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ABSTRACT

It is well known that fatigue damage accumulates around
T-junctions of piping system where two kinds of fluid with
different temperatures are mixed. This phenomenon is called
thermal striping, and simple method for evaluating the fatigue
damage derived from this phenomenon is greatly important for
both design and maintenance stages. However, the evaluation
of the thermal stress derived from the thermal striping is rather
difficult since the evaluation requires complicated analyses
such as fluid mixing, heat transfer, and heat conduction. In
addition, the closed-form solution to describe the stress-range
distribution under random loading has not been established yet
since the rainflow cycle-counting method is not suitable to the
analytical treatment. Though numerical calculation may be
available for the evaluation, it requires time-consuming work
and is not practical for design stage. For this reason, an
analytical method for evaluating the fatigue damage directly
from stress power spectrum density (PSD) is desired. In this
paper, the feasibility study to apply anaytica methods to the
evaluation of thermal-striping damage is examined. The
analytical methods are applied to the fatigue damage evaluation
from the stress PSD that was obtained by the thermal striping
experiment. Finally, the applicability and problem of each
method will be discussed. In order to apply the envelope PSD
to design, the property of safety margin associated with the
PSD isinvestigated too.

NOMENCLATURE
am: M-th band width parameters
Am: m-th moments of power spectrum density
I'(): Gamma function
oy Standard deviation of stress

Shinsuke Sakai
The University of Tokyo
Tokyo, Japan

Satoshi lzumi
The University of Tokyo
Tokyo, Japan

Naoto Kasahara
Japan Nuclear Cycle Development Institute
Ibaraki, Japan

Dy. Fatigue damage factor (indexes refer to the evaluation
method)

N: Cycle number during the operation period

Nf: Cycle number to failure under constant stress amplitude

S: Spectral density

pa(s): Probability density function of amplitude (indexes
refer to the evaluation method)

s: Stress amplitude of counted cycle

: Angular velocity

5(): Dirak delta

k: Slope of constant amplitude fatigue curve
INTRODUCTION

The random fluctuation of fluid temperature appears at T-
junctions of piping system in plants, where two kinds of fluid
with different temperatures are mixed, and it gives thermal
stress fluctuation to the structural materia. When the
accumulating fatigue damage reaches the critical value, the
crack may be initiated and propagated. This phenomenon is
called therma striping, which should be considered both at
design and at maintenance stage. In Japan, JSSME has devel oped
the design guideline to avoid the thermal striping damage [1]
for light water reactors, and Kasahara et a. [2] extended it to
FBRs.

The relation between the amplitude of temperature
fluctuation and that of thermal stress fluctuation depends
strongly on the fluctuation frequency. Therefore, in JSSME
guideline, the procedure to evaluate fatigue damage derived
from thermal striping is given on PSD basis. Fig.1 illustrates
the outline of JSME method.
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Fig.1 Procedure for evaluating fatigue damage from
PSD

In this figure, (1) random processes of the stress are
generated from thermal-stress PSD at first, and then (2) stress
ranges are caculated from the random stress wave using
rainflow cycle-counting method. Finaly, (3) the fatigue
damage is evaluated from the stress amplitudes using fatigue
accumulation rule such as modified Miner's law. Modified
Miner'slaw is discribed as:

D, = ic Sik (1)

where C and k are material constants. Modified Miner's law
counts fatigue damage contribution under fatigue limit.

However, at the design stage, the above procedures are too
complicated from a practica viewpoint. Therefore, the
analytical method that evaluates fatigue damage directly from
PSD is desired, as depicted by arrow (4) in Fig.l. Although
several researchers [3][4] have proposed the anaytica
methods, no established method has been found yet.

This paper aims to examine the applicability of two
analytical methods to the thermal striping phenomena. One is
Tovo's method [3] that provides a simple explicit
approximation of fatigue damage, and the other is Dirlik’s one
[4] that is recommended by Bouyssy et a. [5]. The accuracy
and the applicability of the methods are discussed.

In view of application to design, how to take safety margin
for the fatigue damage evaluation also should be discussed.
This paper investigates also the property of safety margin
associated with the PSD envelope.

METHOD FOR EVALUATING FATIGUE DAMAGE

In this chapter, outline of Tovo’'s method and the Dirlik’s
one is summarized. In these methods, bandwidth parameter o
plays an important role. The i-th bandwidth parameters are also
calculated using the various moments of the PSD as follows:

P S 2
T )

where 2, is the i-th moment of PSD and is defined as:

A :_[::a)rS(a))da) . ©)

Tovo’s method [3]

Tovo's method considers four representative cycle-
counting methods. peak(PC), level crossing(LCC), range(RC),
and rainflow(RFC) counting methods. The evaluated fatigue
damage E(D;) depends on used counting method, and E(D{¥°)
is desired to be evauated directly from the stress PSD. Tovo
indicated that the following relation for E(Dy) holds.

E(Df°)< E(D¥¢ )< E(D*° )< E(D™) 4)

From this relation, the Upper and lower limit of E(D{)

can be evaluated as E(D{-°“) and E(D{*“) respectively. He
showed that E(D{““) is caculated using the following
analytical formula:

E(D:*)=NC -Lms" - pLee(s)ds

a

- NC .az(@@}r(“%j (5

Asto E(D{*“), Madsen et al. [6] derived the formulaas:
E(D!®)~ NC -(\/Eaxajr(ugj . (6)

Tovo proposed E(D{*°) calculated using E(D{°) and
E(Df*°) as an approximate value of E(D{*™) :

E(Dj") = bE(D} )+ (L-b)E(D°)

7
- NC-(\/EUX)(F(1+%][ba2+(1—b)a'2‘] . @)
where, coefficient b is defined as:
b= min{ﬂ, } ) (8
—a

This relation is derived from numerical simulations. Tovo
described that p.""°(s) also can be approximated using the
coefficient b asfollows:

pa"*(s)=b- p;(s)+(1-b)- p{(s)

=b~(a2~ > exp[ il J+(1—a2)§(s)] 9)

- 2
X 20_)(

S o s
alo? 2al07
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where, p."(s) is a particular solution for the stress amplitude
distribution defined as:

7 ()= —exp - (10)
. olal 2070

Pa (S) is used in eq.(9) instead of p,°(s), since pa"c(s)
cannot be formulated in analytical form and the expected
damage from p," (s) is equal to Eq.(6).

Dirlik’s method [4]

Dirlik proposed the following p,~" " (S) as approximate
function of the actual probability density function:

2
p20)= D] - o] -5
Qo, Qo, ) Rioy 2R%o;

RO s?
o? 207

Dirlik

11

where
Z!Xm—af! 1-a,-D,+D}
D1: 1 2 ’ DZZ—, D3:1_D1_D2y
+a, 1-R
_ _ _ _ 2
X —aa, Q- a,—D,-RD, ’ _ X D12
4D, 1-¢,D, + D]

Consequently, the fatigue damage is caculated from
eg.(11) as:

E(DEirlik): NC 'J.:Csk ) paDirnk(s)dS
=NC-DI(1+k)Qa, ) (12

+NC ~r(1+ %)(ﬁaXT(DZRk +D,) .

PROCEDURE

Generally, the fatigue damage evaluation from the stress
PSD is conducted using the following procedure: the stress
wave is simulated using inverse Fourier transformation at first,
and then the stress amplitudes are calculated from the stress
wave using the rainflow method, finally the fatigue damage is
evaluated from the stress amplitudes using the modified
Miner’s law. We write this procedure as the numerical method
below. To examine the effectiveness of Tovo's and Dirlik’s
methods to the thermal striping problem, the fatigue damage
evaluated using these methods is compared with the result of
numerical method. On this comparison study, the fatigue
damage is expressed by normalized value that is defined as the
value divided by the damage evaluated using numerical
method.

In addition, in order to apply the PSD envelope to design,
the property of safety margin associated with the PSD envelope
is investigated. The safety margin is evaluated as the ratio of
the fatigue damage evaluated from PSD envelope to that
evaluated from original PSD.

Fig.2 shows three kinds of the PSDs that are used to
investigate the property of the fatigue damage evaluation.

>
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)

o
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Fig.2 Power spectral densities used for comparison
study

The original PSD shown by solid linein Fig.2 is evaluated
from the experimental result of thermal striping, first. Then the
enveloped PSDs shown by broken and chain lines in Fig.2 are
introduced so that safety margin for fatigue design can be
investigated. “Envelope 1" is made considering the PSD valley
around 4Hz, and “Envelope 2" is made in spite of thisvalley.

RESULTS OF TOVO’S AND DIRLIK’S METHOD

The effectiveness of Tovo's and Dirlik’s methods to the
current fatigue problem is investigated in terms of normalized
fatigue damage. Since the value of slope k varies according to
material and number of cycles, k dependency on fatigue
damage is investigated in advance. For example, for the best-fit
SN curve for SUS304 [7], slope k is around 8 at Ni=10%and is
around 14 at N=10°.

Fig.3 illustrates the normalized E(D{-°®), E(D{*“), and
E(D;"*"°) evaluated from original PSD.

6
_. 5 [—|—#Tovo
g ——LCC /
¢ 4 —{——RC
= e
a3 IR r———
o e
52|
oL
0 i S
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slope k

Fig.3 Normalized damage evaluated based on level
crossing, range, and Tovo’s methods

In the range of k=3 to k=17, the normalized E(D{"*) is in
the range of 1 to 2. Since the normalized E(D;"*) is close to 1,
it is thought that E(D;"°"°) is sufficient approximation of the
result of numerical method. E(D{-“®) overestimates the fatigue
damage. In contrast, E(D{) significantly underestimates the
fatigue damage. Therefore, it can be said that E(D{-““) and
E(D°) give the upper and lower limit of the fatigue damage
estimation, as pointed out by Tovo[3]. Thus, the effectiveness

3 Copyright © #### by ASME



of Tovo's method to the thermal striping problem also can be
confirmed.

Fig.4 shows the comparison of normalized fatigue damage
evaluated from original PSD using Tovo's method and that
using Dirlik’s one.

Original
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Fig.4 Comparison of normalized damage evaluated
from original PSD using Tovo’s and Dirlik’s methods

In the range of k=3 to k=15, the both normalized fatigue
damage is within the range of 1 to 2. Since the normalized
E(DP™) is close to 1, it is thought that also E(DP™) is
sufficient approximation of the result of numerical method. The
both normalized fatigue damage is evaluated large when k is
larger 15. Since slope k is large when N; becomes large, the
fatigue damage is evaluated on the safe side by both methods
when the lifetime for the thermal striping becomes longer.

Fig.5 shows the comparison of normalized fatigue damage
evaluated from “Envelope 1” shown in Fig.2 using Tovo's
method and that using Dirlik’s one.

25
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Fig.5 Comparison of normalized damage evaluated
from enveloped PSD using Tovo's and Dirlik’s
methods

In the range of k=3 to k=16, the both normalized fatigue
damage is within the range of 1 to 2. Since the both normalized
fatigue damage is close to 1, it is thought that Tovo's and
Dirlik’s methods give sufficient approximation of the result of
numerical method also in this case. In this case, Tovo's method
evaluates larger fatigue damage than Dirlik’s method contrary
to the origina PSD case. Therefore, we cannot generalize
which method evaluates more accurate damage than the other.

To examine the difference of evaluated fatigue damage
between Tovo's and Dirlik's methods in more detail, the
probability distributions for stress amplitude obtained by these
methods are compared with that obtained by the numerical

method. Fig.6 shows the comparison of the probability
distributions evaluated from original PSD.
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Fig.6 Comparison of probability distributions for
stress amplitude

Although both Tovo's and Dirlik’s methods give a good
approximation for the probability distribution obtained by the
numerical method, the approximated probability distributions
dightly differ from the result of numerical method at large and
small stress amplitude region. Compared to this difference, the
probability distributions obtained by both methods are similar
with each other especially at large stress amplitude region.
Since the fatigue damage strongly depends on the large stress
amplitude region of probability distribution, it is thought that
the difference in accuracy between the Tovo's and the Dirlik’'s
methods is small. In conclusion, the Tovo's method is more
advantageous than the Dirlik’ s one due to following reasons.

1. Formulation by Tovo's method is simpler and fatigue

damage evaluation is easier.

2. Not only cumulative fatigue damage, the upper and

lower limits of fatigue damage can a so be obtained.

INFLUENCE OF PSD
EVALUATED DAMAGE
The fatigue damage evaluated from enveloped PSD
contains safety margin. In order to apply the PSD envelope to
design, the property of safety margin associated with the PSD
envelope is investigated. The safety margin is evaluated as the
ratio of the fatigue damage evaluated from PSD envelope to
that evaluated from original PSD. Fig.7 shows the comparison
of the safety margin that evaluated using the numerical method.

ENVELOPE ON THE
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Fig.7 Comparison of the safety margin

For example, assuming SUS304 as the structural material,
slope k is around 8 at N;=10% and is around 14 at Ni=10° on the
best-fit SN curve [7]. The safety margin of "Envelope2" is
around 10 times that of "Envelopel” when k is 8, and is around
100 times when k is 14. The ratio of safety margin increases
exponentialy with slope k, and it is significantly large. For this
reason, it should be discussed how to make the PSD envelope
for the reasonable safety margin, and it is the subject for a
future study.

CONCLUSION

This paper applied two methods, Tovo’'s and Dirlik's
methods, to fatigue damage evaluation of thermal striping.
Consequently, it is confirmed that both the Tovo's and the
Dirlik's methods can evauate sufficient approximation of the

damage evaluated using simulated stress wave. Especialy the
Tovo's method is thought effective at the design stage, since it
can aso estimate upper and lower limits of the fatigue damage
and the fatigue damage evaluation is easy.

The property of safety margin associated with the PSD
envelope also is investigated in order to apply it to design. It is
confirmed that the safety margin largely varies according to the
enveloped PSD used. The method to make the PSD envelope
for the reasonable safety margin remains to be solved.
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