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1. Introduction 

 

The reactor vessel of PGSFR(Prototype Gen-IV 

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 III 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 III-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. 

 
Fig. 1. Design modification of reactor vessel support structure 

 
Fig. 2. Front view of the reactor vessel 
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Table I : Primary load cases applied to reactor vessel 

Load case  Load 

1 Weight of reactor vessel 

2 
Weight of both components supported by 

reactor head and 2nd sodium 

3 
Weight of reactor internal structure and fuel 

assembly 

4 Hydrostatic pressure of sodium coolant 

 

 
Fig. 3. FE model of reactor enclosure system 

 

 
Fig. 4. FE analysis result of primary load  

 

 

 
Fig. 5. FE analysis result of thermal load 

 

3. Structural integrity evaluation 

 

Structural integrity evaluation according to ASME 

Boiler and Pressure Vessel Code, Section III-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 II. And linearized primary and thermal 

stresses for service level A were given in Table III and 

Table IV, 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. 

 

Design margin =  
𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 𝑆𝑡𝑟𝑒𝑠𝑠

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑆𝑡𝑟𝑒𝑠𝑠
− 1 (1) 

 

 
Fig. 6. Structural integrity evaluation sections 
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Table II: Linearized primary stress for design condition 

 

Table III: Linearized primary stress for service level A 

 

Table IV: Linearized thermal stress for service level A 

 

 

 

Table V: Evaluation results for design condition 

 

Table VI: Evaluation results for service level A  

 

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 III-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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Sections Nodes Linearized Stress Sx(Pa) Sy(Pa) Sz(Pa) Sxy(Pa) Temperature(°C)

1

6256

Pm 5.32E+05 7.67E+06 2.00E+07 1.52E+06

565.0Pb 1.23E+06 -2.23E+07 -4.18E+06 -2.14E+06

Pp 4.20E+05 1.18E+06 9.68E+05 7.97E+05

6292

Pm 5.32E+05 7.67E+06 2.00E+07 1.52E+06

565.0Pb -1.23E+06 2.23E+07 4.18E+06 2.14E+06

Pp -6.30E+05 -6.80E+05 -1.20E+06 4.74E+05

2

11106

Pm -4.81E+06 -5.86E+06 8.42E+06 2.97E+06

263.0Pb -6.58E+06 -6.02E+07 -1.90E+07 1.33E+07

Pp 1.01E+07 -9.24E+06 2.62E+06 2.47E+06

10984

Pm -4.81E+06 -5.86E+06 8.42E+06 2.97E+06

263.0Pb 6.58E+06 6.02E+07 1.90E+07 -1.33E+07

Pp -4.26E+06 1.53E+06 -5.33E+06 3.47E+06

3

6682

Pm -4.20E+01 7.93E+06 9.97E+04 -3.93E+02

565.0Pb -9.65E+03 1.36E+05 2.61E+04 -3.08E+02

Pp -2.81E+03 -6.13E+03 -6.22E+03 4.97E+01

7387

Pm -4.20E+01 7.93E+06 9.97E+04 -3.93E+02

565.0Pb 9.65E+03 -1.36E+05 -2.61E+04 3.08E+02

Pp 2.71E+03 6.19E+03 6.31E+03 2.24E+02

4

9274

Pm 6.28E+06 5.07E+06 -4.64E+07 5.39E+06

565.0Pb 1.50E+07 1.36E+07 5.01E+06 1.64E+07

Pp -8.77E+05 -5.82E+05 -1.22E+06 -4.17E+04

9337

Pm 6.28E+06 5.07E+06 -4.64E+07 5.39E+06

565.0Pb -1.50E+07 -1.36E+07 -5.01E+06 -1.64E+07

Pp 1.57E+06 1.07E+06 1.65E+06 7.43E+05

5

9511

Pm 2.19E+07 -7.60E+06 2.91E+07 6.80E+06

565.0Pb -4.14E+07 -1.15E+07 -9.68E+06 -1.15E+07

Pp -1.16E+06 -9.81E+05 5.03E+06 -4.55E+05

9625

Pm 2.19E+07 -7.60E+06 2.91E+07 6.80E+06

565.0Pb 4.14E+07 1.15E+07 9.68E+06 1.15E+07

Pp -1.84E+06 -4.02E+06 -6.32E+05 -2.59E+05

Sections Nodes Linearized Stress Sx(Pa) Sy(Pa) Sz(Pa) Sxy(Pa) Temperature(°C)

1

6256

Pm 5.32E+05 7.67E+06 2.00E+07 1.52E+06

214.48Pb 1.23E+06 -2.23E+07 -4.18E+06 -2.14E+06

Pp 4.20E+05 1.18E+06 9.68E+05 7.97E+05

6292

Pm 5.32E+05 7.67E+06 2.00E+07 1.52E+06

213.35Pb -1.23E+06 2.23E+07 4.18E+06 2.14E+06

Pp -6.30E+05 -6.80E+05 -1.20E+06 4.74E+05

2

11106

Pm -4.81E+06 -5.86E+06 8.42E+06 2.97E+06

100.94Pb -6.58E+06 -6.02E+07 -1.90E+07 1.33E+07

Pp 1.01E+07 -9.24E+06 2.62E+06 2.47E+06

10984

Pm -4.81E+06 -5.86E+06 8.42E+06 2.97E+06

100.18Pb 6.58E+06 6.02E+07 1.90E+07 -1.33E+07

Pp -4.26E+06 1.53E+06 -5.33E+06 3.47E+06

3

6682

Pm -4.20E+01 7.93E+06 9.97E+04 -3.93E+02

518.75Pb -9.65E+03 1.36E+05 2.61E+04 -3.08E+02

Pp -2.81E+03 -6.13E+03 -6.22E+03 4.97E+01

7387

Pm -4.20E+01 7.93E+06 9.97E+04 -3.93E+02

510.91Pb 9.65E+03 -1.36E+05 -2.61E+04 3.08E+02

Pp 2.71E+03 6.19E+03 6.31E+03 2.24E+02

4

9274

Pm 6.28E+06 5.07E+06 -4.64E+07 5.39E+06

389.99Pb 1.50E+07 1.36E+07 5.01E+06 1.64E+07

Pp -8.77E+05 -5.82E+05 -1.22E+06 -4.17E+04

9337

Pm 6.28E+06 5.07E+06 -4.64E+07 5.39E+06

389.71Pb -1.50E+07 -1.36E+07 -5.01E+06 -1.64E+07

Pp 1.57E+06 1.07E+06 1.65E+06 7.43E+05

5

9511

Pm 2.19E+07 -7.60E+06 2.91E+07 6.80E+06

389.99Pb -4.14E+07 -1.15E+07 -9.68E+06 -1.15E+07

Pp -1.16E+06 -9.81E+05 5.03E+06 -4.55E+05

9625

Pm 2.19E+07 -7.60E+06 2.91E+07 6.80E+06

389.7Pb 4.14E+07 1.15E+07 9.68E+06 1.15E+07

Pp -1.84E+06 -4.02E+06 -6.32E+05 -2.59E+05

Sections Nodes Linearized Stress Sx(Pa) Sy(Pa) Sz(Pa) Sxy(Pa) Temperature(°C)

1

6256

Qm -4.30E+06 7.71E+05 -1.44E+08 -1.29E+07

214.48Qb -1.43E+07 2.20E+08 3.89E+07 1.81E+07

Qp -4.44E+06 -1.15E+07 -9.63E+06 -5.32E+06

6292

Qm -4.30E+06 7.71E+05 -1.44E+08 -1.29E+07

213.35Qb 1.43E+07 -2.20E+08 -3.89E+07 -1.81E+07

Qp 6.62E+06 7.86E+06 1.23E+07 -3.77E+06

2

11106

Qm -1.60E+07 -2.58E+06 7.01E+07 5.73E+06

100.94Qb -2.70E+07 -2.62E+08 -8.39E+07 5.56E+07

Qp 3.90E+07 -3.17E+07 1.17E+07 1.10E+07

10984

Qm -1.60E+07 -2.58E+06 7.01E+07 5.73E+06

100.18Qb 2.70E+07 2.62E+08 8.39E+07 -5.56E+07

Qp -2.00E+07 1.23E+07 -2.27E+07 1.54E+07

3

6682

Qm -1.95E+06 -2.54E+06 -4.87E+07 -6.85E+05

518.75Qb -5.14E+06 -5.74E+07 -2.74E+07 8.58E+05

Qp -5.26E+06 -1.63E+06 -3.74E+06 2.00E+05

7387

Qm -1.95E+06 -2.54E+06 -4.87E+07 -6.85E+05

510.91Qb 5.14E+06 5.74E+07 2.74E+07 -8.58E+05

Qp -2.54E+06 -3.44E+06 -5.42E+06 1.93E+04

4

9274

Qm 3.54E+03 4.29E+03 1.68E+03 -2.21E+02

389.99Qb -5.66E+05 -5.29E+05 -7.99E+05 -2.38E+05

Qp -5.97E+04 -6.17E+04 -4.00E+04 1.63E+04

9337

Qm 3.54E+03 4.29E+03 1.68E+03 -2.21E+02

389.71Qb 5.66E+05 5.29E+05 7.99E+05 2.38E+05

Qp 6.78E+04 7.29E+04 3.99E+04 -3.40E+04

5

9511

Qm -1.36E+03 -2.93E+04 -1.39E+05 1.60E+04

389.99Qb -9.42E+05 -3.29E+05 -8.14E+05 -1.36E+05

Qp -9.65E+04 -1.18E+05 -7.52E+04 2.29E+04

9625

Qm -1.36E+03 -2.93E+04 -1.39E+05 1.60E+04

389.7Qb 9.42E+05 3.29E+05 8.14E+05 1.36E+05

Qp 1.51E+03 5.01E+04 2.61E+03 -3.51E+02

Sections Nodes
Linearized

Stress
Calculated
Stress(MPa)

Allowable
Stress(MPa)

Margin
Temperature

(°C)
C&S

1

6256
Pm 19.78 So = 81.4 3.12 

565 ASME Sec.III Div.5-HBB
(PL+Pb) 30.47 1.5So = 122.1 3.01 

6292
Pm 19.78 So = 81.4 3.12 

565 ASME Sec.III Div.5-HBB
(PL+Pb) 31.53 1.5So = 122.1 2.87 

2

11106
Pm 16.77 So = 123.0 6.33 

263 ASME Sec.III Div.5-HBA
(PL+Pb) 63.62 1.5So = 184.4 1.90 

10984
Pm 16.77 So = 123.0 6.33 

263 ASME Sec.III Div.5-HBA
(PL+Pb) 56.48 1.5So = 184.4 2.27 

3

6682
Pm 7.93 So = 81.4 9.26 

565 ASME Sec.III Div.5-HBB
(PL+Pb) 8.08 1.5So = 122.1 14.12 

7387
Pm 7.93 So = 81.4 9.26 

565 ASME Sec.III Div.5-HBB
(PL+Pb) 7.78 1.5So = 122.1 14.69 

4

9274
Pm 57.50 So = 81.4 0.42 

565 ASME Sec.III Div.5-HBB
(PL+Pb) 83.19 1.5So = 122.1 0.47 

9337
Pm 57.50 So = 81.4 0.42 

565 ASME Sec.III Div.5-HBB
(PL+Pb) 53.80 1.5So = 122.1 1.27 

5

9511
Pm 38.19 So = 81.4 1.13 

565 ASME Sec.III Div.5-HBB
(PL+Pb) 43.42 1.5So = 122.1 1.81 

9625
Pm 38.19 So = 81.4 1.13 

565 ASME Sec.III Div.5-HBB
(PL+Pb) 69.77 1.5So = 122.1 0.75 

Sections Nodes Linearized Stress Calculated Stress(MPa) Allowable Stress(MPa) Margin Temperature(°C) C&S

1

6256
Pl+Pb+Pe+Q 295.5 3Sm = 395.1 0.34 

214.48 ASME Sec.III Div.5-HBA
Thermal Ratchetting 324.0 y*Sy = 1073.1 2.31 

6292
Pl+Pb+Pe+Q 206.0 3Sm = 395.6 0.92 

213.35 ASME Sec.III Div.5-HBA
Thermal Ratchetting 238.4 y*Sy = 1075.8 3.51 

2

11106
Pl+Pb+Pe+Q 326.6 3Sm = 414.0 0.27 

100.94 ASME Sec.III Div.5-HBA
Thermal Ratchetting 326.1 y*Sy = 1840.7 4.64 

10984
Pl+Pb+Pe+Q 324.2 3Sm = 414.0 0.28 

100.18 ASME Sec.III Div.5-HBA
Thermal Ratchetting 289.1 y*Sy = 1845.8 5.39 

3

6682

Pm 7.9 Smt = 102.1 11.88 

518.75 ASME Sec.III Div.5-HBB

(PL+Pb) 8.1 KSm = 158.3 18.60 
(PL+Pb/Kt) 8.0 St = 102.1 11.69 
UFS(ti/tim) 0.20 1.0 3.98 
UFS(ti/tib) 0.20 1.0 3.98 

Inelastic strain(Elastic) 0.01 1.0 160.29 
Fatigue damage 0.00 0.2 742315.05 
Creep damage 0.44 1.0 1.26 

7387

Pm 7.9 Smt = 105.8 12.34 

510.91 ASME Sec.III Div.5-HBB

(PL+Pb) 7.8 KSm = 158.7 19.39 
(PL+Pb/Kt) 7.8 St = 108.8 12.93 
UFS(ti/tim) 0.17 1.0 4.96 
UFS(ti/tib) 0.17 1.0 4.96 

Inelastic strain(Elastic) 0.00 1.0 1665.67 
Fatigue damage 0.00 0.2 283440.71 
Creep damage 0.43 1.0 1.32 

4

9274
Pl+Pb+Pe+Q 83.2 3Sm = 334.2 3.02 

389.99 ASME Sec.III Div.5-HBA
Thermal Ratchetting 0.5 y*Sy = 266.6 578.48 

9337
Pl+Pb+Pe+Q 53.3 3Sm = 334.2 5.27 

389.71 ASME Sec.III Div.5-HBA
Thermal Ratchetting 0.4 y*Sy = 266.7 633.88 

5

9511
Pl+Pb+Pe+Q 43.3 So = 334.2 6.72 

389.99 ASME Sec.III Div.5-HBA
Thermal Ratchetting 0.6 1.5So = 401.3 667.83 

9625
Pl+Pb+Pe+Q 70.5 So = 334.2 3.74 

389.7 ASME Sec.III Div.5-HBA
Thermal Ratchetting 0.7 1.5So = 401.5 598.18 


