1' frontiers

in Energy Research

ORIGINAL RESEARCH
published: 22 December 2021
doi: 10.3389/fenrg.2021.777286

OPEN ACCESS

Edited by:
Tengfei Zhang,
Shanghai Jiao Tong University, China

Reviewed by:

Liangzhi Cao,

Xi'an Jiaotong University, China
Chen Zhao,

Nuclear Power Institute of China
(NPIC), China

Shichang Liu,

North China Electric Power University,
China

*Correspondence:
Shen Qu
qushen@swip.ac.cn

Specialty section:

This article was submitted to
Nuclear Energy,

a section of the journal
Frontiers in Energy Research

Received: 15 September 2021
Accepted: 25 November 2021
Published: 22 December 2021

Citation:

Qu S, Cao Q, Zhao F, Wang X, Duan X
and Wang X (2021) Neutronics
Perturbation Calculation Method Study
of Solid Breeder Tritium Breeding
Blanket for TBR Enhancement.

Front. Energy Res. 9:777286.

doi: 10.3389/fenrg.2021.777286

Check for
updates

Neutronics Perturbation Calculation
Method Study of Solid Breeder Tritium
Breeding Blanket for TBR
Enhancement

Shen Qu'*, Qixiang Cao’, Fengchao Zhao', Xueren Wang "%, Xuru Duan and Xiaoyu Wang'

"Southwestern Institute of Physics, Chengdu, China, 2Fusion Power System, San Diego, CA, United States

Tritium breeding blanket (TBB) is an essential component in a fusion reactor, which has
functions of tritium breeding, energy generation, and neutron shielding. Tritium breeding
ratio (TBR) is a key parameter to evaluate whether the TBB could produce enough tritium
to achieve the tritium self-sufficiency (TBR >1) for fusion reactor. Current codes or software
are hard to meet the requirements of high efficiency, high resolution, and high automation
for neutronic optimization of TBB. In this article, the application of the density perturbation
calculation on a solid breeder TBB was first performed. Then, the method of the geometry
perturbation calculation based on the virtual density theory was studied. Results and
comparison analysis indicate that the 1st + 2nd-order neutronic perturbation calculations
(including the density perturbation and the geometry perturbation) results are consistent
with the transport results under a perturbation of —15% to +15%. It is proven to be valid to
use the perturbation calculation for rapid TBR enhancement study of the solid
breeder TBB.

Keywords: neutronics, HCCB TBB, TBR, perturbation calculation, virtual density theory

INTRODUCTION

The tritium breeding blanket (TBB) is an essential component to achieve the trititum production,
energy generation, and extraction in the fusion reactor. The solid breeder TBB is an important
alternative for a demonstration fusion reactor (DEMO) or a fusion power plant. The tritium self-
sufficiency is a significant goal, and the tritium breeding ratio (TBR) is a key parameter to evaluate
whether the TBB can produce enough tritium to achieve the tritium self-sufficiency for fusion
reactor, which could be calculated as follows: (Wan et al., 2017; Zhuang et al., 2019).

J’J’ IiNﬁLio'bLi(n)a)<?,E) + N7Li07Li(n,u)(?’ E)] . (p(?, E,t)dEd?

TBR
S plasma

(1)

N¢, and N7, are the atom densities of 6Li and 7Li separately, 0%, and o7, are the cross sections of (1,
T) reaction of 6Li and 7Li separately, O(r, E, t) is the neutron flux distribution, Syjasma is the
generation rate of fusion neutron in plasma. In brief, TBR represents the average atom number of
tritium produced in TBB for every fusion neutron consumed.

However, the TBR of the fusion reactor will be impacted by a number of factors, including the
geometries (the opening ports to install the corresponding heating and diagnostic equipment [Cao
et al, 2021], and a heterogeneous model of the blanket [Qu et al., 2020]), materials (type, density,
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FIGURE 1 | CAD model of the CFETR HCCB blanket typical module.

enrichment), nuclear libraries (uncertainty), and neutron
transport codes (uncertainty). Meanwhile, the tritium losses
occur during the fuel cycle because of the tritium decay,
leakage, extraction, and retention, which is a considerable
challenge to the tritium self-sufficiency. Therefore, a higher
TBR is needed. Taking the above facts into account, the TBR
design goal of a fusion reactor is set as 1.15 (Fischer et al., 2005).

Consequently, neutronic optimization study toward the solid
breeder TBB is imperative in blanket design, which is a process to
enhance the TBR (by means of density and geometric
adjustments) as much as possible on the basis of engineering
feasibilities (Qu et al., 2021). The current neutronic optimization
methods are based on multiple neutronic transport calculation.
Monte-Carlo codes MCNP-4C based on FENDL-3.2 are selected
for the neutronic transport calculation and optimization for the
solid breeder TBB (Forster and Godfrey, 1985). However, the
following concerns will be arisen:

(1) As for the neutronic optimization for a typical solid
breeder TBB module, multiple neutronic transport calculation
will lead to a considerable amount of computation and a low
efficiency. However, this method could not be adopted for the
neutronic optimization for the whole solid breeder TBBs of a
fusion reactor. (2) Small density or geometric adjustments will be
performed in the neutronic optimization, and there will be an
extremely little change for the TBR. This has the same order
magnitude with the standard deviation of Monte-Carlo codes. As
a response, accurate change results of TBR may not be obtained
through multiple neutronic transport calculation.

The above two concerns can be effectively avoided by using the
neutronic perturbation calculation instead. The variation of the
neutron flux can be obtained by solving the neutronic perturbation
equation based on the neutron flux before adjustments in the
condition that no significant distortion of the neutron flux
distribution occurs. Currently, the perturbation calculation is
widely used in the neutronic analysis and design of fission reactors.

In this article, the verification of the density perturbation
calculation on the solid breeder TBB was first performed.
Then, the method of the geometry perturbation calculation

Perturbation Calculation on HCCB TBB

TABLE 1 | The initial radial dimensions of the blanket module.

Structure Radial length/cm Structure Radial length/cm
FW 25 CP-5 1.0
LisSiO4-1 1.7 Be-3 11.0
CP-1 1.0 CP-6 1.0
Be-1 5.0 Li,SiO4-4 5.5
CP-2 1.0 CP-7 1.0
LisSiO4-2 22 Be-4 6.0
CP-3 1.0 CP-8 1.0
Be-2 8.0 Li,SiO4-5 6.0
CP-4 1.0 Manifold 14.0
Li4Si04-3 3.1 Back plate 7.0

FW

LisSiOs
pebble bed
Be pebble
bed
Coolant 5
plate
Manifold
Back Plate
FIGURE 2 | 3D neutronic model of the HCCB TBB (Qu et al., 2020).

was studied and verified. The work can provide a solid
foundation for the rapid neutronic optimization of the solid
breeder TBB.

NEUTRONICS MODEL

A helium-cooled ceramic breeder (HCCB) TBB typical module
based on the latest design of China Fusion Engineering Test
Reactor (CFETR) HCCB blanket (Wang et al., 2019; Qu et al,,
2020) (shown as Figure 1) was selected for the neutronic analysis
and the verification of the density perturbation calculation. The
toroidal width and poloidal length of the blanket module are both
120 cm, and the radial thickness is 80 cm (2.5 cm for first wall
(FW), 56.5 cm for breeding zone, 14 cm for manifold, and 7 cm
for back plate). The tungsten armor with 3 mm in radial before
the FW is omitted in this article. The poloidal length of caps is the
same as that of the FW thickness.

CLF-1 steel was selected as the structure material, Li,SiO, (the
enrichment of 6Li is 90%) as the tritium breeder, and beryllium as
the neutron multiplier in the pebble bed regions. The packing
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Be

> [ <

OO 222 e

Fowwwy Neutron Multiplier

D\

— ILI'JSIOJ
2

2
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geometry adjustment.

fractions for the Li,SiO,4 and Be pebble beds were assumed to be
62% and 80%, respectively. The whole breeding zone was divided
into nine regions in radial: five regions for the tritium breeding,
four regions for the neutron multiplication, and there are eight
cooling plates (CPs), which provide cooling function and
structural support for the blanket box. The initial radial
dimensions of the blanket module are summarized in Table 1.
Based on the HCCB CAD model, the homogeneous neutronic
model was produced for 3D transport calculation, shown as
Figure 2. In the homogeneous model, different materials of
the breeding blanket were mixed according to their volume
fractions in each functional region. Reflecting boundaries were
applied, including both the toroidal and poloidal directions. In
radial direction, reflecting boundary was also adopted in the
surface near plasma, and free boundary was adopted in the outer
surface of the back plate. A general neutron source of a Gaussian
fusion energy spectrum was added in the front of the FW.

METHODS

Perturbation Theory
The perturbation theory could be adopted for the cases that there
is no obvious change of neutron flux distribution for a specific

neutronic system before and after a perturbation. Based on the
neutron flux distribution before the perturbation, the
neutron flux distribution after the perturbation could be
obtained by solving the neutron adjoined equation (shown
as Eq. 2).

1 0¢" . .
—;g—Qng +Z¢

- jdE’JZS (rE,Q— E, Q)¢ (r, E, Q',t)dY,
0

o
Y (r, E « / N gl o ) ,
:%J’dij(E)(p (r’E>Q,t)dQ, )
0 ps

@ fnlowast(r, E, t) is the adjoined neutron flux which is the
distribution of neutron value.

The perturbation calculation has been widely used in reactor
physics calculation for fission reactors, including the core
Doppler  coefficient  calculation, the differential value
calculation of control rods, coolant cavitation value
calculation, and so on. The type of perturbation includes
density perturbation, cross-section perturbation, temperature
perturbation, and so on.
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FIGURE 5 | Layout of the HCCB TBB typical module.

TABLE 2 | Details of the three cases for the neutronic perturbation calculation.

Case Region of perturbation Material Type of perturbation
1 Tritium breeding region LisSiO4 Density
2 Neutron multiplier region Be Density
3 Cooling plates region CLF-1 Density

The perturbation theory could also be put to use for the rapid
calculation of neutron flux distribution of the solid breeder TBB
of fusion reactors. As for a density perturbation, the TBR could be
rapidly calculated through Eq. 1 based on the perturbation
calculation. As for a geometric perturbation, the TBR could be
rapidly calculated through the following flowchart (shown as
Figure 3).

Virtual Density Theory

The density perturbation calculation for the change of the TBR on
the TBB was verified. Comprehensively, the study for the
geometry perturbation calculation for the change of the TBR
on the TBB based on the virtual density theory could be
performed (Hess et al., 1998).

According to the expression for isotropic deformation
calculation based on the virtual density theory, the equivalent
coefficient can be calculated as follows:

N, -N,;
&= =
Ny

KakiN1 — Ny
N,

= ka1 — 1. (3)

¢ is the equivalent coefficient of a specific kind of material that
indicates the rate of change of atom density (shown as the
following formula); N; is the atom density before the
deformation, and N, is the equivalent atom density; x, is the
density change coefficient; «; is the linear scale change coefficient;
Oy and §,, are the variation of the atom density and mass density
of the specific material, separately.

N %

N (@)

According to the isotropic expansion case of a sphere, the
density change coefficient and the linear scale change coefficient
are expressed as follows:

1

-7
K= f,

Kd

(5)
(6)
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fis the change coefficient of radium. If f= 1.01, the radium will be
increased by 1%. Thus, the equivalent coefficient of an isotropic
expansion case can be calculated as follows:

e=Kg—1=—-1. (7)

r
As for the geometry adjustment (radial expansion or
compression of each tritium breeder region or the neutron

multiplier region for the HCCB TBB) of the TBB for the
neutronic optimization, it is not an isotropic deformation case
but an anisotropic deformation one.

In this article, the CFETR HCCB TBB typical module with a
sandwich-like breeder zone was also selected for the geometry
perturbation method study. According to Figure 1, both the
tritium breeder regions and neutron multiplier regions are
rectangular solids, which can be described with the radial
thickness, toroidal width, and poloidal length. The toroidal
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width and poloidal length keep as constant during the neutronic
optimization and the geometry adjustment for the neutronic
optimization can be regarded as the radial expansion or
compression case. In this case, there will be a change for the
radial thickness (x;=f) and the density change (x;=1/f) in a
specific region, so the radial equivalent coefficient can be
calculated as follows:

f

& ==-1=0.

f

Meanwhile, there is no change in the toroidal width and the
poloidal length (d, = 1) and a reduction in the density (x;= 1/f);

(8)

Perturbation Calculation on HCCB TBB

consequently, the toroidal and poloidal equivalent coefficient can
be calculated as follows:
& =€, = ! 1
t P f
Figure 4 shows the local layout of the HCCB TBB before and
after the geometric adjustment. The local layout model consists of
the tritium breeder regions, CPs, and neutron multiplier regions.
The total radial thickness of the local layout model is assumed to
be constant during the geometry adjustment. According to the
local layout, I°* is the radial thickness of the CP, which is also be
assumed to be a constant during the neutronic optimization.
1,1445104 31 d 1,1145104 gre the radial thickness of the tritium breeder
region before and after the geometry adjustment, separately, and
Al is the increment of the tritium breeding region.
Correspondingly, 1,*® and L, are the radial thickness of the
neutron multiplier region before and after the geometry
adjustment, separately, and Al is the decrement of the Be
region. p;"*¥9* and p,®* are the densities of the tritium
breeder region and the neutron multiplier region before the
geometry adjustment separately, and p,"**°* and p,®® are the
densities of the tritium breeder region and the neutron multiplier
region after the geometry adjustment. The equivalent coefficients
of the tritium breeder region and the neutron multiplier region
can be calculated as follows:

©)

e -Al
LigSiOy _ — _ 1= —— . 10
¢ T SO (10)
1 Al
B — 1= (11)
F T Al

The equivalent density change of these two regions can be
calculated as follows:
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TABLE 3 | Radial geometry adjustment of each region of the HCCB TBB typical module for each case.

Case Radial adjustment of each tritium breeder/cm Radial adjustment of each neutron multiplier/cm
Li-1 Li-2 Li-3 Li-4 Li-5 Be-1 Be-2 Be-3 Be-4
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 +0.05 +0.05 +0.05 +0.05 +0.05 -0.05 -0.05 -0.05 -0.10
2 +0.10 +0.10 +0.10 +0.10 +0.10 -0.10 -0.10 -0.10 -0.20
3 +0.15 +0.15 +0.15 +0.15 +0.15 -0.15 -0.15 -0.15 -0.30
4 +0.20 +0.20 +0.20 +0.20 +0.20 -0.20 -0.20 -0.20 -0.40
5 +0.25 +0.25 +0.25 +0.25 +0.25 -0.25 -0.25 -0.25 -0.50
TABLE 4 | Equivalent mass densities of each region under each case.
Case Equivalent mass densities of each tritium breeder region and neutron multiplier region/g-cm=
Li-1 Li-2 Li-3 Li-4 Li-5 Be-1 Be-2 Be-3 Be-4
0 1.361 1.361 1.361 1.361 1.361 1.472 1.472 1.472 1.472
1 1.322 1.331 1.339 1.349 1.350 1.487 1.481 1.479 1.497
2 1.285 1.302 1.318 1.337 1.339 1.502 1.491 1.486 1.523
3 1.251 1.274 1.298 1.325 1.328 1.518 1.500 1.492 1.549
4 1.218 1.247 1.278 1.313 1.317 1.533 1.510 1.499 1.577
5 1.186 1.222 1.259 1.302 1.306 1.549 1.519 1.506 1.606
TABLE 5 | Variation of the neutron flux of each tritium breeding region calculated by each method of each case.
Case Method A (ref) Method B
Neutron flux/10'>n.cm=2.s™* Neutron flux/10'>n.cm=2.s™' Relative deviation/%
Li-1 Li-2 Li-3 Li-4 Li-5 Li-1 Li-2 Li-3 Li-4 Li-5 Li-1 Li-2 Li-3 Li-4 Li-5
1 597 355 139 31.2 9.82 601 358 141 31.3 9.81 0.67 0.84 1.42 0.32 -0.10
2 593 351 138 31 9.83 598 356 140 31.1 9.79 0.84 1.40 1.43 0.32 -0.41
3 587 350 138 30.7 9.97 593 354 140 30.8 9.91 1.01 1.13 1.43 0.32 -0.61
4 583 348 137 30.6 10 590 352 138 30.8 10.05 1.19 1.14 0.72 0.65 0.50
5 579 346 136 30.6 10 589 351 138 30.7 9.97 1.70 1.42 1.45 0.33 -0.30
LisSiO LisSiO. . _ ;
5 eSO _ —Al . pLisSis _ —Al . phisSios (12) (=12 ... mn), se}.)aratt.ely. After the geometry ad]ustment., the
P JLS04 A JLusio change of the radial thickness and the change of the density of
Al oBe AL o each tritium breeder region are AL"*5°* and Ap;"*5°* (i=1,2. ..
8p% = lBe—pll = le 1 (13)  m), individually. The change of the radial thickness and the
r-A 2 change of the density of each neutron multiplier region are AljBe
s Be /. _ . .
L4SI04 g Be o e equivalent coefficients of the tritium and Ap;™ (j=12... n): The total radial thickness of the breefier
breeder region and the neutron multiplier region,  Z00e of the TBB remains unchanged (shown as the following

respectively. dp"*$'9* and §p°¢ are the equivalent density

change of the tritium breeder region and the neutron
multiplier, individually.

Then, the conclusions are made from the local layout model to
the HCCB TBB typical model, which can be shown as Figure 5.

In the HCCB TBB typical module with the sandwich-like
breeder zone, there are m tritium breeder regions, n neutron
multiplier regions, and k CPs (k=m + n—1). Before the
geometry adjustment, the radial thickness and the density of
each tritium breeder region are expressed by L**°* and p;11*19*
(i=12 ... m), respectively. The radial thickness and the density
of each neutron multiplier region are defined as ljBe and ije

equation).

DAL L N AL < 0, (14)
i=1 j=1

Based on the conclusions above, the equivalent coefficients
and equivalent change of the density of each tritium breeder
region and neutron multiplier region can be calculated as
follows:

_AlLi4SiO4
LigSiOy _ i i — ...
Si 45104 _ l;i4SiO4 N Al;i4sio4 (l = 1,2 m), (15)
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TABLE 6 | Variation of the neutron flux of each neutron multiplier region calculated by each method of each case.

Case Method A (ref) Method B
Neutron flux/10'2n.cm™2.s™' Neutron flux/10'2n . cm™2.s™! Relative deviation/%
Be-1 Be-2 Be-3 Be-4 Be-1 Be-2 Be-3 Be-4 Be-1 Be-2 Be-3 Be-4
1 540 312 117 23.8 544 313 118 23.6 0.74 0.32 0.85 -0.84
2 535 311 116 23.6 540 314 117 23.6 0.93 0.96 0.86 0.00
3 530 310 116 23.5 535 312 118 23.5 0.94 0.65 1.72 0.00
4 526 306 114 23.4 531 309 115 235 0.95 0.98 0.88 0.43
5 523 306 114 23.4 530 309 115 23.4 1.34 0.98 0.88 0.00
TABLE 7 | Variation of the TBR calculated by each method of each case.
Case Method A Method B Method C
TBR (references) TBR Relative deviation/% TBR Relative deviation/%
1 1.3166 1.3181 0.11 1.3182 0.12
2 1.3152 1.3177 0.19 1.3178 0.20
3 1.3144 1.3182 0.29 1.3185 0.31
4 1.3104 1.3158 0.41 1.3157 0.40
5 1.3102 1.3169 0.51 1.317 0.52
Be —Al?e ) MCNP-4C calculation. In this way, the Monte-Carlo
& T By AP (j=12-n) (16) relative deviation could reduce to ~0.01%. Therefore, the
o change of TBB neutronics performances were large enough
) _AZL14SIO4 ) L14SzO4 i .
6PL14SiO4 _ i i (i=1,2m) (17) (an order of magnitude larger) compared with the standard
i LiSiO LisSiO, > > . .
' [ g AL deviation of MCNP-4C code, and the perturbation problem
—Alfe - pP could be verified using the MC method.
Be _ i . .
;o= TBe 4 A (j=12"n). (18) Analysis toward the above results indicates that the 1st + 2nd
/ / order of the neutronic perturbation calculation results (including
TBR and nuclear heat) is consistent with the transport results
under a density perturbation of -15% to +15% under each case
(with a relative bias <0.2%). Meanwhile, the neutronic
VERIFICATION perturbation calculation is much faster than the transport

Density Perturbation

The neutronic perturbation calculation for the change of the TBR
and nuclear heat of each part on the TBB of three cases was
performed, and the details of the three cases are listed in Table 2
(Mckinney and Iverson, 1996; Schnabel et al., 2021). Ten percent
is selected for the interval of density perturbation (5% is selected
for the TBR comparison under case 1).

Two kinds of the results were calculated for comparison: the
transport results, and the 1st + 2nd order of the neutronic
perturbation results. The TBR comparison of the HCCB TBB
of cases 1, 2, and 3 are shown as Figure 6. The nuclear heat
comparison (F6 tally results are compared) is shown as
Figure 7. The curve of relative bias is also shown in each
figure (in red). Regions of each relative bias band are marked
with different colors. The variation of TBR and F6 calculated
by transport code and perturbation method under each case
is shown as Figure 8 and Figure 9 individually. The MC
transport results were regarded as the reference. In this
article, 1E7 particles are simulated, and some variance
reduction techniques (such as weight windows, forced
collision, energy splitting, and roulette) are used in the

calculation (the efficiency could be improved by more than
100 times conservative estimating). Therefore, the
perturbation calculation can be a substitute for the transport
calculation, which will be a better choice for the rapid neutronic
optimization for the TBB.

in

Geometric Perturbation
The CFETR HCCB TBB typical module was chosen for the
verification of the geometry perturbation calculation.
Geometry adjustments toward the CFETR HCCB TBB of
five cases were performed, and the radial adjustment of
each region of the HCCB TBB typical module of each case
are listed in Table 3. Case 0 is the initial scheme of the CFETR
HCCB TBB, which the radial lengths of each region can be
found in Table 1. The maximum geometry adjustment of all
regions is less than 15% (case 5 in Li-1 region). According to
the virtual density theory, the equivalent mass densities of
each tritium breeder region and neutron multiplier region
can be summarized in Table 4.

Three methods (methods A, B, and C) were used for the
neutronic calculation for the HCCB TBB. The model with the
geometry adjustment (shown in Table 3) of each case was
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adopted, and 3D neutronic transport calculation was performed
in method A; 3D neutronic transport calculation based on the
model with the equivalent density adjustment (shown in Table 4)
of each case was made in method B; 3D neutronic transport
calculation of the initial scheme was performed, and
perturbation calculation (the 1st + 2nd order) based on the
virtual density theory of each case was made in model C. The
neutron flux of each region calculated by methods A and B is
listed and compared in Table 5 (the tritium breeding region)
and Table 6 (the neutron multiplier region), separately.
According to the design parameters of CFETR phase II, a
fusion power of 1.5 GW was assumed, based on which a
neutron wall load of 1.69 MW/m® was adopted in the
calculations for a single TBB module (Cao et al., 2021).
The TBRs calculated by using the three methods are listed
in Table 7. The MCNP-4C code was adopted for the 3D
neutronic and perturbation calculation based on FENDL-3.2.
All the results calculated by method A are regarded as the
references. The analysis and conclusions can be portrayed as
follows:

(1) Relative deviations that the neutron flux of each region
and the TBR are listed in Tables 5, 6, 7, separately for
using methods A and B generally showing an increasing
trend as the radial geometry variation of each region
goes up.

(2) The closer the specific region is to plasma, the larger the
relative deviation of the neutron flux is.

(3) The maximum relative deviation of the neutron flux is less
than 1.5% in the vast majority of cases.

(4) The maximum relative deviation of the TBR between
methods A and B is less than or equal to 0.51%. However,
the deviation is no more than 0.2% in the case that the
perturbation rate is less than 15%, which showed a good
coincidence with the transport results and fully met the
requirements for TBB neutronics optimization. The TBR
calculated by method C is almost identical to that
obtained by method B, but it is much faster in terms of
efficiency.

Therefore, the geometry perturbation calculation can be
adopted for the solid breeder TBB of the fusion reactor for the
rapid neutronic optimization based on the virtual density
theory.
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