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Inelastic Stress Analysis of a Steam Generator

at Transient Conditions

Kiyokazu Kobatake*!, Keiichi Yoshihara*?, Masanobu Yahiro*?,
Satoru Ezoe* !, and Hisayuki Yamaura*'

In designing the steam generators, the designers must consider the operational conditions and
make sure the integrity of the components is adequate. The loads to be applied are static and

dynamic ones, including thermal transients. This paper shows key portions to be evaluated for

the integrity of the structures,and shows an example of the inelastic stress analysis of a steam

generator tubesheet.

1 Introduction

The steam generators for the turbine generators have
complicated structures,however, they can be shown
schematically in Fig.1. The primary coolant, which
receives the heat capacity from the heat source,comes
into the inlet nozzle of the shell, gives thg heat to the feed
water through the heat transfer tubes and then goes out
from the outlet nozzle. On the other hand.the feed
water comes into the water chamber, and flows into the
many heat transfer tubes through the tubesheet. Receiv-
ing the heat from the primary flow,the secondary flow
is evaporated and super-heated, and then goes out from
the steam chamber through the outlet tubeshcet.

The designers and the system engineers are required to

consider the operational conditions and make sure of the
structural strength of the steam generators as they will
get the static and dynamic loads in whole life. The key
portions to be evaluated can be thought of as follows.
(DWater chamber
a) Loads of the static pressure and the temperature
(2)l1eat transfer tubes
a) Stresses due to the thermal expansion differen-
cebetween the tubes and the shell
b) Dynamic responses to the earthquakes
¢) Vibration forces due to Karuman vortex
d) Fluctuation of the temperature difference through
the tube wall due to the thermal transfer coeffi-
cient change of the inside tube surface by the
cyclic change of DNB (Departure from Nucleate
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Boiling) point by evaporation
(3)Shell

a) Dynamic responses to carthquakes

b} Thermal transient to the inlet and outlet nozzles
{(4)Qutlet tubesheet with the steam chamber and the shell

a) Structural discontinuity stresses among the shell,

the outlet tubesheet and steam chamber induced
by the static loads and the thermal transients

b) Differences of the stiffness at the high temperature

between the perforated tubesheet (ligament) and
the outside rim of the tubesheet

To satisfy all the requirements of the design specifica-
tions and the design criteria, elastic and inelastic ana-
lyses are performed, and if necessary, the structural
details are modified.

The design criteria of ASME Boiler and Pressure
Vessel Code Section Ilif, code case 1592" and its revision
N-47% are based on the philosophy "design by analysis”
and require to perform a detailed inelastic analysis if the

evaluation by an elastic analysis does not satisfy the
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Fig.1 Schematic drawing of steam generators
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requirements®. However, for the design by inelastic
analysis, the data of the material properties are limited,
and for analysis it takes too much manpower. In spite of
the various theoretical proposals, there are not so many
examples applied to the practical designs'- * 9.

According to authors analytical experiences,one of
the most important analyses seems to be the structural
discontinuity portions among the shell, the outlet tube-
sheet and the steam chamber, induced by the static loads
and the thermal transients.

This paper shows a practical example of inelastic
stress analysis,applied to the shell-tubesheet-steam
chamber of a steam generator subjected to a thermal
shock, and is written from the point of designing.rather
than the theoretical one.

Some useful informations are obtained from the results
of the analysis.

2 Analysis Method

Heat exchanger tubesheets of steam generators have
generally a complicated configuration and are subjected
to severe thermal shock at the transients.An inelastic
stress analysis is generally required to show the integrity
of the tubesheets in accordance with an available ele-
vated temperature structural design code. However,the
application of the detailed inelastic stress analysis to the
3-dimensional tubesheet design is very limited because it
entails too much computer calculation hours and man-
power. Therefore a simplified inelastic analysis proce-
dure with a reasonable accuracy is required to be devel-
oped.

In the case of tubesheets analysis for the elastic design,
a hand calculation method has been successfully used on
the concept of an equivalent solid plate.

O'Donnell et al employed limit analyses to determine
the plastic strength of the perforated plate and studied
further the plastic strain concentrations in ligaments®
6 7)‘

On the other hand, Pai et al have proposed an inelastic
analysis procedure of the tubesheets combining the solid
plate concept with FEM technique®. In spite of the
scarce application examples and comparisons with



Inelastic Stress Analysis of a Steam Generator 49

experimental data of the procedure, the method seems
to be a very practical one for the designers. Authers

applied this method as mentioned below.

3 Description of the Analysis Model

The applied structure is a superheater tubesheet
designed for a LMFBR (Liquid Metal Fast Breeder

Reactor) plant of which details are shown in Fig.2.
Loading conditions are determined on the basis of an
external power failure accident,in which the most effec-
tive load is the cold shock at a sodium (primary coolant)}
flow transient.Other loads are internal pressure, flange
bolt forces.and tube reaction forces due to the cold
shock. The totalized loading histories for the analysis
are shown schematically in Fig.3. The postulated life

700 406 800
100 260 400
-l-——‘ ®
,®
® S
1
R @ N
S ) 2 gl o
™ = I \ ol
- © \ \ |

® @

DSteam chamber @Tubeshect @Shell

@Sleeve @Tubes ®Bolts @Gasket ®Buffer

Fig. 2 Detailed Drawing of the Tubesheet
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time is 2.1x10% hours and the accident is supposed to be
cycled 500times, which corresponds to 420 hrs/cycle.
The analysis has been performed for the first two cycles.
The material of the component is 3045S and the material
data for the analysis are mainly taken from Ref.1 and
2.

4 Theory and Procedure of Analysis

4.1 Basic Theory and Analysis Computer Code

FEM technique based on the recommended theory® is
adopted, which consists of the kinematic work harden-
ing rule for plasticity and the equation of the state
method for creep. Al the elements used are of 8-node
quadratic elements (3 x 3 Gaussian integral points). A
two-dimensional axisymmetric inelastic analysis pro-
gramme "KINE-T"'? is used in the following analysis,
which was developed by one of the authors and the

colleagues.
4,2 Analysis Procedure

The analysis procedure has been developed for the
inelastic analysis of tubesheets using the finite element
technique®. Basically, this approach is an extension of

the equivalent solid plate concept

and consists of the following 3 ana- “E
Iytical steps. 515 [~
Step 1 : Determine the effective g
elastic-plastic and creep properties of 3

—
(=)

the perforated plate, using a repeti-

tive segment of the hole array.

Step 2 : Analyze the global structure
in which the tubesheet is replaced by 5
an equivalent solid plate.

Step 3 : Analyze the tubesheet itself
in detail, using the boundary trac- 0
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4.3 Analysis

Step 1. Determination of Effective Properties of
Tubesheet
The hole array of the tubesheet is an equilateral
triangular pattern with pitch P=29%m, minimum liga-
ment width h=17.5am (which gives the ligament effi-
ciency 7=0.603). Thickness of the sheet t is260aa. The
effective properties for the six loading conditions'” are
derived. However, in the present analysis, the represen-
tative X and Y directional properties are calculated and
the average values between them are used as effective
properties. Calculations are performed under the gener-
alized plane strain condition using the mesh division.
The effective elastic-plastic and creep properties are
obtained as shown in Fig.4 and Fig. 5. Both plastic and
creep strength in Y-.direction is stronger than that of
X-direction. Basic creep data of 304SS are taken from
Ref. 12. The effective creep equation is obtained as
follows.
Ec =AgP orCeqPo2ETeFy 10-2(%)
A=0,71844 x10-® D =-0. 35309 x10-?
B =-0. 36857 x10-! E =0. 85950 x10-2
C =0.69499 x10! F =0, 97226

Results in Step 1 are summarized in Table 1.

Uniaxial Data
Y—Direction

L L . ! 1 2 " 2 1

tion derived from the results
obtained in step 2.

0.5 Total Strain (%) 1.0

Fig. 4 Effective plastic properties at the conditions of
generaliged plane strain and temperature 487°C
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Step 2. Global Analysis by Axisymmetric Model

The global analysis is carried out by the mesh division
of the axisymmetric model shown in Fig. 6. The typical
temperature distributions at the cold shock transient are
shown in Fig. 7. The Strain distributions are shown in
Fig. 8, where discontinuity portions developed into
plastic regime. Fig. 9 shows the strain distributions in
the wall thickness direction of the tubesheet, where the
maximum plastic strain developed.

From Fig. 7 through Fig. 9, it is seen that the tube-
sheet is subjected to bending load caused by temperature
difference between both sides, and the shake down
occurs on the sodium side surface. Creep effect is very
small throughout the tubesheet.

Step 3. Analysis of the repetitive of the hole array
The aforementioned global analysis showed that the
maximam plastic strain in the tubesheet was induced at

the sodium side surface of the sheet-center. Therefore,
in the next segment analysis, this localized portion is to
be analyzed using the same mesh model of Step 1.

The boundary traction used in Step 3 is the equivalent
stresses induced at the localized portion in Step 2 and are
shown in Fig. 10. The forces in Fig. 10 are applied
equibiaxially to the segment model. Steam transient
and steam pressure loads are also considered in Step 3.

Asthe maximum plastic strain is induced at the surface
of the sheet. the segment is analayzed under the plane
stress condition.

Fig. 11 shows the progressive plastic zone and Fig. 12
shows a stress-strain curve at a representative point in
segment. From these figures, almost all portions
develop into plastic regime during the first cycle. But
for all subsequent cycles shakedown occurs. The creep
effects are negligibly small.

Table 1 Material properties

30458 Equivalent Solid
Young’s Modulas 172x10* kgf/mm* 1.72x10* kgf/mm?
Poisson’s Ratio 03 0297
Yield Strength ( v —9.4091)(T +164.43)=2893.94 kgifmm ? oyv* =0.7362 0y kgf/mm ®
Work Hardening 363.21 kgfmm * 285.83 kgf/mm *
Coefficient

Blackburn type Creep Equation
Ref.[12)

Creep Equation

£¢=(Aosa.c[m"3a~?)x10-: 9’6
A= 071844 X 10 ~°
B=-0.36857 X 10 "'

C= 69499
D=-035309 %X 10 "*
E= 085950 x 10 "%
F= 0972257

(At 487 °C)

Thermal Expansion 1795x10°* ¥°C

Coefficient

1786 x 10°% 1¥°C
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3.0

(a) For equibiaxial loading (b) For practical loading

Fig. 11 Progressive plastic zones
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5 Discussions

Due to the effect of a thermal buffer on moderating the
thermal shock, large peak strains did not occur in the
tubesheet in Step 2.

As can be seen from the strain distributions in the wall
thickness in Fig. 9. the peak strains occurred on the
sodium side surface of the tubesheet. The main reason
for the strains in the tubesheet was the bending load due
to the temperature difference between both sides of the
tubesheet. A typical shakedown occurred on the sodium
side of the tubesheet as shown in Fig. 12.

Corresponding to these global behavior, almost all
portions of the segment developed into the plastic regime
during the first cycle and then the shakedown occurred
at the second cycle.

The creep effect was so small in both results of the
stlobal and the segment analyses. that could be neglected
in the practical design.

The inelastic behavior in the vicinity of the hole was
studied by using a strain concentraition factor K, which

is defined herein as follows.

K o Maximm Peak Strain (elaoseic + plastic) _ € peak
£

Effective Strain (elastic + plastic)

- g(e;z +cy*2 + (g0 - ty")z)u2

Fig. 13 shows K versus ¢ * curve obtained in Step 3.
The dotted line in the same figure is the curve for the pure
cquibiaxial loading, which is calculated separately by
using the same model in order to investigate the basic
characteristic of the segment,where oy=14.0kgf/s
constant, other properties arc same to those in Table 1.

It is noted here that the peak strain is not arised at the
hole boundary but at the integral point nearest to the
boundary. K increases as the loading progresses deeper
into the plastic regime, and tends to stabilize when gross
yielding occurs in the segment. In addition, the local
location where the peak strain occurs changes as the
loading increases.

The charcteristic state of plastic regime development
and K versus ¢* curve of the practical loadings are

&
&

similiar to those of the equibiaxial loading in Fig. 11 and
Fig. 13. But the maximum K (=3.0) of the former is
greater than that of the latter. As a matter of course,
K depends on the ratio of each loading and material
properties. especially the temperature dependency of the
yield strength.

Therefore, in such a practical design. it scems very
important to accummulate many analytical examples
for the estimation of K, in addition to the basic uniaxial
and equibiaxial loading studies'* ',

The results of the present analysis met the design
criteria required in code case 1592 and N-47. The tubes
fixed to the tubesheet are neglected in the analysis. The
tubes might be needed to consider further in the analysis

procedure.

6 Conclusions

Tubesheets subjected to severe thermal loadings. such
as LMFBR steam generators, are required to perform a
detailed inelastic stress analysis for the confirmation of
the structural integrity. Due to the high cost associated
with the detailed inelastic analysis, it is necessary to
develop a simplified method with a reasonable accuracy .
To answer such a need, Pai et al proposed an analytical
method. As discussed in this paper, the proposed
method shows a very practical one and can be applicable
to a full sized model. The example described in this
paper will support the design analyses.
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