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Abstract

A study was performed on the creep analysis method of perforated plates based on the
equivalent solid plate concept.

A series of creep analysis by FEM for varilous materials, ligament efficlencies and load-
ing conditions was performed on the perforated plate with trilangular penetration pattern of
circular holes. From the results of the analysis, prediction methods for both the equivalent
solid plate property and the stress-strain concentration around the hole were proposed. The
prediction method for the equivalent solid plate property had the compatibility with the
elastic property shown in ASME B & PV Code Sec. I A-8000. The prediction method for the
stress-strain concentration was basically based on the Neuber's rule together with the Hoff's

analogy.

1. Introduction

In the design of high temperature equipments containing perforated plates, such as the
intermediate heat exchangexr for the high temperature gas cooled reactor, creep analysis of
perforated plates is required. The simplified method based on the equivalent solid plate
concept [1] is usually used for the stress analysis of perforated plates, because of the
complexity of 3-dimensional analysis. In such cases, results of the analysis are controlled

by the followings;
A. Prediction of the equivalent solid plate property
B. Prediction of the stress-strain concentration around the hole

For the elastic analysis, the above two items are presented in ASME B & PV Code A-8000
[2]. For the creep analysis, on the other hand, the proposal for A and B by Uragami et al.
[3] and that for B by O'Donnell et al. [4] have been made. However, more widely applicable
methods for various ligament efficiencies and materlals are required.

This paper presents the more widely applicable prediction methods for both the equiva-
lent solid plate property and the stress-strain concentratlon, based on the results of a

series of elastic-creep analysis by FEM.
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2, Creep Analysis of Perforated Plates by FEM

Perforated plates subjected to three kinds of constant in-plane load shown in Fig. 1
were considered. Three kinds of ligament efficiency n (=h/p), 0.3, 0.5 and 0.7, were
chosen. Plane stress condition was assumed and Norton's creep law in the following equation
was used

€ = A" 1)
where €c, 0, A and n are a creep strain rate, a stress and material constants respectively.
Four kinds of material shown in Table 1 were used for the analysis.

An example of finite element mndel considering a regularity of configuration of the
perforated plate is presented in Fig. 2. The analysis was made by MARC, element being a 2-D
isoparametric one with 8 nodes. The boundary conditions were the same as those by Uragami
et al. [3].

The creep analysis was performed to obtain the redistribution from the initial elastic
state to the steady-state creep condition. From the results at steady-state condition,
creep behavior of the equivalent solid plate and stress-strain concentration around the hole
were obtained.

Examples of analytical results for the change of &% and O¢max with time are shown in
Fig. 3, where [*] and [¢max] denote the equivalent solid plate property and the maximum
circumferential component respectively. Fig. 4 shows an example of creep behavior of the
equivalent solid plate for various ligament efficiencies and loading conditions. The rela-
tion between the equivalent stress T* and the equivalent creep strain rate €% is expressed
as the group of parallel linear lines in log-log diagram, and the slope of the lines is equal
to n which is the creep constant of the base material. Fig. 5 shows an example of the

stress-strain distribution around the hole at the initial and the steady-state condition.

3. Prediction of the Equivalent Solid Plate Property

According to the method by Uragami et al. [3], the creep strain rate of the equivalent

solid plate was assumed to be the following equation

&r = prgrn? (2)

where A* and n* were given by next equations

A* = A*(n,A,n) = f(n)n~MDA (3)

n*

n (4)

In eq.(3), Uragami et al. assumed that f(n) was determined as a linear function of n for
n=5.6~9.0, m being a constant. However, applicability of eq.(3) for various materials and
temperatures strongly depends on the determination of f(n).

In this paper, an improved form of f(n) was proposed to extend the applicability of
eq.(3), considering the Hoff's analogy [5] between a linear viscoelastic and a linear elas-—
tic materials for the case of n=1. Fig. 6 shows the relation between f(n) and l/n, where
f(n) for n=1 was determined from the following relation obtained from eqs. (1) and (2) by

setting n=n*=1 and neglecting the elastic strain.

AF

A=

g§n

(5)
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The constant m in eq.(3) was determined as [1.18] using the results for n=4.45, and E/E*
was determined from the data in ASME B & PV Code Sec. II A-8000.

Linearly approximated relation between f(n) and 1/n as shown in eq.(6) was obtained by
tying two points for n=1 and n=4.45, using average values of n=0.3, 0.5, 0.7 for n=1 and

n=0.5, 0.7 of x and y load for n=4.45 respectively.

£(n) = % +0.316 (6)

Therefore, eq.(3) is expressed in the following form finally.

A% _ (0.591
n

N =22 4 0.316]n'1-”“ @)
Predicted results by the present and Uragami's methods are shown in Fig. 7, comparing them
with FEM results., Predicted values by the present method coincide well with those by
Uragami's method and results by FEM. The present method is considered to be a practical ome
which extends Uragami's method to wider range of the material constant n and has the com-—

patibility with the elastic case for n=1.

4, Prediction of the Stress-Strain Concentration

Uragami et al. [3] proposed a prediction method for the stress-strain concentration in
creep region, based on the elastic strain concentration, but applicable range for materials
and temperatures is restricted. On the other hand, 0'Donnell et al. [4] proposed a more
general method. But this method requires elastic (n=1) and rigid plastic (n=®) solutioms.

In this paper, a new approach fundamentally based on the Neuber's rule [6] was proposed.
The perforated plate and the equivalent solid plate subjected to the same load were con-
sidered as shown in Fig. 8. Stress-strain relations for these two plates can be presented

by the following equations, neglecting the elastic strain.
& = Aol (Base material) (8)
g*= A*g*D (Equivalent solid plate) 9)

The Neuber's rule presented by eq.(ll) was assumed for the perforated plate made of the

material of eq.(10) where [.] is neglected from eq.(8).
€ = Ao (10)
O¢max E¢max = kt®Onom Enom (11)

In eq.(11), €nom 1s an averapge strain of the perforated plate, and Opom is a stress related
with €nom by eq.(10). O¢max and €¢max also satisfy eq.(l0). Elastic stress concentration

factor kt is expressed*1 as the following equation

_ |O¢max _ E*Ymax
ke [Unom n=1 En (12)

*] Eq.(12) can be derived based on the following relations: E€Epoy = €% ,
Opnom = E€pnom (Perforated plate), g* = E*e* (Equivalent solid plate),

Ogmax = Ymax 0*/n (Definition in A-8000)
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where E*/E and Ypax can be obtained from the data in A-8000.
The Neuber's rule for the material of eq.(8) can be written in the next form consider-

ing the Hoff's analogy

O¢max €dmax = Kt Onom Enom (13)

where the pairs of G¢max - é¢max and Onom - &nom satisfy eq.{(8) respectively.

By the definition of the equivalent solid plate, next equation can be derived,
tnom = &% (14)

On the other hand, Opop is related with o* in the next equation by eqs.{(8), (9) and (14)

1
A% I
Onom = [T] a* (15)
Stress concentratlon around the hole in creep region can be obtained as follows by
eqs.(8), (9), (13), (1l4) and (15)
2 * )1
Yémax _ e whn (AN |W
% /n Nkght1 ‘A (16)

where A¥/A can be estimated by eq.(7). Eq.(l6) coincides with the definition of Yyax in
A-8000 considering eq.(5) in the case of n=1.

Creep strain concentration around the hole can be expressed as follows using eqs.(8),
(9) and (16)

éggémax - kt% aan

The maximum circumferential creep strain €¢max can be obtained by integration of eq.(17).
Predicted values by eqs.(l6) and (17) were found to colncide pretty well with FEM results,
showing the reducing tendency of the stress concentration and the increasing tendency of the
strain concentration respectively for the Increase of n. However, some discrepancy was
found especially for the strain concentration, resulting in a lower prediction for N=0.7
and a higher prediction for n=0.3.

Therefore, modification factor C was introduced to eq.(l1l) as shown in the following

equation in order to improve the prediction method.

Opmax €¢max = (Cke)?onom Enom (18)
where C was assumed to be function of N and n as follows.

C =¢C(M, n) (19)

Then egs.(16) and (17) become as followings.

—2_ (A% )L
Tmax - n(cke)BA (AT]n (20)
E%max _ (th)f_ﬂ (21)

Values of C were determined by the next equation, making the predicted strain concentration
equal to the FEM results
n+1

[(“bgpax) 17

C = —— (22)
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where (€¢cmax/eE)FEM is the value at the steady state obtalned by FEM, and it was regarded
as equivalent to é¢max/é* in eq.(21). Obtained results for C by eq.(22) is shown in Fig. 9,

and a predictive equation (23) for C was determined from the figure.

C = (-1.359 logiN - 0.551) (% - 1) + 1 (23)

Stress-strain concentration predicted by egs.(20) and (21) together with eq.(23) is
shown in Fig. 10 and Fig. 1l respectively in comparison with predicted results by Uragami's
method and FEM results. Predicted values by the present method coincide well with FEM
results, showing a good agreement with prediction by Uragami's method for the case of n=20.3
which they studied mainly. Results of comparison of prediction for the stress concentration
by the present and O'Donnell's method are shown in Fig. 12 for the case of equibiaxial
loading (0% = 0§, n=0.5). A good agreement is obtained between them. The present method
has the feature to make a prediction based on the Neuber's rule together with the data in

A-8000 for n=1 without additional FEM analyses.

5. Conclusion

Prediction methods for both the equivalent solid plate property and the stress-strain
concentration around the hole were proposed in the creep analysis of perforated plates
based on the equivalent solid plate concept.

For the equivalent solid plate property, an extension of Uragami's method was made and
a predictive equation was proposed which had a compatibility with the elastic data in ASME B
& PV Code Sec. II A-8000 for the special case of n=1.

For the stress-strain concentration, a prediction method basically based on the
Neuber's rule was proposed, which had a compatibility with the elastic data in A-8000 for

the special case of n=1.
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Table 1 Material Properties Used for Analysis

Materiall Elastic Creep

E 1}/Ah | Note
Vv r
NO. ( MPa ) (MF’a)“> i
I [1.329x105 0.3 [1.678X107'° 4.45 |Hastelloy X, 930C, 0°=9.8MPa
I [1.329X105 0.3 [1.539X1078 | 2,47 |Hastelloy X, 930C,5'<9.8MPa
T |1.329X105] 0.3 |1.201X1018]6.13 | Hastelloy X, gauc (0L )
IV [1.546X10% 0.3 7.796><10'25_r9.00|SU8304, 550C
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Element Model
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Fig. 3 An Example of Time History of Creep Strain Rate of the
Equivalent Solid Plate and the Maximum Circumferential

Stress around the Hole
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(a} Perforated plate  (b)Equivalent solid plate

Fig. 8 Definition of the Equivalent Solid Plate
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Fig. 12 Comparison with O'Donnell's
Results for Stress Concentration
Fig. 11 Creep Strain Concentration
around the Hole
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