial functional carrier
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9]. The blanket operates in a complex environment and
enduring high heat flux loads and neutron impacts [10, 11].
Both the functionality and safety requirements of the blanket
require the material temperature limits, tritium production
rate, and structural integrity to be satisfied [12]. Therefore,
neutronics/thermal-hydraulics/mechanics coupled analysis
should be performed during the blanket design phase to
ensure that the blanket can fulfill its normal functions and
operate safely.

The International Thermonuclear Experimental Reactor
(ITER) was launched through worldwide collaborations.
However, ITER is primarily focused on scientific research
and does not include the net energy output. To further
develop the fusion technology, many countries have
proposed plans for the demonstration of fusion reactors.
China also intends to develop its own fusion technology and
has proposed the Chinese Fusion Engineering Test Reactor
(CFETR) to verify the feasibility of fusion engineering

goals [13]. The CFETR is primarily aimed at achieving
energy output and tritium self-sufficiency. A helium-
cooled ceramic breeder (HCCB) blanket was designed
by the Southwestern Institute of Physics (SWIP) and
extensive performance analyses were conducted [14-19].
As an inherited concept from the Chinese helium-cooled
ceramic breeder test blanket module (CH HCCB TBM)
for ITER [20], the HCCB blanket has great potential for
application in CFETR [21].

Several studies have been conducted on
multiphysics coupling analysis and structural
assessment of fusion blankets. For instance, in the
case of a CFETR helium-cooled solid blanket, an
electromagnetic—thermal-mechanical coupling analysis
was performed [22, 23]. The results revealed significant
coupling effects during certain magnetic field transients.
However, the structural design requirements could still
be satisfied even under the main disruption events, with
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stresses remaining within the allowable stress limit. The
influence of the electromagnetic field on the blanket
structure was also investigated under steady state and
major plasma disruption events [24, 25]. A numerical
study was conducted to investigate the multiphysics
characteristics of the CFETR helium-cooled solid blanket
by employing a neutronics/thermal-hydraulics/mechanics
coupling analysis [26]. In this study, a slice-layer model
was utilized to account for the repetitive structure along
the poloidal direction. Parametric sensitivity analysis was
performed to optimize the blanket structure. Structural
failure occurred during an in-box loss-of-coolant
accident (LOCA), in which the high-pressure helium
coolant leaked into the blanket box. A neutronic-thermal-
hydraulic—-mechanic-coupled platform was developed
specifically for the water-cooled ceramic breeder blanket
of CFETR [27]. A comparison between two-dimensional
(2D) and three-dimensional (3D) thermal analyses revealed
that 3D coupling is essential. This is primarily because of
the significant temperature difference, reaching 300 °C, as
observed at the back of the blanket [27, 28]. In addition
to the aforementioned studies, a neutronics/thermal-
hydraulics/mechanics coupling analysis was conducted

Fig.2 (Color online) Data
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for the supercritical water-cooled ceramic blanket of
CFETR [29]. The results of this analysis highlighted the
need to incorporate an interlayer to withstand the thermal
stress on the first wall. This suggests that the inclusion of
an interlayer is crucial for ensuring the structural integrity
and performance of the blanket. A study was conducted
to analyze the structural performance of a helium-cooled
pebble-bed blanket for a European demonstration (EU
DEMO) fusion reactor [30]. This investigation focused on
examining both the thermal and structural aspects of the
blanket. Their findings indicated that the primary cause
of damage to the blanket structure was the presence of
high-temperature gradients. These temperature differences
were identified as the critical factors contributing to the
structural degradation of the blanket. A water-cooled
lead-lithium blanket, another type of blanket proposed for
the EU DEMO fusion reactor, was assessed in a separate
study [31]. This assessment suggested that the attachment
system should be revised to minimize displacement and
reduce stress levels within the blanket.

In most of the aforementioned studies, the slice layer
model was adopted because of the similarity and symmetry
of the blanket structure along the poloidal direction

- Function zone

—Distribution zone

— Shielding zone

> Manifold zone

Fig.3 (Color online) Structure design of CFETR HCCB TBB: a Overall view and b Poloidal cross-section
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under the assumption of a uniform neutron distribution.
However, such a simplification cannot be satisfied with the
nonuniform neutron distribution imposed on the blanket
during its operation. The blanket performance cannot be
characterized using the slice layer model because of the
interaction between adjacent zones along the poloidal
direction. Therefore, considering the nonuniform boundary
conditions [16, 32] and discrepancies between 2D and
3D models [27, 28], using a 3D blanket model for the
structural design and performance analysis of the blanket is
recommended. In this study, we aimed to develop and apply
a neutronics/thermal-hydraulics/mechanics coupling method
to a 3D full-scale model of the CFETR HCCB blanket. The
material temperature requirement was considered in the
optimization of the blanket structure through neutronics/
thermal-hydraulics coupling analysis. Subsequently,
a structural assessment of the optimized blanket was
conducted via coupling analysis under steady-state
conditions and two transient scenarios. The results obtained
are presented and discussed based on the stress linearization
method for different components in the optimized blanket.
The comprehensive 3D full-scale coupling analysis and
structural assessment results provide valuable guidance for
the structural design of the CFETR HCCB blanket.

2 Development of neutronics/
thermal-hydraulics/mechanics coupling
method

For the coupling analysis in this study, data mapping
between different physics fields was achieved through
neutronics, thermal-hydraulics, and mechanical calcula-
tions, which were performed using MCNP4C [33], Flu-
ent [34], and ANSYS Mechanical [35]. To account for the
distinct characteristics of each calculation process, a vol-
ume-weighted cell-to-cell mapping scheme was employed
for the data transfer between MCNP4C and Fluent. This
scheme ensures that data are accurately exchanged
between the two software packages. Additionally, data
transfer between fluent and mechanical was accomplished
using the ANSYS Workbench platform, which provides
seamless integration with the definition of a data transfer
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Fig.4 (Color online) 3D full-scale neutronics model of CFETR
HCCB blanket

algorithm. The development and application of the cou-
pling method, including data mapping procedures and the
3D models, are described in detail in this section. This
ensures that the coupling analysis is performed effectively
and efficiently, enabling accurate and reliable results.

2.1 Coupling approach

The neutronics/thermal-hydraulics/mechanics coupling anal-
ysis procedure is shown in Fig. 1. First, based on the design
of the blanket structure, iterative calculations are performed
for neutronics and thermal-hydraulics calculations. If the
temperature of all the materials is within the required tem-
perature range, then the pressure and temperature data are
used in the mechanics calculations to determine the distri-
bution of stress and deformation. Subsequently, a structural
assessment is conducted to verify whether the structural
requirements are met. During the coupling analysis, if any

Table 1 Design parameters for

Design item
the blanket No. 3

Parameters

Overall geometry

1250 mm (toroidal frontal) X 1110 mm (radial) X 2110 mm (poloidal frontal)

FW Direction: radial-toroidal-radial; Thickness: 25 mm (3/12/10)
Channel cross-section: 19 mm X 12 mm; Pitch: 25 mm; Chamfer: 3 mm

Cap Geometry: radial-toroidal trapezoid; Thickness: 25 mm (3/12/10)

Function zone

Geometry: square frustum box; Radial thickness: 565 mm

Cooling plate direction: toroidal-poloidal; Thickness: 10 mm (2/6/2)
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Fig.5 (Color online) 3D full-scale thermal-hydraulic model of CFETR HCCB blanket: a Whole geometry model and b Poloidal cross-section
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Fig.6 (Color online) 3D full-scale mechanical model of CFETR HCCB blanket: a Whole geometry model and b Poloidal cross-section

Table 2 Comparison of heat source during neutronics/thermal-hydraulics coupling analysis

Component @, (Wm™)  Qu(MeVm™  Q,(Wm™  Component 0, (Wm™ Qo MeVmd 0, (Wm)

Breeder 1 12.90 6196.41 12.90 FW 4.20 2018.46 4.20
Breeder 2 8.14 3908.26 8.14 CP1 2.98 1429.76 2.98
Breeder 3 4.73 2269.53 4.73 CP 21 2.37 1138.68 2.37
Breeder 4 3.22 1545.87 3.22 CP22 2.15 1031.82 2.15
Breeder 5 1.56 746.74 1.56 CP 31 1.90 913.90 1.90
Multiplier 1 0.89 429.63 0.89 CP 32 1.87 897.43 1.87
Multiplier 2 0.51 245.34 0.51 CP 41 1.63 784.42 1.63
Multiplier 3 0.41 195.28 0.41 CP 42 1.36 654.71 1.36
Multiplier 4 0.31 149.63 0.31 CP 51 1.13 540.65 1.13
Multiplier 5 0.19 90.99 0.19 CP 52 0.71 342.69 0.71

factor fails to satisfy the safety requirements, the blanket ~ optimization of the blanket structure and ensuring its com-
structure must be optimized, and the coupling analysis must ~ pliance with safety standards.

be performed again. This iterative process ensures that the A user-defined function (UDF) is compiled within
neutronics, thermal-hydraulics, and mechanical aspects  Fluent to enable neutronics/thermal-hydraulics coupling
are properly integrated and evaluated, allowing for the  analysis [36]. The UDF facilitates automatic data transfer
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between neutronics and thermal-hydraulic calculations
through cell-to-cell mapping. As depicted in Fig. 2 (a)
and (b), the geometric cells in MCNP have a one-to-one
correspondence with the calculation domain in Fluent.
Meshes are generated in each domain for thermal-hydraulic
analysis. The nuclear heat deposition obtained from the
neutronics calculations is transferred to all meshes as an
internal heat source in the respective thermal-hydraulic
domain. For the iterative calculation, the volume-averaged
temperature of all meshes in the thermal-hydraulic domain
is transferred back to the corresponding neutronics cell.
Subsequently, the nuclear cross-sectional data are adjusted
to account for the temperature effect during the neutronics
calculations. The entire neutronics/thermal-hydraulics
coupling algorithm, including data transfer, parameter
output, MCNP input update, and extraction of heat
deposition from MCNP output, is embedded in the UDF,
which is described in detail in our previous work [37].

Once the iterative calculation for the neutronics/ther-
mal-hydraulics coupling analysis converged, the tempera-
ture and pressure data are transferred to the mechanical
calculation for a mechanics check and structural assess-
ment. Although the thermal-hydraulic mesh differs sig-
nificantly from the mechanical mesh, as shown in Fig. 2
(b) and (c), data transfer between the thermal-hydraulics
and mechanics calculations can still be achieved within the
Workbench platform through point-to-point mapping. The
received data were calculated through interpolation using
the original data from neighboring points. Notably, in the
neutronics/thermal-hydraulics coupling analysis, the ther-
mal-hydraulic geometry is partitioned for cell-to-cell data
mapping. Conversely, for mechanical calculations, geom-
etry partitioning is not required. Therefore, after establish-
ing an appropriate many-to-one cell geometry mapping
within Workbench, the temperature and pressure data can
be transferred to the mechanics calculations.
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Fig.7 (Color online) Comparison of CP32 temperature in thermal-
hydraulics/mechanics coupling analysis: a output parameter and b
received parameter
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2.2 Model development for coupling analysis

A typical HCCB blanket for CFETR is illustrated in Fig. 3.
It comprises four radially arranged zones: function, distri-
bution, shielding, and manifold. These zones are integrated
within the blanket box, which consisted of the first wall
(FW), caps, and a gathering plate. To protect the blanket
from radiation heat flux and high-energy neutrons produced
by the ultra-high-temperature plasma, a 2-mm-thick tungsten
layer is coated on the frontal side of the FW. The primary
functions of the blanket include tritium breeding and energy
conversion, which are primarily achieved in the functional
zone. Tritium breeding occurs through a nuclear reaction
between neutrons and the breeder material, lithium ortho-
silicate (Li,S10,) [38]. To enhance the breeding capabil-
ity, beryllium neutron multipliers are incorporated into the
blanket to provide additional neutrons for tritium breeding.
The breeders and multipliers separated by cooling plates
(CPs) are arranged in layers along the radial direction.

"

Fig.8 (Color online) Comparison of CP32 pressure in thermal-
hydraulics/mechanics coupling analysis: a output parameter and b
received parameter
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Fig.9 (Color online) Boundary condition for thermal-hydraulic anal-
ysis
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The structural components within the blanket, which bear
mechanical stress as a skeleton structure, are composed of
oxide dispersion-strengthened reduced activation ferritic/
martensitic (ODS RAFM) steel. The dispersed oxide allows
the temperature limit of RAFM steel to increase from 550 °C
to 650 °C, which contributes to a larger temperature window
for coolant [15, 18, 39]. The helium coolant flows succes-
sively through the FW, caps, and CPs to extract the plasma
heat flux and nuclear heat deposition from the blanket. The
designed working conditions involve a pressure of 12 MPa
and temperatures of 300 °C/600 °C. The main geometrical
parameters of the typical blanket are provided in Table 1.
Figure 4 illustrates a 3D full-scale neutronics model
of the CFETR HCCB blanket. The neutron wall loading
(NWL) of the FW can be obtained by neutronics analysis
of the entire Tokamak device [40]. Then, the correspond-
ing NWL can be used for the neutronics simulation of a
particular blanket [14, 15, 20, 23]. Owing to the nonuni-
form distribution of NWL [16], the neutronics model is
divided into five poloidal parts. In addition, the model is
partitioned in the radial and toroidal directions to account
for the gradients of the major parameters, particularly in
the corner region of the blanket. The 3D full-scale neu-
tronics model is converted using CAD geometry [41, 42]
to reduce the model error in the MC calculation. Figure 5
presents a 3D full-scale thermal-hydraulic model of the
CFETR HCCB blanket. While the original geometry
model for the thermal-hydraulic analysis is similar to that
used in the neutronics analysis, certain simplifications are
implemented to alleviate modeling complexities. In the
distribution zone, for instance, only the liquid domain is
modeled because this zone primarily serves the purpose

b 160
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G 800
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g s
‘é 700
Q
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of distributing and collecting helium coolant with mini-
mal heat source contribution. The shielding and mani-
fold zones are also excluded from the thermal-hydraulic
analysis. The flow—heat transfer coupling is solely mod-
eled in the functional zone of the blanket to investigate
the temperature distribution within the blanket. Figure 6
depicts a 3D full-scale mechanical model of the CFETR
HCCB blanket. The mechanical model focuses solely on
the primary skeleton structure of the blanket, whereas
other components that were not subjected to mechanical
stress are omitted. Similar to the neutronics and thermal-
hydraulics models, the mechanical model is divided into
five poloidal parts to simplify the data transfer between the
thermal-hydraulic and mechanical calculations, ensuring
a coherent analysis approach.

2.3 Validation of the data transfer during coupling
analysis

To ensure physical conservation during coupling analy-
sis, the data transfer is validated by comparing the output
parameter ®., with the received parameter @,,. In the neu-
tronics/thermal-hydraulics coupling analysis, the nuclear
heat deposition is tallied in MeV-m™ but converted into
W -m~ for consistency. Table 2 presents the received
volumetric heat source Q;, in the thermal-hydraulic anal-
ysis, the output nuclear heat deposition Q,, in neutron-
ics analysis, and the converted volumetric heat source
Q.- Because of the cell-to-cell data mapping method
employed in the neutronics/thermal-hydraulics coupling
analysis, the nuclear heat deposition obtained from the
neutronics calculations is transferred to all the meshes
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Fig. 10 (Color online) Mesh sensitivity analysis for thermal-hydraulics calculation: a Temperature distribution along the blanket centerline and

b Pressure drop
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Fig. 11 (Color online) Mesh sensitivity analysis for mechanics calculation: a Maximum stress and b Maximum deformation
Table 3 Radial thickness before and after structure optimization 1150 Fr— — T T T T
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each component, ensuring energy conservation through-
out the neutronics/thermal-hydraulics coupling analysis.
In the thermal-hydraulics/mechanics coupling analysis, the
temperature and pressure data are interpolated between
the two meshes through adjacent point-to-point mapping.
Comparisons between the output parameter ®,, in the
thermal-hydraulic analysis and the received parameter
®,, in the mechanics analysis of cooling plate CP32 are
illustrated in Figs. 7 and 8. It can be observed that the
distribution of the received parameter is nearly identical
to that of the output parameter, with minimal differences.
These discrepancies arise primarily from the variation in
the mesh sizes between the two physical domains. How-
ever, the largest temperature difference remains below
3 °C, and the pressure difference remains below 100 Pa.
Such small differences are acceptable to meet the accuracy
requirements for data transfer. These results indicate that
the interpolation method effectively transfers the tempera-
ture and pressure data between the thermal and hydraulic

@ Springer
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Fig. 12 (Color online) Temperature distribution along the blanket
centerline before and after structure optimization

and mechanical calculations, ensuring the correctness and
reliability of the data transfer process.

3 Performance analysis of CFETR HCCB
blanket

3.1 Boundary condition

In the neutronics analysis, a neutron source with an energy
of 14.1 MeV is located on the frontal surface of the FW [43].
The back surface is set as a transmitting boundary, whereas
reflecting boundaries are applied to the other surfaces [44].
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The nonuniform neutron distribution is also considered in
accordance with our previous study [16]. The boundary con-
ditions for the thermal-hydraulic analysis are illustrated in
Fig. 9. Plasma heat flux is imposed on the frontal surface of
the FW, whereas the remaining surfaces are considered adi-
abatic. The inlet and outlet boundaries are specified using
velocity and pressure conditions, respectively. To accurately
capture the high-speed helium flow in all channels, a reliable
k-e turbulence model is adopted, considering the sensitivity
analysis of the helium heat transfer as referenced in [39].
Internal heat sources are incorporated into the meshes
based on the results obtained from neutronics analysis. In
the mechanical analysis, the pressure distribution on the
channel surface is determined using the thermal-hydrau-
lic analysis results. Similarly, the temperature distribution
in the solid phase is considered. Gravity effects are con-
sidered for the entire blanket skeleton. In addition, a fixed
constraint condition is applied to the back surface to restrict
blanket displacement. These boundary conditions and con-
straints enable a comprehensive analysis of the neutronics,
thermal-hydraulics, and mechanical aspects, providing an
accurate representation of the behavior and performance of
the CFETR HCCB blanket.

3.2 Mesh independence

The mesh independence analysis primarily focuses on
thermal-hydraulics and mechanical calculations. The mesh
generation method is first validated for basic models by com-
parison with experimental results, and the validation of the
thermal-hydraulic calculation is described in detail in [39].
Subsequently, the experience is used for the mesh genera-
tion of the entire blanket module. In the mesh independence
analysis of the thermal-hydraulic calculation, three different
mesh systems were generated. These systems consisted of
105, 61, and 28 million meshes, respectively. Figure 10(a)

shows the temperature distributions along the centerline of
the blanket for the three mesh systems. It can be observed
that the difference in the temperature distribution is minimal
between the first and second mesh systems. However, for the
third mesh system, a significant temperature difference of
up to 60 °C is identified, indicating that this particular mesh
system is not suitable for an accurate thermal-hydraulic
analysis. Figure 10(b) shows the pressure drops in differ-
ent channels for the three mesh systems. The pressure drop
obtained using the third mesh system is excessively large,
whereas the other two mesh systems yielded similar pressure
drops for all components. Considering the influence of the
mesh system on both the temperature distribution and pres-
sure drop, a mesh system with 61 million meshes is the most
appropriate for the subsequent thermal-hydraulics analysis.

In the mesh independence analysis of the mechanical
calculations, three different mesh systems are generated
with varying numbers of meshes: 23.5 million, 13.8 mil-
lion, and 8.2 million. Figure 11 illustrates the maximum
stress and deformation of the different components of the
three mesh systems. The results indicate a minimal dif-
ference in the maximum stress and maximum deforma-
tion between the first and second mesh systems. However,
the parameters obtained using the third mesh system are
significantly different, particularly for the CP component.
These discrepancies suggest that the third mesh system is
not suitable for accurate mechanical analysis. Considering
the impact of the mesh system on the mechanical param-
eters, a mesh system with 13.8 million meshes is the most
appropriate choice for the subsequent mechanics analysis.

Through mesh independence analysis, the optimal
mesh size can be determined for both thermal-hydraulics
and mechanics calculations, striking a balance between
accuracy and computational efficiency. This ensures that
the subsequent analyses are performed with a mesh size
that provides reliable and consistent results.

Table 4 Nuclear heat deposition

Component Before (MW) After MW) Component Before (MW) After MW)

before and after structure

optimization Breeder 1 0.513 0.377 FW 0.557 0.563
Breeder 2 0.434 0.391 CP 1 0.129 0.029
Breeder 3 0.367 0.370 CP 21 0.100 0.030
Breeder 4 0.331 0.376 CP22 0.081 0.030
Breeder 5 0.183 0.236 CP 31 0.062 0.030
Multiplier 1 0.217 0.170 CP 32 0.050 0.031
Multiplier 2 0.186 0.174 CP 41 0.035 0.036
Multiplier 3 0.163 0.187 CP 42 0.029 0.036
Multiplier 4 0.141 0.169 CP 51 0.016 0.041
Multiplier 5 0.047 0.069 CP 52 0.011 0.042
W 0.192 0.186 Whole blanket 3.997 3.322
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3.3637
3.2553
3147

30386
29303
28219
27136

b

Unit: mm
Time: 1

Max: 3.7398
Min:0.12765

3.7398
3.3385
2931
25358
21344
17331
1 1.3317

Fig. 13 (Color online) Deformation distribution of typical components after structure optimization: a FW; b CP32; and ¢ Top cap

3.3 Performance analysis

The iterative calculations for the neutronics/thermal-hydrau-
lics coupled analysis revealed that the maximum tempera-
tures of the structural steel, breeder, and multiplier exceeded
the temperature limits for the corresponding materials.
Specifically, the temperature limits are set to 650, 650, and
900 °C for the ODS RAFM steel, Be, and Li,SiO,, respec-
tively. To address this issue, the structure of the CFETR
HCCB blanket was optimized [39]. The main modifications
involved adjusting the flow channel arrangement and alter-
ing the radial thickness of the breeders and multipliers in
the function zone. Through a sensitivity analysis, the opti-
mal radial thicknesses are determined and are presented in
Table 3. These modifications aim to ensure that the maxi-
mum temperatures of these components remain within
acceptable limits, thereby enhancing the overall perfor-
mance and safety of the CFETR HCCB blankets. Figure 12
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shows the temperature distribution along the centerline of
the blanket after structural optimization. It can be observed
that the maximum temperatures in different components of
the optimized blanket are all below the temperature limits
set for the corresponding materials. The temperature margin
for the breeder component is larger than that of the multi-
plier component. This is primarily because of the higher
temperature limit of 900 °C for Li,SiO,, which is used as
the breeder material. Additionally, the shared cooling system
between the breeder and multiplier, separated by the adja-
cent CP, contributes to a more restricted temperature limit
for the multiplier. More detailed descriptions of the thermal-
hydraulic parameters before and after structure optimization,
based on 3D full-scale blanket models, are reported in [39].

Because of the reduced thickness of most components
in the blanket function zone, the overall nuclear heat
deposition in the entire blanket diminished, as indicated
in Table 4. However, despite the reduction in thickness
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a

Unit: MPa
Time: 1
Max: 80647
Min: 1.0164

80647
71697
627.48 §
53798
44549
359
269.5
180.01
90.511
10164

c Unit: MPa
Time: 1
Max: 719.46
Min: 1.8274

719.46
639.73
559.99
430.25
400.51
320.78
24104
161.3

81.565
18274

b

Unit: MPa
Time: 1
Max: 599.76
Min: 18129

599.76
533.32
46688
400.45
33401
267.57
201.13
134.69
63.252
18129

Fig. 14 (Color online) Stress distribution of typical components after structure optimization: a FW; b CP32; and ¢ Top cap

for breeders 1-4 following structural optimization, the
nuclear heat depositions in breeders 3 and 4 exhibited a
counterintuitive increase. Nuclear heat deposition is influ-
enced by both the neutron flux and nuclear cross-section.
In particular, nuclide °Li in Li,SiO, possesses a larger
nuclear cross-section when interacting with thermal neu-
trons with energies lower than 0.1 MeV. This character-
istic led to increased heat deposition in breeders 3 and 4
after structural optimization, although their thicknesses
were reduced. This observation highlights the presence of
nonlinear feedback within the neutronics/thermal-hydrau-
lics coupling analysis. This demonstrates that changes in
geometry and material properties can result in complex
interactions and unexpected effects on the nuclear heat
deposition distribution within the blanket.

After structural optimization based on the neutronics/
thermal-hydraulics coupling analysis, the pressure and
temperature data are transferred to the mechanical model

of the blanket-supporting structure. Figures 13 and 14 pre-
sent the mechanical stresses and deformations of typical
components. In Fig. 13, the maximum deformation of the
different components is approximately 3.75 mm, which is
significantly lower than the 20-mm gap between adjacent
blankets. This indicates that the deformation of the compo-
nents remains within an acceptable range. Figure 14 high-
lights the maximum stress distributions on the FW, CP32,
and top caps. In the FW, the maximum stress occurs at the
corner because of the large temperature gradient caused by
the low cooling capability in this region. This concentrated
thermal stress results in a high mechanical stress. Similarly,
for CP32, the maximum stress occurs at the joint with the
cap, where the flow direction of the coolant changes rapidly,
reducing the cooling capability and leading to higher stress
levels. With respect to the top cap, the maximum stress is
observed at the joint with CP1. In the next section, the stress
distribution on various blanket components is linearized for
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a

Unit: MPa
Time: 1

Max: 257.98
Min:0.30729

25798
229.35
200.72
17209
14346
11483
86198
57.567
28937
0.30729

c Unit: MPa
Time: 1
Max: 119.71
Min:0022987

119.71
10641
93111
79813
66514
53216
39918
2662
13321
0022987

b

Unit: MPa
Time: 1

Max: 18683
Min:0.21842

18683
16609
145.36
12462
10389
83.155
62421
41.637
20952
0.21842

Fig. 15 (Color online) Primary stress distribution on different components: a FW; b Cap; ¢ CP

Table 5 Comparison with

design criteria against IPC&IPI P Pt Py
Location  Value (MPa)  Limit (MPa)  Margin (%)  Value (MPa)  Limit (MPa)  Margin (%)
Path 1 86.5 143.5 +40 147.2 215.5 +32
Path 2 49.6 150.6 +67 113.7 225.9 +50
Path 3 32.8 169.3 +81 53.6 254.0 +79
Table 6 Comparison with — —
design criteria against creep P Py +Py/1.25
Location = Value (MPa)  Limit (MPa)  Margin (%)  Value (MPa)  Limit (MPa)  Margin (%)
Path 1 86.5 156.8 +45 117.8 156.8 +25
Path 2 49.6 174.6 +72 91.0 174.6 +48
Path 3 32.8 216.0 +85 429 216.0 +80

structural assessment according to the structural design cri-
teria SDC-IC [45].

4 Structural assessment of CFETR HCCB
blanket

The structural assessment is conducted following a specific
procedure. First, the assessment path is determined along
the thickness of the component where the equivalent stress
is highest. Subsequently, the stress tensor is linearized to

@ Springer

obtain the different stress components along this path. The
stress components obtained are then compared with the
design values to evaluate whether structural integrity could
be guaranteed under certain failure modes. The stress com-
ponents are classified into primary and secondary stresses.
The primary stress includes the primary membrane stress
P, primary bending stress Py, and additional local mem-
brane stress L. The sum of P, and L, is referred to as the
local membrane stress P; . By contrast, the secondary stress
O, mainly refers to the thermal stress induced by the tem-
perature gradient. Structural design criterion SDC-IC [45]
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Unit: MPa

Time: 1 a
Max: 80647

Min: 1.0164

80647
71697
627.48
53798
44849
359
269.5
180.01
90.511
10164

Unit: MPa
Time: 1
Max: 725.71
Min: 4.6945

b

725.71
645.59
56548
435.37
405.26
32514
24503
16492
843807
4.6945

Fig. 16 (Color online) Primary plus secondary stresses distribution on different components: a FW; b Cap; and ¢ CP

Table 7 Comparison with

design criteria against ILF and ILE: P+ Py + 0, IPFL: Py + Oy

IPFL Location  Value (MPa)  Limit (MPa) Margin (%) Value (MPa)  Limit (MPa)  Margin (%)
Path 4 494.5 582.3 +15 206.8 234.2 +12
Path 5 438.6 573.7 +24 253.9 279.4 +9
Path 6 395.2 580.1 +32 237.6 258.7 +8

stipulates the limit values for different stress components
under various failure modes. These limitations provide
guidelines for evaluating the ability of blanket structures to
withstand stress and ensure their integrity.

4.1 Structural assessment under steady state

Under steady-state conditions, the primary stress is assessed
for two failure modes: (a) immediate plastic collapse and
immediate plastic instability (IPC&IPI) and (b) creep. The
primary stress mainly arises from mechanical loading. Fig-
ure 15 illustrates the distribution of the primary stress on
the different components, considering only the effects of
gravity and pressure loading on the blanket. The assess-
ment paths are selected in regions where the equivalent
stress is the highest within the structure. Along these assess-
ment paths, stress linearization is performed to determine
the values of the different stress components. The obtained

stress component values are compared with the design lim-
its specified for each failure mode. Tables 5 and 6 present
comparisons of the stress components and corresponding
design limits for IPC&IPI and creep failure modes, respec-
tively. Evidently, the margin between the stress components
and design limits for all the assessment paths exceeds 25%.
This indicates that the CFETR HCCB blanket is designed
with a sufficient capability to withstand the two structural
failure modes.

Under steady-state conditions, the primary and secondary
stresses are assessed for two failure modes: (c) immediate
local fracture due to exhaustion of ductility (ILF) and (d)
immediate plastic flow localization (IPFL). These failure
modes resulted from the combined effects of the primary
and secondary stresses induced by mechanical and thermal
loading. Figure 16 illustrates the distribution of the primary
and secondary stresses on different components, considering
the effects of gravity, pressure, and thermal loading on the
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Unit: MPa
Time: 1
Max: 1507
Min: 49429

a

1507

13401
11732
10063
8394
67251
505.62
33873
17153 Path 7
49429
c Unit: MPa
Time: 1
Max: 96181
Min: 085462
96181
85504
748.27
641.49
53472
42795
32117
2144
107.63
085462

Unit: MPa
Time: 1
Max: 1211.5
Min: 3.8037

b

12115
10774
943.16
80897
67477
540.58
40638
27219
138

38037

Fig. 17 (Color online) Stress distribution on different components under in-box LOCA: a FW; b Cap; and ¢ CP

Table 8 Comparison with
design criteria under in-box

P,

m

P+ P,

LOCA

Location  Value (MPa)

Limit (MPa)

Margin (%)  Value (MPa)  Limit (MPa)  Margin (%)

Path 7
Path 8
Path 9

4122
330.1
323.7

309.1
307.4
303.5

-33
-7
-6

629.7
443.8
334.8

463.6
461.1
455.2

-35
—4
~26

1500

—eo—['W
—ea— CP
—~— Breeder
—o— Multiplier
—v— Cap

1300

1100

900

Temperature (°C)

700

soo L—— vy )
40 60 70 80

Time (s)

Fig. 18 (Color online) Maximum temperature on different blanket

components after LOFA
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blanket. The assessment paths are selected in regions where
the equivalent stress is the highest within the structure.
After stress linearization along these paths, the obtained
stress components are compared with the design limits cor-
responding to each failure mode. Table 7 presents the com-
parisons of the stress components and corresponding design
limits for ILF and IPFL failure modes. It can be observed
that the margins for these two failure modes are noticeably
lower than those of IPC&IPI and creep, as shown in Tables 5
and 6. This result is primarily due to the significant influence
of the secondary stress induced by temperature gradients.
Despite this reduced margin, the CFETR HCCB blanket
is designed with sufficient capability to withstand all four
structural failure modes. This assessment confirms that the
blanket exhibits robustness and integrity under steady-state
operating conditions, thereby providing confidence in its
performance and safety.
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Fig.20 (Color online) Assessment path on CP21

4.2 Structural assessment under in-box LOCA

According to the structural design criteria SDC-IC [45], the
structural assessment for major accidents should follow level
D criteria, which mainly focus on the design limit for primary
stress. In the in-box LOCA, the high-pressure helium quickly
discharges into the blanket box. Therefore, a pressure of 12
MPa is applied to the blanket box in addition to the boundary
conditions under steady-state conditions. Figure 17 shows the
stress distributions of different components under an in-box
LOCA. The highest stress occurs at the joint between the FW
and the cap, reaching 1507 MPa. This represents a significant
increase compared with the maximum stress of 806 MPa under
steady-state conditions, as shown in Fig. 16. The location of
the highest stress on the FW is similar to that shown in Fig. 15,

indicating that the primary stress is the dominant factor under
the in-box LOCA. Table 8 compares the design criteria under
the in-box LOCA. The stress components along all the three
assessment paths exceeded the design limits, particularly
for path 7 on the FW. This result indicates that the blanket
skeleton structure fails to meet the design limits, and that the
integrity of the blanket may not be maintained under an in-box
LOCA. Therefore, further measures should be taken to prevent
structural failures. For example, a blanket can be redesigned
by adding stiffening plates to enhance its structural strength.
Alternatively, pressure-control methods can be implemented
to reduce the pressure level in the blanket box. These meas-
ures will help ensure the structural integrity and safety of the
CFETR HCCB blanket under in-box LOCA conditions.

4.3 Structural assessment under loss-of-flow
accident

Under the loss-of-flow accident (LOFA), the flow rate at
the blanket inlet rapidly decreases owing to an electrical
or mechanical breakdown in the cooling system [46]. In
a conservative analysis, the fusion plasma is assumed to
operate normally, and no protection method is triggered
after the LOFA. The inlet flow rate is obtained from a
safety analysis of the LOFA and used as the boundary
condition in this study. Figure 18 illustrates the evolution
of the maximum temperature for the different components
under LOFA. The temperature information of a certain
component can be obtained by looping over all the meshes
in the component using the compiled UDF. The breeder
temperature exceeds the temperature limit of 900 °C for
Li,SiO, within 25 s, whereas the multiplier temperature
surpasses the temperature limit of 650 °C for Be within 2 s.
These two components are not used for the blanket support
and are not considered in the structural assessment. For
the blanket skeleton structure, the maximum temperature
is detected at CP21; this maximum temperature exceeds
the temperature limit of 650 °C for the ODS RAFM steel
within 2 s. However, this increase in temperature did not
immediately cause any structural damage. The temperature
distributions at CP21 are shown in Fig. 19 indicates that
the maximum temperature is located at the joint between
CP21 and the cap. The assessment path is selected based
on the location of the maximum temperature as shown
in Fig. 20, and stress linearization is performed for the
primary stress analysis. On this assessment path, the aver-
age primary membrane stress K is 31.9 MPa, and the
average value of P; + Py is 50.8 MPa. According to the
SDC-IC structural design criteria, the temperature cor-
responding to the design limit for ODS RAFM steel is
719.4 °C. Considering the temperature evolution on CP21
depicted in Fig. 19, the temperature on the assessment
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path reaches 719.4 °C within 17 s. Therefore, the structural
failure of the blanket also occurs within 17 s after LOFA,
indicating that the integrity of the blanket is compromised.
However, a designed protection method such as turning
off the heating power supply is triggered to shut down
the plasma if the inlet flow rate decreases to 80% of the
normal value [46]. A protection method can be applied
within 4 s, even with a signal delay of 3 s. Therefore, an
additional 10-15 s available to implement further mitiga-
tion methods. Given the overall consideration, the blanket
is considered to possess sufficient capability to maintain
its structural integrity under LOFA.

5 Conclusion

In this study, a coupling method for neutronics, thermal-
hydraulics, and mechanics is developed and applied to a 3D
full-scale model of the CFETR HCCB blanket. Through an
analysis of neutronics and thermal-hydraulic coupling, the
structure of the blanket is optimized to reduce the material
temperature. The optimized blanket is then subjected to a
structural assessment based on coupling analysis. The main
conclusions of this study are summarized as follows:

(1) The UDF code was compiled to facilitate the analysis
of neutronics and thermal-hydraulics coupling, whereas
the thermal-hydraulics and mechanics coupling
analyses were conducted using the Workbench
platform. The transfer of data between different
calculations was validated, ensuring the preservation
of physical conservation during coupling analysis.

(2) During the iterative calculations for neutronics
and thermal-hydraulics coupling analysis, all the
components of the CFETR HCCB blanket experienced
overtemperature issues. Consequently, structural
optimization was conducted to mitigate the high
material temperatures.

(3) In the steady-state assessment, the CFETR HCCB
blanket is designed to have an adequate capability to
withstand four structural failure modes: (a) immediate
plastic collapse and instability, (b) creep, (c) immediate
local fracture due to ductility exhaustion, and (d)
immediate plastic flow localization. However, the
margin for the fourth failure mode is the lowest owing
to the significant impact of the secondary stress induced
by the temperature gradients.

(4) In the assessment under an in-box LOCA, the primary
stress was found to be the major contributing factor to
structural failure. Based on the structural design cri-
teria, all stress components exceeded the designated
limits. This indicates that the integrity of the CFETR
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HCCB blanket may not be maintained during an in-box
LOCA.

(5) In the assessment under the LOFA condition, the
structural failure of the CFETR HCCB blanket occurred
within 17 s in the absence of protective measures.
However, the fusion plasma could be shut down within
4 s owing to a decrease in the flow rate. Considering
the additional time available for implementing further
mitigation methods, we can conclude that the blanket
possesses sufficient capability to maintain its structural
integrity under an LOFA.
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