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ABSTRACT 

The grid plate (GP) and core support structure (CSS) are analysed together introducing unilateral boundary conditions at 
the spacer pads through which the GP transmits the core load to CSS. The analysis aims at (i) determination of load 
distributions on the spacer pads for the collapse load analysis of CSS, (ii) determination of deflections and slopes to respect 
the functional limits and (iii) determination of stresses to respect the design code (RCC-MR) limits under all the loading 
conditions• A few important results are validated by tests on 1/5 th scale mockups. Structural integrity of CSS is ensured with 
the uniform plate thickness of 25 mm. 

INTRODUCTION 

The core support structure (CSS) of 500 MWe Prototype Fast 
Breeder Reactor (PFBR) supports the grid plate (GP) which carries 
the entire core and inner vessel loads and ultimately transmits them 
to the main vessel at triple point (fig 1). The GP should remain 
nearly flat under all the operating conditions, (i) to ensure the 
Smooth insertion of control rods in to the control sub-assemblies 
(CSA), (ii) to facilitate smooth fuel handling operations and, (iii) to 
minimise reactivity oscillations due to flowering and compaction 
of core subassemblies under seismic events. GP is designed to 
precisely support core SA and distribute the coolant flow through 
them and has to remain flat under all the operating conditions. CSS 
is provided to act as a strong back for GP and hence, CSS should 
have sufficient rigidity to limit the deflection and slopes of GP. 
With virtue of its flexibility compared to CSS, the GP transmits 
almost all the core load and its self weight to CSS through 68 
spacer pads, welded on the top plate of CSS. The remaining loads 
due to inner vessel and the hydrostatic pressure load acting on it, 
are transmitted to CSS through the flanges welded at its outer 
periphery. Because of bolting joint between GP and CSS and also 
the presence of spacer pads on which the GP rests, they are 
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In this paper, the loading conditions, design criteria adopted Fig 1" PFBR- Reactor Assembly 

for CSS, finite element models of GP and CSS including spacer 
pads, stress analysis of integrated model to determine the 
deflection, slopes and stresses to respect the functional and design code stress limits, load distributions on the spacer pads and 
subsequent estimation of collapse load based on limit analysis are presented. Further, the test results conducteff on the 1/5 th 

scale models of CSS to validate the theoretical predictions of structural rigidity of CSS as well as the collapse loads 
estimations are highlighted• From the analysis, the basic thickness of the plates for CSS is recommended. The scope of the 
paper is limited to analysis under mechanical loadings. 

GEOMETRICAL DETAILS 

Grid Plate 
GP comprises of two perforated circular plates spaced apart and interconnected by an intermediate shell at the periphery 

through bolting arrangements. Through each hole in the top and bottom plates, a sleeve is fixed by bolting. The sleeve 
supports the SA at its foot. Totally 1758 sleeves are fixed; out of which 675 are for supporting the core SA (up to internal 
storage locations) and the remaining 1083 for supporting the shielding SA. Four primary pipes (two from each pump) are 
connected to the intermediate shell through nozzles. Cold sodium enters into the GP through these pipes. Sodium from GP 
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enters into the SA through sleeves, which have holes for sodium to pass through. GP is made of austenitic stainless steel 
316 LN. The outer diameter is 6.8 m and height is 1 m. The pitch of triangular hole pattern in the perforated portions is 135 
mm pitch. 

Core SUpport Structure 
The design conceived for CSS is basically a box type welded structure consisting of top and bottom plates interconnected 

by vertical stiffeners. The stiffener assembly has square pitch lattice at the central portion and radial one at the periphery. The 
square pitch lattice is very effective to minimise the slope at the central portion. The square lattice stiffeners are connected to 
the outer conical shell through radial stiffeners. This mixed lattice design of stiffener arrangement provides low and uniform 
stress distributions over the entire box structure. Circular cutouts on the top plate and rectangular cutouts on the stiffeners 
and bottom plate are made (i) to provide passage for leakage sodium from grid plate to bottom collector, from where it 
passes through the main vessel cooling pipes, (ii) to provide access for welding during fabrication, (iii) to have better 
thermo-mechanical behaviour of the structure during thermal transients in the cold pool and (iv) to minimize the weight of 
the structure by removing structurally ineffective material. CSS is supported on the main vessel dished end through a shell. 
The outer diameter of the conical shell is 6.5 m at the top and 7.83 m at the bottom. The height of box structure is 1.2 m. 

LOADING CONDITIONS 

The core load through sleeves (517.5 t), .the differential pressure between hot pool and plenum pressure inside the CSS 
(1.5 m of sodium head at 820 K equivalent to 42 t ) acting on the upper surface of top plate and self weight of GP (80 t) are 
the main distributed loads on GP. The self weight of inner vessel including standpipes (57 t), downward load acting on the 
vertically projected area of redan due to differential pressure of 1.5 m of sodium head at 820 K (80 t), self weight of primary 
pipes (11 t) and hydraulic thrust (88 t) are the line loads acting at the outer periphery of the GP. Thus, the distributed load of 
640 t and line load of 240 t are considered for the analysis. Apart from this, an internal pressure of 0.8 MPa, which does not 
contribute for the global bending of GP, is however, included in the analysis for simulating the actual loading conditions. 

As far as loads on CSS are concerned, apart from the loads transmitted by GP, self-weight of 45 t (assuming 30 mm 
thickness as conceived in the preliminary design) is considered. Further, an internal differential pressure of 5 m of Na head 
(pressure drop across the main vessel cooling system) is applied on the conical and cylindrical shells. 

Seismic events impose additional loads, which are transient in nature. Seismic analysis carried out for the reactor 
assembly including equivalent models of CSS and GP provides peak downward load on CSS due to OBE (0.078 g ZPA) and 
SSE (0.156 g ZPA) [1]. While an OBE adds 378 t of distributed load and 156 t of line load, SSE adds 567 t of distributed 
load and 234 t of line load, which are the peak downward loads in addition to the normal mechanical loads. Thus, the net 
downward load transmitted to main vessel bottom is 925 t during normal operating condition, 1442 t under OBE and 1712 t 
during SSE. The horizontal loads under seismic events do not cause significant deformations and stresses in CSS. However, 
the effects of these loads are considered at the main vessel-CSS junction in a separate study [ 1 ]. 

Since the accumulated neutron irradiation is less than 0.2 dpa, its effects w.r.t structural integrity is negligible. The 
normal operating temperature of CSS is 670 K. During cold pool transients, the maximum possible cold pool temperature is 
800 K, which is considered in the analysis for selecting the required material properties (elastic and plastic modulus, flow 
stress and Sm values). This implies that the structural integrity of CSS is checked under seismic events, which are assumed to 
occur during thermal transients. 

DESIGN CRITERIA 

Functional Limits 
The most important functional limit is the slope of the grid plate imposed to ensure the smooth insertion of control rods 

into CSA under all operating conditions. The maximum slope permissible at the location of CSA is 5x10  -4 radians; by which 
the radial displacement of CSA top is limited to about 2 mm. The vertical displacement of CSS should be limited so that the 
reactivity oscillations due to (i) relative displacements between control rods and core and (ii) core compaction during seismic 
events, will be minimum. The displacement limit alsoaims to prevent the resonance of the structure during seismic events 
by having natural frequency (>10 Hz) away from the predominant natural frequencies in floor response spectrum. 3 mm limit 
is specified as an apportioned value for the CSS to limit the net reactivity oscillations in the core under seismic events. T h i s  
limit can be slightly altered depending upon the displacements of top shield (which supports the absorber rod drive 
mechanisms) and main vessel-CSS junction together with CSS, which decides the net reactivity oscillations in the core. 

Stress Limits 
RCC-MR [2] is applicable design code for PFBR. For the CSS, specific stress limits are yet to be included. For the 

design of SPX-1 CSS, pessimistic stress limits to guard against buckling of top plate (compressive stress < 20 MPa), shear 



failure of stiffeners (shear stress < 10 MPa) and excessive tensile deformation of bottom plate (tensile stress < 30 MPa) under 
level A loadings are reported [3]. For the design of CSS in PFBR, the following criteria are adopted: 

• The box structure consisting of top plate, bottom plate and stiffeners with large size cut outs, is basically an assembly of 
short beams of 'T' section at the top grid and '.L' section at the bottom grid interconnected by vertical columns with '+' 
section. Accordingly, stress intensities (Pm and Pm+Pb) are computed for these structures with appropriate cross 
sections to respect the RCC-MR stress limits. Further, the averaged compressive, shear and tensile stresses across the 
beam sections are restricted to aforementioned SPX-1 limits. 

• RCC-MR limits: Primary membrane (Pm) and bending stress limits (Pb) are applied taking into account applicable weld 
joint efficiency coefficients (Jm and n). Pm < n.Jm.Sm and (Pm+Pb) < 3/2.n.Jm.Sm. The basic allowable stress Sm is 
equal to 103 MPa at 800 K. As per RCC-MR, Jm is the weld characteristics co-efficient (= 1) and n is the efficiency 
coefficient which depends on the extend and quality of weld inspection. When all the welds undergo full volumetric 
examination plus surface examination on either side after welding, n is equal 1 and equal to 0.85 if they undergo only 
surface examination during and after welding on one side. For n=0.85 is assumed conservatively, the allowable stress 
intensities are 88 and 132 MPa for Pm and Pm+Pb respectively. These limits are applied for plates, shells and beams. 

• For ensuring the structural integrity under SSE (level D loading) apart from respecting appropriate stress limits, ASME 
Appendix F-1000: level D service limits are respected by limit load analysis [4]. To achieve this, the peak total load 
under SSE (instead of static equivalent) is kept < 90 % of the limit load. 

FINITE ELEMENT MODELLING 

Finite element analysis is carried out using CASTEM 2000 code. Considering the symmetricity of both GP and CSS, 
1/4 th sector is considered for the analysis. 

Grid Plate 
GP involves very complex finite element modeling. The top & bottom plates and intermediate shell are modeled with 

eight-noded shell elements. Since the top and bottom plates are perforated, homogeneous plate concept recommended in 
ASME-Appendix A 8000 is adopted [5]. The perforated plates comprises of 3 zones: inner zone (the equivalent elastic 
modulus (E*) and Poisson's ratio (v*) are 0.313x105 MPa and 0.31 respectively corresponding to 18.5 % ligament efficiency), 
the intermediate zone (E* and v* values are 0.845x105 and 0.25 respectively corresponding to 41% ligament efficiency) and 
the outer solid zone (E and v values are 1.69x10 s and 0.3 respectively). 

The sleeves (1758 numbers) are modeled as beams fixed on the top and bottom plates. This calls for a large number of 
nodal points, which poses computer memory problems. In order to overcome this difficulty, the sleeves are homogenised by 
replacing them with orthotropic solids. Two sets of orthotropic properties are considered to account for two sets of sleeve 
dimensions; Do/Di of 80/60 mm for steel and B4C SA and 107/87 mm for remaining SA. Length (L) = 1 m. The equivalent 
properties for the tubes arranged in triangular pattern (p = 135 mm), are obtained from the following equations: 

Youngs Modulus" E1 = E/2. Atube / Atriangle ; E2 = E3 = 0 Shear Modulus: G1 = 0 ; G2 = G3 = 6E.Itube/(Atriangle • L 2) 
Poisson's Ratio" ViE = v23 = v31 = 0 .  Atriangae = ~/3/4.P z Atube = rt / 4 (Do z - Di ) ; Itubo = rt / 64 (Do 4 - Di 4) ; 

Core Support Structure 
The outer conical and cylindrical shells are modeled with eight-noded shell elements. Timoshenko beam elements which 

include the effect of shear deformations (important for short beams) are employed to model the beam structures with 
appropriate section properties (section area, moment of inertia, section modulus and shear area). 

Spacer Pads 
Since GP simply rests on spacer pads, uni-lateral support boundary condition is imposed between upper end of each pad 

and the corresponding contact point on the bottom plate of GP. By this boundary condition, if the gap between a pad top 
surface and its corresponding contact point on GP is positive, then, no load is transmitted to CSS through that pad. This 
introduces non-linear boundary condition at each pad location which is solved by iteration in CASTEM 2000 code. 

Bolts 
The inner vessel flange is bolted to the GP top plate and bottom plate of GP is bolted to the CSS. Considering the 

freedom provided in the slotted holes for the radial movement, only axial rigidities are included for the bolts replacing them 
by equivalent cylindrical ring at these two locations, which has the area of cross section equal to the total area of cross section 
for all the bolts while maintaining their lengths. 



STRESS ANALYSIS 

1/4 th symmetric finite element model consisting of GP, CSS, spacer 
pads, flanges and bolts is shown in fig 2. In this model a part of the lower 
shell of inner vessel is also included. The bottom edge of the cylindrical 
shell of CSS which is welded to the main vessel bottom is fixed. On this 
model both distributed and line loads are applied appropriately taking 
into account symmetricty. On the inner vessel edge 60 t line load is 
distributed. On the top plate of GP the core weight and hydrostatic load 
(150 t) are distributed. The self-weight of GP and CSS are included as 
body forces. Finally it is checked that the load transmitted to the bottom 
of the main vessel is matching with the total load applied both on GP and 
CSS. Analysis is done for (i) normal operation, (ii) normal + S 1 (OBE) 
and (iii) normal + $2 (SSE). Further, analysis is carried out assuming 
that loads are transmitted through 36 spacer pads located on the square 
lattice, and also assuming that no load is transmitted through pads and the 
entire load is transmitted through conical shell. The last assumption is 
made to study the GP deformation under the hypothetical situation of 
failure of all the stiffeners. Analysis is carried out for two thickness, viz. 
25 and 30 mm and results are presented accordingly. Fig 2" Original & deformed FE model 

Deflection and Slopes 
The overall deformation of the FEM mesh is shown in fig 2 under normal operating loading condition. The maximum 

deflection and slope under aforementioned conditions are given in the table 1. 

Table 1" Maximum displacements and slopes of CSS 

S1. No Loading 

Normal (N) 
N 
N 

N + S 1  
N + S 2  

No of pads 

0 
36 
68 
68 
68 

Displacement mm 
25 mm thk 30 mm thk 

8.2167 
1.5313 
1.4422 
2.371 

2.8354 

Slope x 10 -a 
25 mm thk 30 mm thk 

2.112 1.956 
0.993 1.068 
0.704 0.768 
0.939 1.026 
1.057 1.154 

8.3493 
1.7800 
1.6637 
2.7285 
3.2608 

It is seen from the above that increasing the spacer pads from 36 to 68 does not have much influence on both 
displacement and slope. 

Loads transmitted though Spacer Pads 
Loads transmitted to CSS through symmetrically placed spacer pads are given in table 2. These load distributions are 

used as input data for the stress analysis of CSS using plate/shell elements, which is realistic. Graphical representation of load 
distributions on spaoer pads are shown in fig 3. 

Table 2" Loads (t) transmitted to CSS through spacer pads 

Thickness = 25 mm Thickness = 30 mm 
Location N N + S 1  N + S 2  N [ N + S 1  I N + S 2  

A 06.03 09.65 11.45 06.67 I 10.70 1 1 2 . 7 2  ,, o 

B 08.58 13.81 16.43 09.04 I 14.57 I 17.34 J 
C 09.54 15.18 18.00 09.73 I 15.47 [ 1 8 . 3 5  
D 12.78 20.35 24.14 12.93 I 20.60 [ 24.44 
E 07.78 12.36 14.66 08.00 I 12.72 [ 15.08 
F 12.47 19.96 23.71 12.14 { 19.45 I 23.11 
G 01.52 02.67 03.25 02.20 i 03.77 1 0 4 . 5 6  
H 17.88 28.32 33.54 16.89 [ 26.74 I 31.67 
I 00.42 01.00 01.29 00.90 [ 01.76 [ 02.19 
J 15.86 25.03 29.61 14.88 I 23.47 [ 27.76 Fig 3: Load distribution on spacer pads 

Since, the manufacture of CSS envisages machining of all the pads in a single setting to achieve a close dimensional 
tolerance < + 0.1 mm on height, the distribution of loads ~ not vary largely on account ofmanufacturing tolerance. 



Stresses 
To comply with the design criteria, compressive and shear stresses as well as primary membrane and bending stress 

intensifies are extracted at critical locations, which are presented in table 3. 

Table 3" Maximum stresses (MPa) on the CSS under normal operating condition 

Parts Compression Shear Pm Pm+Pb 
25 mm 30 mm 25 mm 30 mm 25 mm 30 mm 25 mm 30 mm 

Stiffener 
N 

N + S 1  
N + S ~  

Bet. Plate 
N 

N + S 1  
N + S 2  

Top plate 
N 

N + S I  
N + S 2  

-05.4 
-08.8 
-10.5 

0.0 
0.0 
0.0 

-09.0 
-16.3 
-20.0 

-04.8 
-07.6 
-09.1 

0.0 
0.0 
0.0 

-08.2 
-15.0 
-19.0 

05.3 
08.5 
10.0 

1.4 
0.0 
2.6 

0.3 
0.6 
0.7 

4.5 
7.3 
8.6 

1.1 
1.8 
2.2 

0.3 
0.5 
0.7 

05.7 
09.1 
10.8 

24.0 
38.6 
45.8 

09.0 
16.3 
20.0 

04.8 
07.6 
09.1 

20.4 
32.7 
39.0 

08.2 
14.9 
18.3 

06.9 
11.0 
13.1 

25.3 
40.5 
48.1 

12.4 
22.1 
26.9 

06.0 
09.5 
11.3 

21.4 
34.3 
41.0 

11.2 
19.9 
24.3 

Stress Analysis of GP using Realistic Model 
Instead of replaoing the tubes by orthotropio solid elements, the tubes are modeled as beams in order to validate the 

results. The model consists of top and bottom plates with tubes modeled as beams in one case and with tubes modeled as 
orthotropio solids in other. Orthotropio properties given under finite element modeling are used. The outer boundary, of 
bottom plate is simply supported. The defleoted shapes predicted by both models exhibit satisfactory compari'son. The 
max~t tm downward defleotion at the cena'e is 6.25 mm and 6.3 mm respectively for simple and realistic models and the 
error is less than 1%. Hence, orthotmpio solid model represents the tube behaviour realistically. 

Stress Analysis of CSS using Plate/Shell Elements 
In order to validate the beam model, 3-D model using 

plate/shell elements is developed and analysed for normal loadings 
applied through spacer pads. The load distributions are taken from 
the table 2. Self weight of CSS are applied by body force option. 
The original and deformed FEM meshes are shown in fig 4. The 
downward deflections at the symmetrically placed spacer pads at 
locations A, B, C, D, E, F computed based on the beam model (2.7, 
2.4, 1.9, 2.1, 1.5, 0.8 mm respectively) are very close to the values 
predicted based on the plate/shell model (2.6, 2.4, 1.9, 2.1, 1.6, 0.9 
mm respectively). This demonstrates that the beam model is 
statically equivalent model. It is worth noting that the deflections 
predicted by these models are larger compared to the one predicted 
by integral model. This is due to the stiffening effects of GP and 
CSS, which is absent in the isolated model. Henoe, the isolated 
model provides conservative results. 
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Fig 4" Original & deformed shell element mesh 
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The corresponding primary stress intensities and shear stresses at the critical locations are presented in table 4. Von Mises 
stress distributions on the top & bottom plates and stiffeners are depicted fig 5-7 respectively. The stress concentrations 
shown in these figures at the sharp corners will be absent once these sharp corners are rounded off. Apart from theses stress 
concentrations, the stress values are relatively small. 

Table 4: Maximum stresses (MPa) under normal loading (plate/shell element model) 

Parts 25 mm 
Pm 

30mm 
Pm + Pb 

30 mm 
Shear stress 

25 mm 25 mm 30 mm 
Stiffener 56 48 56 48 18 16 
Top plate 44 37 45 38 8 7 
Bottom plate 34 29 36 31 8 7 
Cone 25 22 32 28 3 3 
Cylinder 27 23 40 35 3 2 

COLLAPSE ANALYSIS 

In order to ensure the structural integrity under level D loadings, in 
the present case under SSE loading, collapse load is estimated based on 
limit analysis using-perfect plastic material property defined by flow 
stress (-  average of yield stress and UTS). At 800 K, the flow stress is 
computed as 275 MPa using the average yield stress and UTS values 
provided in RCC-MR Appendix Z [6]. The loads transmitted by GP 
through the spacer pads computed from the analysis using integral model 
for the SSE loadings (table 2) are applied on the spacer pads. The 
corresponding line loads as well as self weight of CSS are also applied. 
Elasto-plastic analysis is carried out with incremental load steps. 
Collapse load factors indicated in fig 8 are computed using '2-0' method 
recommended in ASME Appendix I I -  1000 [7]. The collapse load 
factors are 1.9 and 2.3 respectively for 25 mm and 30 mm plates. 
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Fig 8" Estimation of collapse load 

Sensitivity Studies 
Since CSS has an important function of supporting the core and at the same time, does not have any redundant structure, 

in case of its failure, it should have high structural reliability. In order to demonstrate the structural reliability indirectly, 
extensive sensitivity analysis is carried out by 
studying the effects of possible variations of 
important governing parameters, viz. flow stress, 
plate thickness and load distributions on the spacer 
pads. Further, in order to demonstrate the inherent 
structural redundancy that is available with CSS, a 
few critical load transmitting members on the top 
& bottom grids and vertical columns are assumed 
to be absent as a result of pessimistic assumption of 
severe violation of manufacturing standards and 
collapse loads are computed accordingly. The load 
factors are computed with reference to SSE 
loading, i.e. the load factor equal to 1 corresponds 
to SSE loading. The summary of results are 
presented in table 5. 

Table 5: Summary of results 

s,:,o 
1 Nominal conditions 

Parameters 

Flow stress = 275 MPa (average value); 25 mm thick plates; 
Actual Distributed loads; All structural elements present 
Flow stress 
Minimum value = 220 MPa 
Maximum value - 375 MPa 

Load distribution (see the sketch below): 
Load through 0nly 20 inner most spacer pads 
Load through only 20 outer most spacer pads 
Remov, a,! of crit ical elements (refer the sketch below) 
Four symmetrically placed beams removed from top grid 
Four symmetrically placed beams removed from bottom grid 
Four symmetrically placed vertical co lumns removed 

3 Plate thickness 
Minimum value = 0.9xnominal thickness 
Maximum value = l . l xnom ina l  thickness 

w T . -  

5 

Load Factor 
..... 

1.9 

1.7 
2.1 

1.2 
2.3 

1.1 
1.9 

1.9 
1.6 
1.7 

VERIFICATION OF DESIGN CRITERIA 

Deflection and slopes 
With reference to table 1, the maximum displacements under normal plus OBE loading conditions are 2.73 and 2.37 mm 

respectively for the plate thickness of 25 mm and 30 mm respectively, which are less than the acceptable value of 3 mm. The 
deflections under normal plus SSE loadings are 3.3 and 2.84 mm respectively for 25 mm and 30 mm plates respectively. 
Even though the specified limit has been exceeded marginally by about 0.3 mm for the case with 25 mm plates, this can be 
accepted considering the margins available in the downward deflections of top shield and main vessel-CSS junction [ 1 ]. The 



maximum slopes under SSE loading are 1.1xlO -4 and 1.2x10 -4 respectively for the 25 and 30 mm plate thickness, which are 
less than the allowable value of 5x10 -4. The additional flexibility introduced when the plate thickness is reduced from 30 
mm to 25 mm, helps to redistribute the loads on the spacer pads in a favourable manner, i.e., more loads in the vicinity of 
outer shell. Hence the deflections and slopes have not changed much due to decrease in plate thickness from 30 to 25 mm. 

Stress Limits 
With reference to table 3, the maximum compressive stress (11 MPa) occurs on the top plate, which is less than 

permissible value of 20 MPa to guard against buckling. The vertical stiffeners are subjected to shear. The maximum shear 
stress even under SSE (10 MPa) with the plate thickness of 25 mm is equal to allowable shear stress corresponding to level A 
loading condition. The maximum stress intensities, computed based on both beam model (Pm = 46 MPa and Pm+Pb = 48 
MPa, table 3) and plate/shell elements (Pm = 56 MPa and PM+Pb = 56 MPa, table 4) are found to be well below the RCC- 
MR stress limits (88 MPa for PM and 132 MPa for Pm+Pb). 

Collapse loads 
The collapse load factors computed with nominal conditions with mean material properties are 1.9 and 2.3 for 25 mm 

and 30 mm plates respectively. The design code permits up to 90 % of collapse load calculated by limit analysis for level D 
load'mgs. This implies that the allowable bad  factor should be 1.11 under SSE loadings. 

Structural Redundancy 
Sensitivity analysis (table 5) indicates that the load distributions, plate thickness and flow stress have significant effects 

on the collapse load. Even the minimum collapse load factor (= 1.1), under the pessimistic assumption that load are 
concentrated only on the inner most spacer pads, respects the code limit for the case with 25 mm plates. It is also seen from 
table 5 that, very pessimistic assumption of complete failure of a few critical structural members does not reduce the collapse 
load significantly. The worst scenario is absence of 4 critical elements in the bottom grid in which the load factor is reduoexl 
from 1.9 to only 1.6. This indicates that for 25 mm thickness, the code limits are respected with comfortable margins. 

E X P E ~ - E N T A L  VALIDATION 

In order to validate a few important theoretically predicted results, experiments have been carried out on 1/5 th scale 
models of CSS. 4 models, fabricated wilh dark carbon steel beams of 'T', 'Z '  and '+' sections along with conical and 

cylindrical shells, were tested for the collapse under concentrated loads applied at 
4 inner most spacer pad locations. The average thickness of the sections is 4 ram. 
The weld joints are not of high quality and were not inspected. The test setup is 
shown in fig 9. The collapse loads are computed from the experimentally 
generated load deflection 
curve. The maximum 
deflection at which collapse 
occurs is -~18 mm. The 
minimum and maximum 
collapse loads are 56 t and 65 t 
respectively. The collapsed 
portion of the smlcture is 
shown in fig 10. The 
corresponding theoretical 
prediction by CASTEM code 
is 36 t. This demonstrates that 
the collapse load computed by 
theory is very conservative. 

Fig 9: Test set Up 
Fig 10: Collapsed CSS 'beam' model 

Further, collapse tests are planned on 1/5 th scale models, made of 6 mm stainless steel plates with representative features 
of prototype CSS. Fig 11 shows the photograph of the model. Preliminary tests to compare the structural stiffness 
characteristics were completexL In these tests, concentrated load of 50 t is applied sequentially on each spacer pad and 
vertical ddlecfions are measured at all the spacer pad locations, which are then compared with the finite elelnent analysis. 
Theoretical prediction is very good as seen in fig 12 where deflections under loading points are compared. 
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Fig 11. 1/5 ~ Scale stainless model 
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Fig 12. Deflection of CSS model at spacer pads 

CONCLUSIONS 

Finite element analysis of GP and CSS by treating them integral as well as incorporating uni-lateral contact boundary 
conditions at spacer pads through which GP transmits core load to CSS, has yielded realistic load distribution on the 
CSS. This inturn helps to reduce the plate thickness from 30 mm (preliminary design) to 25 mm. The functional limits 
on deflection and slope are respected with adequate margins. The RCC-MR stress limits are respected with comfortable 
margins. Very conservative stress limits imposed for preventing buckling under shear for vertical stiffeners and buckling 
under axial compression for top plates are also respected with 25 mm thick plates. 
Simplified equivalent models were used to handle both GP and CSS simultaneously with non-linear interactions at 
spacer pads with the available computer memory. In order to validate the orthotropie solid concept used to model the 
sleeves in GP, an alternative analysis has been carried out by modeling each sleeve by beam element which is more 
appropriate. Similarly, the finite element model of stiffeners by beam elements is validated by analysis with 3D 
plate/shell elements. The studies indicate that the results from the adopted models are accurate and conservative. 
The collapse behaviour is investigated based on sensitive analysis by assuming the variations in the critical governing 
parameters, viz, mechanical properties, plate thickness and load distributions on spacer pads. Further, collapse loads are 
estimated after removing a few critical structural members. From these studies, it is seen that even under extreme loading 
condition (SSE), the most pessimistio collapse load is more than the operating loads on CSS. This indirectly 
demonstrates the high slruetural reliab~ty of CSS. 
Collapse tests conducted on four numbers of 1/5 th soale steel models made of carbon steel beam sections demonstrate the 
conservatism in the theoretical prediction of collapse load (theoretioal collapse load is 36 t against the minimum 
experimental value of 56 t). Further, the experimentally determined stiffness behaviour of 1/5 th scale moekup made of 
316 LN plates, which has all the features of prototype CSS, has been theoretically predicted very well (conservatively). 
It is recommended to manufacture the CSS with 25 mm plates. This results in an overall weight reduction of about 9 t 
whioh intum brings a cost reduotion of I N  4-5 millions. Further, the thermo-mechanioal behaviour of CSS under 
thermal transients in the cold pool will be improved. 
Transient thermal stress analysis is in progress for evaluating oreep-fatigue damage. Further experimental investigations 
are in-progress to determine the lower bound collapse load by considering the loss of a few critical members in the 
structure. An optimisation study on number of spacer pads and their locations is also planned. 

REFERENCES 

1. T.Selvaraj and P.Chellapandi, "Seismio Analysis of Reactor Assembly", Internal Report, June 2001. 
2. Design and Construction Rules for Mechanical Components for FBR Nuclear Islands, RCC-MR, Section I, Subsection 

B, Class 1 Components, afcen,, May 1993. 
3. A.Cros and R. Del Beccaro, "Rapide 1500 Reactor unit - Core Support Structure Design Evolution between SPX1 and 

SPX2", Transactions of SMUT-9, Laussane, Switzerland, 17-21 Aug 1987, Vol E, pp. 245-252. 
4. A S ~ ,  See III, Appendix F-IO00: Rules for Evaluation of Service Loadings with Level D Service Limits, 1998. 
5. ASME, See HI, Appendix A-8000: Stresses in Perforated Plates, 1998. 
6. ASME, See llI, Appendix H-1000: Experimental Stress Analysis, 1998. 
7. RCC-MR, Section I, Subsection Z, Teohnioal Appendices A-3, afcen, May 1993. 


	Title Screen
	Chairman's Message
	Conference Organization
	Main Menu
	Table of Contents
	Search CD-ROM
	Search Results
	Print

	05: 
	07a: 
	07b: 
	08: 
	SMiRT logo: 
	Conference: 
	Paper: Paper # 1403
	Transactions: Transactions,


