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1. Introduction

The conceptual design of the Generation-1V advanced
small reactor SALUS(Small, Advanced, Long-cycled
and Ultimate Safe SFR)[1] with a long-term reactor core
has been under development and it is based upon the
structural concept and design specifications of the
PGSFR[2, 3]. The preliminary structural design was
carried out and its structural integrity against the design
loads was confirmed to meet the long-term core and
thermal fluid requirements[4].

In this study, the structural integrity of SALUS reactor
internal structures subjected to normal operating
loadings was evaluated per ASME Code, Section IlI,
Division 5 (ASME Div.5) procedures. ASME Div.5[5]
provides several methods to evaluate high temperature
structural integrity, of which complexity and
conservatism differ. The structural integrity margins
according to these various evaluation procedures were
compared and analyzed.

2. Structural Analysis of SALUS Reactor Internal
Structures

The design of SALUS reactor internal structures has
been changed from those of PGSFR to improve the
structural integrity. A complex peanut-shaped redan
structure was changed to a simple cylindrical upper inner
vessel and a horizontal separation plate was changed to a
conical middle inner vessel as shown in Fig.1. Support
cylinders for main components such as Pump, IHX, and
DHX are welded upward to the middle inner vessel. The
core support structure has a skirt shape and is welded to
the lug installed on the core support flange of the lower
head of the reactor vessel, and the concept of the PGSFR
is applied as it is.

Structural analysis was performed for the SALUS
reactor internal structures with respect to the normal
operating loadings shown in Fig.2 and the weight of the
reactor structures and the pressure of sodium coolant
were applied as primary loadings. The structural integrity
assessment was carried out per ASME Div.5. The
number of heat-up and cool-down transients shown in
Fig.2 is assumed to be 39 during design life of 60 years.

Structural analysis model

ANSYS Version 2019[6] was used for a finite element
analysis to evaluate the structural analysis of the reactor
internal structures, and an analysis model was prepared
as a half symmetrical model considering the symmetry
of the structure. All the reactor internal structures are
made of Type 316 Stainless Steel and its material

properties are shown in Table 1. It is assumed that the
physical properties of the core shielding structure are the
same as that of the structural material Type 316SS, and
only the density is set to 70% of the Type 316SS.
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Fig.2 Level A Normal Operating Condition (1 cycle, Hot and
Cold Sodium Pools)

Table 1. Material properties of Type 316 Stainless steel

Thermal
Tem Thermal Expansion Specilic Elastic X
Density Poisson's

p. | Conductivity (Sequent) Heat Modulus

) (kg/m?) Ratio
() WAmT) | (m/m/T)=x10" | (/(kel)) (GPa)

5

20 14.1 153 4919 195 8030 0.31
100 15.4 16.2 5114 189 8030 031
200 16.8 17.0 525.7 183 8030 0.31
300 18.3 17.7 540.0 176 8030 0.31
400 19.7 18.1 552.5 169 8030 0.31
500 21.2 18.4 566.5 160 8030 0.31
600 22.6 18.8 574.4 151 8030 0.31

Fig.3 shows a finite element analysis model of the
reactor internal structures. The element used for the
analysis was Solid185 (3D 8-node structural solid)
element and the total number of elements and nodes are
105,076 and 153,169, respectively.
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Fig.3 Finite element model of reactor internal structures

Structural analysis result

Fig.4 shows the stress distribution as a result of
structural analysis of the reactor internal structures after
30 hours of heat-up loadings. As shown in Fig.4, the
structural integrity was evaluated by selecting 4 major
regions (Cut A ~ Cut D) showing the large stresses. As a
result of the evaluations, the structural integrity was
secured by satisfying the requirements of ASME Div.5
in all regions. Among them, the most interested section
Cut C, which is the junction area between the inner vessel
and the extended cylinder for a fuel transport port, was
selected to assess the margins of various evaluation
procedures in ASME Div.5.
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Fig.4 Stress intensity distribution of reactor internal structures

3. Margin Assessment for Structural Integrity of
SALUS Reactor Internal Structures

When evaluating the structural integrity of a reactor
structure, it is sufficient to satisfy the allowable stress
requirements and the fatigue damage requirement below
the temperature at which the structure does not undergo
creep damage. However, at high temperature condition
where creep occurs in a structure, the inelastic strain
requirements and creep-fatigue damage requirement that
occur during its lifetime should be additionally examined
following the ASME Div.5 procedures in addition to the
stress requirements.

Structural integrity assessment procedure in ASME
Div.5

In principle, when we apply ASME Div.5 to the design
and analysis of reactor internal structures, Subsection
HGA and HGB need to be applied. Particularly, HGB is
for the high temperature design and analysis of reactor
internal structures including core support structure, its
actual design rule is pretty similar to HBB though there
are some subtle differences and both HGB and HBB use
HBB-T when evaluating strain requirements and creep-
fatigue damage requirements. In this study, HBB and
HBB-T were considered for the purpose of comparative
analysis with consistency.

HBB-3223 in ASME Div.5 describes the stress
requirements for Level A loadings, which is similar to
ASME Section Ill, Subsection NB. In addition, the
creep-fatigue damage limit varies depending on the
metallic materials when creep damage and fatigue
damage occur at the same time, following the ASME
Div.5 HBB T-1400 procedure.

Typical and complicated requirement is the inelastic
strain requirements at high temperature conditions. The
average inelastic strain of 1% and the bending strain of
2% should be satisfied during its lifetime. HBB T-1320
presents 3 procedures for satisfaction of strain limits
using elastic analysis; Test A-1, A-2, and A-3. If one of
the requirements of Test A-1, A-2, and A-3 is satisfied,
it is determined that the strain requirement is satisfied. In
addition, HBB T-1332 presents 2 procedures for
satisfaction of strain limits using simplified inelastic
analysis; Test B-1 and B-2, and if one of these is satisfied,
it is determined that the strain requirement is satisfied.

The finite element analysis results for Cut C of reactor
internal structure were applied to above 5 procedures
(Test A-1, A-2, A-3, B-1, and B-2), and corresponding
structural integrity margins were compared and analyzed.
The key contents of those evaluation procedures are
briefly described as follows:

* HBB-T-1322 Test No. A-1
X+Y <S,/S,

where X is the primary stress index and Y is the
secondary stress index.

* HBB-T-1323 Test No. A-2
X+Y <1

* HBB-T-1324 Test No. A-3
ti
(a) :g:;;;; <0.1,
(b) & <0.2%
2

(¢) 35, = 1.55,, + Sy
« HBB-T-1332 Test Nos. B-1 and B-2

HBB-T-1332 provides a process of directly obtaining the
inelastic strains over its lifetime by using an isochronous
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stress-strain curve and comparing it with the allowable
values. The most important step in the procedure for
evaluating the inelastic strains is to calculate the effective
creep stress o, as shown in the following equation.

O-CZZ'SyL

Here, Z is the effective creep stress parameter to be
obtained by applying X and Y values to the Figure HBB-
T-1332-1 (Test B-1) or Figure HBB-T-1332-2 (Test B-
2). The total inelastic strain (called as creep ratcheting
strain) was obtained by using the isochronous stress-
strain curves of Figure HBB-T-1800 by applying 1.250,.

Structural integrity margin assessment

The structural integrity was evaluated for the reactor
internal structures according to the ASME Div.5 by
applying finite element analysis results.

Table 2 shows that the design margins for both inner
and outer surfaces of Cut C region in the inner vessel
subjected to a normal heat-up and cool-down loadings.
Stress intensity values and creep-fatigue damage values
satisfies the allowable values with sufficient margins.

Table 2. Structural integrity assessment (stress and creep-fatig
ue damage)

Temp(°C) E"al'g::"’" Ci’}g:ﬂ:‘fd Allowable Values | Margin (%) | Code and Standard

0.831E+01(MPa) 0.108E+03(MPa) 1200
ASME Sec.Ill Div.5
PP, 0.759E+01(MPa) 0.162E+03(MPa) 2030 HBB-3223

200/ 0.761E+01(MPa) 0.139E+03(MPa) 1730

PLPYK

Inner 4499
faove - pe1oe08 <03
ey 0,684E-03 <03 )
Damage
(G p,  OB32E+01(MPa) 0.110E+03MPa) 1220
p+p, OI21E+020MPa) 016SE+03(MPa) 1260  ASME SeclllDiv5
HBB-3223
200/
uor by PUPYKL QADIEXO2(MPE) Q14IEO3MPE) 1210
faowe g 163E.05 <03
Gz 0.106E+00 <03 :

Damage

Table 3 shows the comparison of design margins for
strain requirements with respect to various evaluation
procedures such as Test A-1, A-2, A-3, B-1, and B-2. As
can be seen from the previous explanation, Test A-1 and
A-2 procedures are the simplest and easiest to apply, but
as shown in Table 3, the margin was the least compared
to Test A-3, B-1, and B-2 procedures. Even the outer
surface of Cut C was found to be not satisfied with
structural integrity because of its excessive conservatism.
Test B-1 and B-2 showed the same result with infinite
margin instead of complicated application procedures,
confirming that it is the least conservative evaluation
method.

It can be summarized as follows from the result of this
study.

* The order of simplicity of the application procedure is

Test A-1/A-2 > Test A-3 > Test B-1/B-2.
* The order of conservatism of evaluation result is
Test A-1/A-2 > Test A-3 > Test B-1/B-2.

Table 3. Structural integrity assessment (inelastic strains)

Temp( C) E"a"'g:}“’" C?};:ﬂ:‘:’d Allowable Values Code and Standard

ASME Sec Il Div.5
059842 HBB (Test A-1)
ASME Sec. Il Div.5
X+Y 0.59842 1.0 671 HBB (Test A-2)

asm 0729E+02(MPa) 0.363E+03(MPa) 398

200/ hemal stess () 790E+02(MPa) 0.176E+04(MPa) 231

Inner 4499 Ratchet ASME Sec Il Div.5

vrsquTiny 0.322E-05 01 3.41E+06 ~ HBB(TestA3)
Cop s O.000E*00(%)  0.200E+00(%)  Infinity
- ASME Sec Il Div.5
cresp Ratnetny 0 000E+00(%) 1.0 (%) mfinky  “LEE Creat Bty
- ASME Sec Il Div.5
creep Fatcetna 0 000E+00(%) 1.0 (%) infiity LB (rest B.2)
v e e x AMESclons
X+y 13406 10 2 | AME (S_I‘?:s‘t‘ ‘AD;‘; 2
sn  O.170E+03(MPa) 0.366E+03(MPa) 115
Ovor g0 TR ONOEOMPa) OATSEROAMPR) 953
217 ursunm 0.409E-55 0.1 2ME+56 ' |ipp (TestA3)
ceepsran  O000E+00(%)  0.200E+00(%)  Infinity
ASME Sec Il Div.5
Cresp Ratetng 0 00OE-+00(%) 1.0(%) infinty "1 Taot B)
ASME Sec Il Div.5
cr Ratchet 0 0
roep Rlcteing 0, 000E+00(%) 1.0(%) ifinty "5 (Taot B2)

4. Results and Discussion

In this study, the high temperature structural integrity
of SALUS reactor internal structures subjected to normal
operating loadings was evaluated per various procedures
in ASME Di.5. As a result of the evaluations, the
structural integrity was secured by satisfying the
requirements of ASME Div.5 in all regions. Among them,
interested section (Cut C) was selected to assess the
margins of various evaluation procedures for inelastic
strain requirements of ASME Div.5. The result of this
study indicates that the order of simplicity of the
application procedure is (Test A-1/A-2 > Test A-3 >
Test B-1/B-2) and the order of conservatism of
evaluation result is (Test A-1/A-2 > Test A-3 > Test B-
1/B-2). And it is recommended to use Test B-1 or B-2
procedures for structural integrity assessment since they
have the lowest conservatism.
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