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1. Introduction

The reactor vessel of PGSFR(Prototype Gen-1V
Sodium Fast Reactor) is the container for the primary
sodium and the support for the reactor internal structures.
The reactor vessel bottom head provides the support
flange for the core support structure. The vessel should
carries the weight of reactor internal structures and core
transferred to the core support flange through the core
support structure. The vessel also carries those loads of
contained primary sodium, and its own weight in tension
up to its integral connection with the reactor support
structure. During normal and abnormal conditions, the
reactor vessel is subjected to an elevated temperature
higher than 425 °C that can cause creep damage for Type
316 stainless steel. Therefore ASME Boiler and Pressure
Vessel Code, Section Ill Division 5 is applicable for
elevated temperature design.

The RES(Reactor enclosure system) including reactor
vessel, containment vessel, reactor head and reactor
support structure shall be designed to withstand all of the
pressures, temperatures and forces which are likely to be
imposed on them. Especially, reactor vessel containing
elevated temperature sodium coolant suffers a rapid
temperature gradient in the upper cover gas region. This
causes high thermal stress at the upper region of reactor
vessel, and therefore a design for reduction of thermal
stress is indispensable. In this paper, a design for
mitigating the thermal stress of RES was presented. And
the structural integrity of RES was verified in case of
design condition and service level A of ASME Boiler and
Pressure Vessel Code, Section I11-Subsection NH [1].

2. Finite element analysis
2.1. Design modification

In the case of past design of reactor vessel, excessive
thermal stress was occured at the upper end of reactor
vessel due to rapid temperature decrease of short cover
gas section and high rigidity of reactor supports. To solve
this problem, a method to lower the sodium free surface
level to 1.5m was proposed. And a design for lowering
the stiffness of the reactor supports was also proposed as
shown in Fig. 1.

2.2. Geometry

The height and thickness of RV are 15.574 m and 50
mm, respectively. The shape of bottom head is
torispherical type. And there are no penetration and
attachment. The front view of RV is given in Fig. 2.

2.3. FE analysis

To perform FE(Finite Element) analysis of RV,
axisymmetric FE model of RES was modeled as shown
in Fig. 3.

FE analysis was performed by using ANSYS 15.0 and
PLANE183(8-Node Structural Plane element)element
and PLANE77(8-Node Thermal Plane element)element
were used for structural and thermal analysis,
respectively [2].

A total of four primary loads were considered as Table
I, and the stress distribution for each load case was shown
in Fig. 4. As can be seen from the results in Fig. 4, the
stress due to the weight of reactor internal structure and
fuel assembly was the highest at 64.4 MPa and occurred
on the internal support flange.

During steady state operation, the temperature of the
reactor vessel rose to 518 °C near the cold-pool free
surface level as shown in Fig. 5(a). In this case, the
thermal stress distribution was shown in Fig. 5(b) and the
maximum stress was calculated as 326 MPa above the
reactor support.
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Fig. 1. Design modification of reactor vessel support structure
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Fig. 2. Front view of the reactor vessel
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Table | : Primary load cases applied to reactor vessel

Load case Load

1 Weight of reactor vessel

Weight of both components supported by

2 reactor head and 2" sodium

3 Weight of reactor internal structure and fuel
assembly

4 Hydrostatic pressure of sodium coolant
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Fig. 3. FE model of reactor enclosure system
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Fig. 4. FE analysis result of primary load
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(a) Temperature distribution (b) Thermal stress distribution

Fig. 5. FE analysis result of thermal load
3. Structural integrity evaluation

Structural integrity evaluation according to ASME
Boiler and Pressure Vessel Code, Section I11-Subsection
NH was performed for 5 sections which were selected as
high structural and thermal stress points as shown in Fig.
6.

Linearized primary stresses for design condition were
given in Table Il. And linearized primary and thermal
stresses for service level A were given in Table 11l and
Table 1V, respectively.

From the evaluation results of design condition given
in Table V, the minimum design margin which was
defined in equation (1) was evaluated as 0.42 at bottom
head connecting point. In case of service level A, the
minimum design margin was evaluated as 0.27 at upper
part of reactor support structure.

Allowable Stress (1)

Design margin = ——————1
Calculated Stress

Sec.2 n11106-n10984
Sec.1 n6256-n6292 —

—— Sec.3 n6682-n7387

Sec.4 n9274-n9337

Sec.5 n9511-n9625
Fig. 6. Structural integrity evaluation sections
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Table II: Linearized primary stress for design condition
mmmmm

5326+05 7676:06  200E+07  152E+06
6256 Pb 1.236+06 2236407 4186406 -214E+06 5650
a Pp 420E+05 118E+06  968E+05  797E+05
Pm 5326405 7676406 200E+07  152E+06
6292 Pb -1236+06 2236407 418E+06 214E406 565.0
Pp -630E+05 680E+05  -L20E+06  474E+05
Pm -481E+06 5866406 BAZE+06  297E+06
11106 Pb -6.58E+06 6026+07  -190E+07 1336407 2630
a Pp 101E+07 924E+06  262E+06  247E+06
Pm -481E+06 5866406 BAZE+06  297E+06
10984 Pb 6.58E+06 6.02E+07 190E+07  -133E+07 2630
Pp -4.266+06 153406 -533E+06  347E+06
Pm 4208401 793406 997E+04  -393E+02
6682 Pb -9.65E+03 136E+05 261E+04  -3.08E+02 565.0
g Pp -281E+03 6136403 -622E+03  497E+0L
Pm 4208401 793406 997E+04  -393E+02
7381 Pb 9.65E+03 L36E+05 261404 3.08E+02 565.0
Pp 2716+03 619E+03  G31E+03  224E+02
Pm 6.286+06 SO7E+06  -4G4E+07  539E+06
9274 Pb 150E+07 136E+07 501E+06 164E+07 565.0
a Pp -B77E+05 582E+05  -L22E+06  -417E+04
Pm 6.286+06 SO7E+06  -4G4E+07  539E+06
9337 Pb -1508+07 -L36E+07  -501E+06  -LG4E+07 565.0
Pp 1576+06 1076406 165E+06  743E+05
Pm 2196407 760E+06  291E+07  680E+06
9511 Pb -4.14E+07 -LISE+07  -968E+06  -L1SE+07 565.0
5 Pp -L16E+06 9BIE+05  SO3E+06  -4SSE+05
Pm 219E+07 760E+06  291E+07  G80E+06
9625 Pb 414407 L15E+07 9.68E+06 115€+07 565.0
Pp -184E+06 4026406 -632E+05  -259E+05

Table I11: Linearized primary stress for service level A
mmwmmmm

532E405 7676+06  200E+07  152E+06
6256 Pb 123£+06 223E+07 4186406 -214E+06 At
a Pp 4206405 1186+06  968E+05  7.97E+05
Pm 5326405 T67E+06 200407 LS52E+06
6292 b -123E+06 223407 418E+06 214£+06 21335
Pp ~6.306+05 680E+05  -120E+06  474E+05
Pm -481E+06 -5.86E406 842E406  297E+06
11106 b -6.58E+06 -602E+07  -190E+07 1336407 10094
2 Pp 101E+07 924E+06 2626406 247E+06
Pm -481E+06 -586E+06 842406 297E+06
10984 b 6.58E+06 6.02E+07 190E+07  -133E+07 10018
Pp -4266+06 153E406 5336406 347E+06
Pm -420E+01 7936+06  997E+04 3936402
6682 b -9.65E+03 136E+05 261E+04  -308E+02 51875
3 Pp -281E+03 6136403 -6226+03  A97E+01
Pm -4208+01 7936+06  997E+04  -393E+02
7381 b 9.65E+03 LIGE+0S  -261E+04 3.08E+02 51091
Pp 271E+03 6.19E+03 631E+03 224402
Pm 6286406 SO76+06  -464E+07  5.39E+06
9274 b 150E+07 136E+07 5.01€+06 164E+07 38999
3 Pp -BTTE+05 582E405  -122E406  -417E+04
Pm 6.286+06 S076+06  -464E+07  5.39E+06
9337 L] -150E+07 -136E+07  -SO1E+06  -L64E+07 38971
Pp 157E+06 1076+06  165E+06 7436405
Pm 2196407 760E+06  291E+07  680E+06
9511 Pb -414E+07 -115E+07 -968E+06  -115E+07 38999
5 Pp -1166+06 -9BIE+05  503E+06  -455E+05
Pm 2196407 760E+06 2916407 680E+06
9625 b 414E+07 115E+07 9.68E+06 1156407 3897
Pp -184E+06 4026+06  -6326+05  -259E+05

Table IV: Linearized thermal stress for service level A
mmmmm

-430E+06 TTIE+05  -L44E+08  -129E+07
6256 Qb 143407 220€+08 3.89E+07 181E+07 AL
A Q@ -4.44E+06 -LISE+07  -963E+06  -5326+06
Qm -430E+06 TTIE+05  -144E+08  -129E+07
6292 Qb 1436+07 220E+08  -389E+07  -181E+07 21335
Q@ 6.626+06 7866406 1236407 -377E+06
Qm ~L60E+07 258406 TO1E+07 5736406
11106 Qb -270E+07 -262E+08 -839E+07 5.56E+07 10094
2 Q® 3.90E+07 3176407 LI7E+07 1106407
Qm -L60E+07 258406 TO1E+07 5736406
10984 Qb 270E+07 262E+08 839E+07  -5.56E+07 10018
Qp -200E+07 1236407 2276407 154E+07
Qm -195E+06 -254E+06 -487E+07  -685E+05
6682 Qb -5.14E+06 STAEHO7 274407 8.58E+05 51875
3 Qe 5266406 163406 -374E+06 2006405
Qm -195E+06 254406 -A87E+07  -685E+05
7387 Qb 5.14E+06 574E+07 274E+07  -B58E+05 51091
Qe -254E+06 344406 5426406 193E+04
Qm 3546403 429E+03  168E+03  -221E+02
9274 Qb -5.66E+05 5.29E+05  799E+05  -2.38E+05 389.99
a Q@ -5976+04 6176404 -400E+04  163E+04
Qm 3546403 429E+03  168E+03  -221E+02
9337 Qb 5.66E+05 5.29E+05 7.99E+05 238E+05 38971
@ 6.78E+04 720E+04  399E+04  -340E+04
Qm -1366+03 2936404 -L39E+05  LG0E+04
9511 Qb -0.42E+05 329E+05  -814E+05  -L3GE+05 38999
5 Q@ -9.656+04 LI8E+05  TS2E04  229E+04
Qm -1366+03 2936404 -L39E+05  L60E+04
9625 Qb 942E+05 329405 8.14E+05 136E+05 3897
@ 1516+03 SO1E+04  261E+03  -351E+02

Table V: Evaluation results for design condition

19.78 814 312

6256 ASME Seclll Div.5-HBB
1 (PL+Pb) 3047 1550 = 1221 3.01
Pm 19.78 So = 814 312

6292 565 ASME Seclll Div.5-HBB
(PL+Pb) 3153 1550 = 1221 287
Pm 16.77 So = 1230 633

11106 263 ASME Seclll Div.5-HBA
2 (PL+Pb) 63.62 1550 = 1844 190
Pm 16.77 So = 1230 633

10984 263 ASME Seclll Div.5-HBA
(PL+Pb) 56.48 150 = 1844 227
Pm 793 So = 814 9.26

6682 565 ASME Seclll Div.5-HBB
3 (PL+Pb) 8.08 150 = 1221 1412
Pm 793 So = 814 9.26

7387 565 ASME Seclll Div.5-HBB
(PL+Pb) 7.78 1550 = 1221 14.69
Pm 57.50 So = 814 042

9274 565 ASME Seclll Div.5-HBB
4 (PL+Pb) 8319 150 = 1221 047
Pm 57.50 So = 814 042

9337 565 ASME Seclll Div.5-HBB
(PL+Pb) 53.80 150 = 1221 127
Pm 3819 So = 814 113

9511 565 ASME SeclIl Div.5-HBB
5 (PL+Pb) 4342 155 = 1221 181
Pm 3819 So = 814 113

9625 565 ASME SeclIl Div.5-HBB
(PL+Pb) 69.77 155 = 1221 075

Table VI: Evaluation results for service level A

Pl+Pb+Pe+Q 2955 = 31
. 6256 Thermal Ratchetting 3240 y'Sy = 10731 231 YD | SESEMEEEEY
Pl+Pb+Pe+Q 2060 3Sm = 3956 092 .
6292 Thermal Ratchetting 2384 y'Sy = 10758 351 MRl e O e
PlPb+Pe+Q 3266 3m = 4140 027 !
o 8] et rcheting 25T M IS0 02 10094 ASME Seclll DivS-HBA
Pl+Pb+Pe+Q 3242 3m = 4140 028 ’
10988y etchating TR 28 10018 ASME Seclll DivS-HeA
Pm 79 Smt = 1021 1188
(PL+Pb) 81 Ksm = 1583 1860
(PL+Pb/KY) 80 st = 1021 116
UFS(ti/tim) 020 10 398
6682 (i g i Joy  SI875  ASME Secll DvS-HB
Inelastic strain(Elastic) 001 10 16029
Fatigue damage 000 02 74231505
S Creep damage 044 10 126
Pm 79 smt = 1058 1234
(PL+P) 78 KSm = 1587 1939
(PL+Pb/KY) 78 st = 1088 1293
UFS(ti/tim) 017 10 4%
rE) [, o 10 e SI0SL  ASME Secll Divs-HB
Inelastic strain(Elastic) 000 10 166567
Fatigue damage 000 02 28344071
Creep damage 043 10 132
Pl+Pb+Pe+Q 82 3m = 3342 302 )
o 7% Theml Ratchetiing 05 yisy = 2666 Srdg  eood  ASMESecllDSHBA
Pl+Pb+Pe+Q 533 3m = 3342 527 !
Bl | Thermal Raichetiing 04 y*sy =/ 2667 633,55 I (e G DR
Pl+Pb+Pe+Q B3 S0 = 342 672 :
5 9L Thermal Ratchetting 06 1550 = 4013 66783 009 ASMESecll DivS-HBA
Pl+Pb+Pe+Q 705 So = 3342 374 '
%25 Thermal Ratchetting 07 1550 = 4015 59818 McCod i ASMESECTIDVSHEA

4. Conclusions

A design change of RES to mitigate the thermal stress
was presented. And structural integrity of selected
evaluation sections for modified RES design was
evaluated according to ASME Boiler and Pressure
Vessel Code, Section I11-Subsection NH. All selected
evaluation sections satisfied design condition and service
level A of ASME code. Therefore the structural integrity
of modified RES design was acquired. The transient and
seismic load conditions will be considered in future work.
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