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Frequency response function method

for evaluation of thermal striping phenomena

Naoto Kasahara'

Abstract

A rational analysis method of thermal stress induced by fluid temperature fluctuation is
developed, by utilizing frequency response characteristics of structures. High frequency
components of temperature fluctuation are attenuated in the transfer process from fluids to
structures. Low frequency components hardly induce thermal stress since temperature
homogenization in structures. Based on investigations of frequency response mechanism
of structures to fluid temperature, a frequency response function of structures was derived,
which can predict stress amplitudes on structural surfaces from fluid temperature
amplitudes and frequencies. This function is formulated by separation of variables, and is
composed of an effective heat transfer function and an effective thermal stress one. The
frequency response function method appears to evaluate thermal stress rationally and to

give information on damageable frequency range of structures.

*  Structure and Material Research Group, System Engineering Division, OEC, INC
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NOMENCLATURE

T, (¢): Temperature of fluid

AT,: Amplitude of sinusoidal temperature fluctuation of fluid

T,,: Average temperature of fluid

T.(x,t): Temperature of structure
- AT, : Amplitude of sinusoidal temperature fluctuation on the structural surface

T, .. : Maximum temperature on the structural surface

ofx,t): Stress in structure

Ao-L_o:_'Amp!itude of sinusoidal stress fluctuation on the structural surface

Ao, : Ideal stress fange converted from hundred percent of fluid temperature amplitude
G{x,1): Time response function of structure to fluid temperature fluctuation

H(t): Time response function of effective heat transfer

S(x,¢): Time response function of effective thermal stress

H{T. (x,1)}: Thermal stress function determined by mechanical boundary conditions
T, (s): Laplace transform of T, (¢)

T.(x, s): Laplace transform of T, (x, )

G(x,s): Laplace transform of G(x,t)

H(s): Laplace transform of H(r)

S(x,s): Laplace transform of S(x,?)

@{T. (x,s)}: Laplace transform of @{T, (x,2)}

G(B odf ): Frequency response function of structural surface to fluid temperature
fluctuation

H(B,., ir ): Frequency response function of effective heat transfer

Sfjf‘ ) Frequency response function of effective thermal stress on the surface

Bi= % : Biot number

*

ta .
t = F: Fourier number

2
f= A : Non-dimensional frequency
a .

x: Length from the surface of structure

t: Time



JNC TN9400 2001-005

f: Frequency of sinusoidal fluctuation

h: Heat transfer coefficient

L: Wall thickness of structure

A: Area

V: Volume

a: Thermal diffusivity of structural material

A : Heat conductivity of structural material

c: Specific heat

o : Density

£ : Young's modulus of structural material

o : Linear expansion coefficient of structural material

v : Poisson's ratio of structural material

K: Stress index determined by mechanical boundary conditions and material properties
K =1/(1-v) in the case of biaxial plane stress condition

D;: Fatigue damage factor -

N: Cycle number

N; : Allowable cycle number of structural material

£, : Strain range
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1

INTRODUCTION

At an incomplete mixing area of high and low temperature fluids near the structural
surface, temperature fluctuation of fluid gives thermal fatigue damage on the wall
structures. This coupled thermohydraulic and thermomechanical phenomenon is called
thermal striping, which has so complex mechanism and sometimes causes crack
initiation on the structural surfaces that sodium mock-up tests are usually required to
confirm structural integrity of components. From recent needs of cost reduction, design-
by-analysis methodology is strongly desired for thermal striping.

In the IAEA coordinated research program on Harmonization and validation of Fast
Reactor thermomechanical and thermohydraulic codes and relations using experimental
data, mechanism of thermal striping phenomenon and sensitive factors of structural
integrity were investigated on a Tee junction of PHENIX secondary piping system{1]. As
a resuit, attenuation of temperature and stress amplitude was recognized as the most
important factor in the integrity assessment [2].

One of main difficuities to apply numerical approach to evaluate temperature
attenuation is thermal hydraulic calculation near walls. It is required that detailed
turbulent calculation methods such as DNS and LES with fine meshes less than laminar
sub-layers [3], those require huge computational resources.

Another problem in mechanical side is shortage of high cycle fatigue data to evaluate
large number of strain cycles caused from high frequency fluctuation.

In order to overcome above difficulties, author paid attention to following structural -
characteristics. Wall structures can not respond to high frequency fluctuation of fluid
temperature because of heat transfer loss [4][5] and low frequency components of
fluctuation may not cause large thermal stresses since thermal homogenization in
materials [6] as in Fig.1. These tendencies are easily understood from F.E. calculations
of a plate wall subjected to sinusoidal temperature fluctuation of fluid. Fig.2 is
temperature history on the inner and outer surfaces, and Fig.3 is stress one on the both
surfaces. By utilizing these characteristics, we can limit damageable frequencies to
structural materials that have to be evaluated. In order to quantify frequency response
characteristics, author has proposed the structural response diagram; where stress
amplitude of structures can be predicted against the temperature fluctuation with a
constant frequency and a heat convection factor [7].

This theoretical study will propose ideas to extend the concept of structural response
diagram and develop general frequency response function.



JNC TN9400 2001-005

Frequency of Attenuation Induced
fluid temperature mechanism thermal stress
fluctuation amplitude
Heat transfer losses
High ) from fluid to structures =) Low
Medium | > Maximum
Low :> Thermal homogenization E> Low

inside structures

Fig.1 General tendency of structural response to fluid temperature fluctuation
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Fig.2 Wall model with boundary conditions for F.E. calculations
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2. FORMULATION OF PHENOMENA BY FREQUENCY TRANSFER FUNCTIONS

2.1. ONE DEGREE OF HEAT CAPACITY PROBLEM

In order to understand mechanism of structural responses to fluid temperature
fluctuations, thermal and mechanical responses problems are theoretically
formulated. Fig.4 is a one degree of heat capacity model as the most simple
problerh. Its differential equation with a boundary condition is

Vepl, + ART, = ART, : (1)
- 2 AT, sin(ur)
Tf_E T, sinler). (2)

Laplace transform of Eq.(1) is
(veps + ARY(s) = ART(s). 3

Transfer function H(s) from fiuid temperature T, (s) to structural temperature
T,(s) can be described as

TG)_ 1 __Vep

H(s)= T.G) 1+’ = Ak’ @

Frequency response function is

)= )

i+ jwr

Such frequency dependent characteristics is explained from Eg.(5), that
w— o, H(w)-o0.
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T, = lATf sin wr

f
2 Tf

NAAANA

Te
Ts

NANN

TUUUT an SRRy

Fig.4 One degree of heat capacity problem

2.2. TWO DEGREES OF HEAT CAPACITY PROBLEM

+

Next problem described in Fig.5 is a two degrees of heat capacity model. In this
problem, thermal siress is assumed to be proportional to difference between two
heat capacity points as

o=KEa(T,,-T,), (6)

where K is a stress factor determined from a geometry.

Differential equation with boundary condition is

- A4
Vocops 0 [T, Ah + A A L To}= Ak O[T, )
0 Ven (T, _AA AA T 0 0j{0
L L

where A, is a convection area, A, is conductive area, L, is conductive length with
heat conductivity A ;.

Transfer function from fluid temperature to stress can be obtained by Laplace
transform of Eqs.(6) and {7) as

als) _ Tso(s)_ ols) _ .
7,60 T, ) Tl CEeHle)= KEaGl)

(8)
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In Eq.{8), H(s) is an effective heat transfer function described as

T, 1 |4
H(s)= so(s)= T, = ucopo. ©)
T, (s) 1+7,s Ah
which is the same as Eq.(5), and
5(s) is an effective thermal stress function expressed as
(s)= 1 ofs) -1 1 ;= Ve, p, L, ' (10)

§)= =1= ’ s
KEaT.(s) ~ l+zs’ ° 4}

Frequency response function of two degrees of heat capacity is obtained from
Eq.(8) as '

G(jw)=KEa— ' . _J%% | (11)
I+ jwr, 1+ jwr,

From Eq.(11), it is obtained that & —0, |G(jw] =0 and w — s, |G(jw] - 0.

Consequently, general tendency of frequency response shown in Fig.1 can be explained

by two degrees of heat capacity model.

Fig.5 Two degrees of heat capacity problem
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2.3. CONTINUUM HEAT ‘CONDUCTION PROBLEM
The third problem is a continuum heat conduction model as in Fig.6, where

thermal stress is assumed to be described with a mechanical equation which
depends on mechanical boundary conditions as

o(x,1)= KEad{T, (x,1)). | (12)

Here, cb{T . (x, t )} becomes zero when T, (x, t) is constant except a full

constraint condition.

Partial differential equation of heat conduction is

T T -
t+ A—2=0. 13
EAPV P (13)

General expression of thermal boundary conditions are
aT,(0,2)+ bair, ©,1)= AT,) (14)
' ‘
3 .
eT.(Lt)+ da—I;(L,r)= B(). (15)
X

Transfer function from fiuid temperature to thermal stress can be described as

O'(x,s)= TS(O,S)_TS(x,s)_ cr(x,s) -
T_f(s) Tf(s) T;(O,S) Ts(x,s)

KEaH (s)S(x,5)= KEaG(x,s).  (16)

In Eq.(16), H(s) is an effective heat transfer function described as

H(s)=

T O,S)
. (17)

(
T,(s)

which was introduced from Eq.{13) with thermal boundary conditions Egs.(14)(15).
And S(x,s) is an effective thermal stress function expressed as
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1 T(xs) olxs) _ Ts(x’s)«b(T (x,5))

S(s)= KEa T,00.5) T,(xs) 7,00,5)

(18)

which depends on the thermal equation Eq.(13) with boundary conditions Eq.(1 5)
and the mechanical one Eq.(12).

Since Eqs.(16)(17)(18) are general expressions, an example solution is
calculated for the case of a=1, b=-1 and A(T))=T; in Eq.{14) and d=0 and B(t)=0

in Eq.(15) as,
-1
His)= 19
©) s(«/g coth /s + 1) 19
S(x,s)= 220 E;h"jf)‘/; }cb(T, (.s) (20)
Frequency response function obtained from Eq.(16) with Eqs(19)(20) is
”—(x-f—"’) = KEaG(x, jw)= KEaH (jw)S(x, jw) (21)
Tf(]"-’)

When H(s) is described by Eq.(19), w— < leadsto |G| —0.

When 8(x,s) is described by Eq.(20), w — 0 leads to |G| — 0 since
temperature homogenization makes ®(T.(x,s)) zero.

Eq.{21) is more general expression than Eq.(11). Thus, frequency response
characteristics of structures can be formulated by separation of variables
composed of an effective heat transfer function H jw) and an effective thermal
stress S(jw).

Detailed transfer functions for various boundary conditions will be studied in the
later sections.
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Fig.6 One dimensional continuum problem
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3.

3.1.

EFFECTIVE HEAT TRANSFER FUNCTION

MECHANISM OF HEAT TRANSFER LOSS

It was observed from experimental study on thermal response of structures to
fluid temperature fluctuation, that temperature amplitude attenuated during
transter process from fluids to structures when frequencies become high [4]. On
the other hand, an amplitude was less attenuated when fiow rates increase under
a constant zero-cross frequency [5].

Detailed mechanisms of heat transfer foss were investigated through sodium
experiments and their analyses [9]. As the results, factors of temperature
attenuation was understood as (1) convection mixing, (2) turbulent mixing, and (3)
molecular diffusion as in Fig.7.

Since actual heat transfer process of thermal striping is non-stationary, time
average turbulent models such as K- & are not applicable. It is required that
detailed turbulent analysis methods such as Direct Navier-Stokes Simulation
(DNS) and Large Eddy Simulation (LES).

Existence of thermal interaction between fluids and structures may affect these
phenomena. Thermal coupling between fluids and structures can be considered
by a heat conduction model without infroduction of heat transfer coefficients.
Here, wall functions are difficult to be adopted because heat fluxes on the
structural surfaces are sensitive to local temperature distributions near the walls.
Sufficient fine grid models are required to evaluate non-linear temperature
gradients inside Laminar sub-layers {Conductive Layers). Simulations with above
methods consume so huge computation resources, that techniques such as local
grid refinement are necessary to realize long physical time simulation that is
enough to evaluate low frequency components of fluctuation.
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Fig.7 Factors of heat transfer loss

When phenomena are considered as stationary, heat transfer coefficients
defined between steady state main flows and structures become to be applicable.

Since damageable frequencies are usually so low from frequency response
characteristics of structures that they seem to be considered as semi-stationary
phenomena.

To investigate applicability of equivalent heat transfer coefficient, non-stationary
numerical simulations are planned in the EJCC framework for observing time
histories of heat fluxes on the structural surfaces with temperature differences
between structural surfaces and fluid near walls.

In this paper, sensitivities of heat transfer loss to frequencies are roughly
investigated as preliminary study. Attenuation factors described in Fig.7 are
composed of such fundamental phenomena as (a) response delay from heat
capacity, (b) thermal diffusion, and (¢) loss of heat convection. : ‘

Frequency characteristics of the simplest models corresponding to above
fundamental phenomena are as follows:
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(a) Heat capacity

Time response of a heat capacity model described in Fig.8(a) is

: - Ve
T, = in(wt + @p)- 2L _pt/r - CP
s \/I"(T § ( ¢) m T T | (22)

Frequency response characteristics of Eq.(22) is

[H(Jw] (23)
-‘{1 + (wr)?

LH(jw)=-tan™ wr (24)

By introducing normalized frequency o' = 7w, EQ.{23) can be reduced to be

Hljw (25)

e T

(b) Diffusion

Time response of a 1D diffusion model [10] shown in Fig.8(b) is

T, = Ae™ sin(wr - kx) , _\/E, am . (26)

2a cp

Frequency response characteristics of Eq.(26) is

H(jw)= e ' (27)

LH(jw)=~kx A (28)

By introducing normalized frequency '’ =—2‘i, gain of Eq.(27) can be reduced
a :

to be
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IH (jw'} = (29)

(c) Convection

Time response of a 1D convection model {10} described in Fig.8(c) is

T,(x,t)= A—h‘e“"‘ sin(er - kx - g)
Vo +&f +&
e=tan” fe/(w" + k&), n* = % (30)

Frequency response characteristics on the surface is obtained from Eq.(30) as

LN TS(O, 'w) .
H(’"’)'Ff‘(fo? (31)
DT S , (32)
A s ve
LH(jw)= —tan” |k /(" + k)] | (33)

By introducing normalized frequency " = .2‘."._, gain of Eq.(32) can be reduced to
(74

be

) e K (34)
!H(J ) \/(h'+ JE)ZHU'

Sensitivities of gains to frequency are compared among capacity, diffusion, and
convection. Gain [H(jw™*)| calculated by Egs(25),(29),(34) under assumption of
x=1 and h*=1 are compared' as in Fig.9. These results suggest that all of
fundamental phenomena have the similar tendency of frequency characteristics
and capacity and diffusion exhibit stronger attenuation than convection in the high
frequency regime. As the result, there is the possibility that heat transfer function
considering heat convection can approximate heat transfer loss conservatively.
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Fig.8 Frequency characteristics models of fundamental phenomena
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Fig.9 Frequency characteristics of heat transfer models
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3.2. APPROXIMATION BY HEAT TRANSFER FUNCTION

Effective heat transfer function is introduced under assumption of a heat
convection model.

Since boundary conditions of the back surface have few effects to temperature
on the surface due to temperature fluctuation except for very thin structures and
for very low frequencies, a semi-infinite model such as Fig.8(¢c) is assumed to
evaluate surface temperature. Thermal stress of very thin structures and stress
caused from very low frequency fluctuation are generally so small from thermal
homogenization, that this assumption comes into existence for practical use.

From this model, Eqgs.(32) (33) of frequency response functions were introduced.
In order to make more general expression, representative length L (wall thickness
for example) is introduced as in Fig.10

By multiplying L to both of numerators and denominators, Eqs.(32) (33) can be

2
reduced to be functions of non-dimensional parameters Bi = %E and " = L
a
as
h h
ikl L=
()= 2 == 2 == =
J(E-{- EJ +(JE] \/{ ﬁ-i- LZE] +[ LZ—EJ——-] '\/(B‘.*"-\}ﬂf')z-l-]yc
A 2a 2a A U 2a 2a
(35)
w w
— = Iy
LH(jw)=—tn? 428 gt N 28 VT - (36)
£+ w Lﬁq- ’Lz_c_u_ B, +ynf
A 2a A 2a
Gain of effective heat transfer function can be described as
(B, i)} = 5 (37)
N s
diagram of which is shown as in Fig.11
Phase delay of effective heat transfer function can be described as
LH(B, jw)=—tan? Y= ___ v (38)

B, +\n"
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diagram of which is shown as in Fig.12.

N
N

1 S
T, = 5AT; sin(27ft}—» %

_ >
%—P/
L

Fig.10 Thermal response model of a semi-infinite solid to sinusoidal temperature

T, =

X
>

fluctuation of fluid

H(Bi,jf*)
o
[}

Gain of effective heat transfer function

1 10
Non-dimensional frequency
| f L Heat transfer loss T > ?

Fig.11 Gain of effective heat transfer function _ | I
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Phase delay of effective heat tranfer
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s A @ 3i=1 \-____\_\:
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Non-dimensional frequency %

Fig.12 Phase delay of effective heat transfer function
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4.

EFFECTIVE THERMAL STRESS FUNCTION

4.1.

THERMAL STRESS FUNCTION UNDER VARIOUS CONSTRAINT CONDITIONS

Effective thermal stress function described by Eq.(19) means a transfer function
from temperature fluctuations on the structural surfaces to induced thermal stress.
Since thermal stress is affected by temperature distribution in structures and
constraint conditions, effective thermal stress S(x,s) depends on both thermal and
mechanical boundary conditions. This function was studied under various
boundary conditions in literature[11].

In actual components of plants, outer surfaces of structural walls can be
assumed adiabatic compared with fluid sides, so that thermal boundary condition

is described by ¢=0 and B(t}=0 in Eq.(15). Under this thermal boundary condition,
effective thermal stress functions on the surface s{p, jr*)- s(jr*) can be introduced

2
as functions of 1~ = i for three kinds of constraint conditions (Fig.13), from the
a
literature [11].
(a) Constraint free
s(ir*)= -8+ jC)+ (B, + jC,)+ (B, + iC,) (39)

(b) Bending constraint
s(i)=-(8+ jc)+ B, + iC,) (40)

(c) Membrane plus bending constraint

s(i")=-(8+ jc) (41)
Where,
5 PR+QS . _OR-PS

R+ §? ! Rz +S2

P=R=cos\/?cosh\/?, Q=S=sin\/?sinh\/?



JNC TN9400 2001-005

1 [ sinFcosF+sinhFcosh-\/F
"ol wcosz.“/:;g"—'coshz‘/?iﬂsinz Jy"sinhZF

C = 1 [ sin,/?cos\/?-sinb\/?cosh\/?
" ZJ?_costcosth?+sm2J?sinh2F

sinh\/—rgjcosh\/?ﬂin\/r_f_'cos\/?—hm\/?fin\/?
5 =2 7"

2o COSZFCOSh2F+Sm2FSM2F

"—sinh\/gf' cosh/af " +siny7f" cosyaF"

+J%(cosz\/?coshﬂ/?+sin2\/?sinh2J?-cosh\/?cos\/?)
3

C =

’ Al cos® /nf* cosh? [zf" +sin® \/Fsinhzﬁ

Gain of effective thermal stress functions
|5(r") = VRe?+ Im* (42)

for three kinds of constraint conditions were calculated as in Fig.14 , where Re is
real part of Eqs.(39)(40)(41) and Im is imaginative part of them.,

It is understood from these results that gain of effective thermal stress functions
become large when strongly constrained.

Phase delay of effective thermal stress functions

. Im

£8(j*)=-tan =

(43)

for three kinds of constraint conditions were calculated as in Fig.15.

Constraint conditions are affected by three-dimensional temperature distribution
such as hot spot, wall thickness, and multi axial stress condition. Therefore,
actual constraint conditions are intermediate among above three conditions.
Typical structures of FBR components are considered as bending constraint. In

the case of very thin shell structures such as thermal liners, constraint is free.
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Membrane plus constraint conditions should be avoided in design stage.
However, there is possibility that it appeasers when hot/cold spots are enforced to
thick wall structures.
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= M~ ] N
b 4 > M~ z Ny a
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/
4 ™

(c) Membrane plus bending
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Fig.13 Variations of constraint conditions
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4.2. FREQUENCY RESPONSE FUNCTION WITH EFFECTIVE HEAT TRANSFER FUNCTION

By substituting H (Bi, i ) and S(jf") to Eq.(21), frequency transfer function

from fluid temperature to thermal stress is described as
6(B, i )= BB, i B(ir"). (44)
Gain of frequency transfer function

6B, 1" = |a(B, i )s(ir") (45)

under bending constraint condition can be obtained from Eqs.(37)(40)(42) as in
Fig.16 of diagram.

By using this diagram, induced stress range can be easily evaluated from
temperature range of fluid as

Adl _, = KEaAT,|G(B, if") . (46)

Phase delay of frequency transfer function
L6(8B, jf*)= LH(B, jf* )+ £S(i") (47)

is also evaluated from Eqgs.(38)(40)(42) as in Fig.17 of diagram.
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By substituting Eqs.(37)(38)(39)(42)(43) to Eq.(21), diagram of frequency
transfer function from fluid temperature to thermal stress under constraint free
condition can be obtained. Gain of the function is as in Fig.18 and phase delay
of one is shown in Fig.19.

When substituting Eqgs.(37)(38)(41){42)(43) to Eq.(21), diagram of frequency
transfer function from fluid temperature to thermal stress under membrane plus
bending constraint condition can be obtained. Gain of the function is as in Fig.20
and phase delay of one is shown in Fig.21.



JNC TN9400 2001-005

Phase delay of frequency response

0.9

Gain of frequency response function
G(®i, ji*

Constraint free

Bi=1.0

0.01 0.

10

Non-dimensional frequency %

Fig.18 Gain of frequency stress response to fluid temperature fluctuation
(Constraint free condition)

0 ! |
Constraint free

-20 B=240
ap - \
£ 40 ’{/Bﬁfow————— T ———
g -60 o =60 /
r ///"-Z;y
'§ -80 P - i
= M%//& 1.0

—-n-__.........._-—-—/
-100 — Bi =£I-I-'--f' L*f —
A a
-120 |
0.01 0.1 1 10 100 1000

Non-dimensional frequency f*

Fig.19 Phase delay of frequency stress response to fluid temperature fluctuation
(Constraint free condition)



JNC TN9400 2001-005

Gain of frequency response function

deg

Phase delay of frequency response
fanction G(Bi,jf*)

o.; \\i x\
0p P RSN TS
0.7 NN RN _\g@o
: - 2 =20
~ 06 NN AN
g ANEANE I\ GN\NIN
g, NCDNFE NN N
0.4 NGNS N
1 IS NN
0.:, Membran?+Bending cons‘traint \Q%t
0.01 0.1 1 10 100 1000

Non-dirnensional frequency *

Fig.20 Gain of frequency stress response to fluid temperature fluctuation

0
-20 \ Bi_mﬁ-i\ B"'?'O-\\-
-40 \ Y Q%
-60
-80 — Membrane+Bending constraint
2
-100 —Bi =E——f' LS
a
-120
0.01 0.1 1 10 100

(Membrane plus bending constraint condition)

Non-dimensional frequency f*

1000

Fig.21 Phase delay of frequency stress response to fluid temperature fluctuation

(Membrane plus bending constraint condition)



JNC TN9400 2001-005

5.

FATIGUE STRENGTH ANALYSIS WITH A FREQUENCY TRANSFER
FUNCTION

When introducing service period, frequencies can be converted into cycle numbers and
it enables direct comparison of frequency response diagrams with fatigue curves of
materials. For example, gain diagrams of frequency response functions under
assumption of 30 years operation period and 100C fluid temperature ampiitude were
compared with fatigue curves of stainless steels as in Fig.22. Here, strain ranges were
calculated from stress ranges of frequency response diagrams under assumption of
elastic deformation. Parameters of frequency response diagrams are wall thickness and
heat transfer coefficients. Such fatigue curves were over plotted that extrapolated
curves from low cycle fatigue data of 316FR under are three kinds of frequencies (JNC
316FR), French high cycle fatigue data (RCC-MR) and Japanese high cycle data (JNC
304).

- Fatigue damage factor Df for each cycle can be evaluated by using Fig.22 and

Miner's r1ule,
N(s
D, 48
z“N (5 (48)

and results in the case of JNC 316FR 0.1Hz are in Fig.23. This figure explains that
fatigue damage is sensitive to narrow band of frequency and fatigue data over 10°
cycles is not necessary for fatigue analysis.
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6.

CONCLUSIONS

Structural response mechanism to fiuid temperature fiuctuation was clarified and was
formulated by the frequency response function. This function is described by separation
of variables, which composed, of an effective heat transfer function and an effective
thermal stress one. The effective heat transfer function can describe that high
frequency components of temperature fluctuation are attenuated from heat transfer loss.
The effective thermal stress function can explain that low frequency components of
fluctuation hardly induce thermal stress because of thermal homogenization.

Multiplication of both functions indicates damageable frequency range to structures.
Thermal stress induced by sinusoidal temperature fluctuation can be rapidly evaluated
by this function. Finally fatigue strength analysis method with the frequency response
function was proposed.
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7.

DISCUSSIONS

The effective heat transfer function is based on a heat convection model. it is
necessary o examine applicability of a heat convection -model and to develop an
evaluation method of equivalent heat convection coefficients.

The effective thermal stress function depends on constraint conditions. When
constraint conditions will be identified, this approach can be applied to general structures
including hot and cold spots. A guideline to evaluate constraint conditions in actual
components is desirable.

Validation of proposed methods by temperature and thermal fatigue strength data of
FAENA [12] and TIFFSS [13] is planned.

In order to evaluate actual thermal striping phenomena, this method will be extended to
random fluctuations. To examine its applicability, fatigue analysis results based on
frequency response functions will be corripared with results by other methods such as
Rain-flow and Zero-cross wave counting technigues. Furthermore, introduction of
statistical approach may be necessary to extrapolate results from short period data to
long life evaluation of actual components.
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