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Naoto Kasahara®

Abstract

Temperature fluctuation from incomplete fluid mixing induces typically bending plus
peak stress across wall thickness. For this stress mode, author has developed the
frequency response function to establish design-by-analysis methodology for this
phenomenon. On the other hand, it is pointed out that hot and cold spotS appear near
T-junctions in piping systems. | Those induce other stress modes from three-di'niensional
temperature distributions. This report describes the extension of the frequency response
method to hot and cold spot problems by introducing constraint efficiency factors. Its
applicability was validated by application to a hot spot near the T-junction of PHENIX
secondary piping system.

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



JNC TN9400 2001-008
2 000%1£58

Ry k/aA—IERARYREEE D=6 D
EHRREREHEEFAWN-E RS SEE

(R EE

SR EAY

Z F

TR OEPEEMICH SR TIE T, BEREAOHITE AL — 215 Tha,
LD FHT— N ST RMIE S L CE S B RS S e R R U, ZhiCHL. B
BEARRDBLE OSSR AELSRy Ma— R REy ML, BRE NIC SR T IR 457
LIS A E LS BN S B,

AT T, 3R TR 3T " hE &@“'571&) AIPIRBEEEA T I LIcE->TA R
B BB OIRBEER T,

o, R AEBBISEEEE T 22y I ADZRARE S HBITEICE LRy B
ARy MEEICHEA L, FMEEZREL -,

il AT 19994R9 H 5352000458 A £ COHRCCEAN &' Fo s a FEFTIC CEMGL- 2
BO—ETHD,

%) RELE TSI~ AT ARKIITHRE HEtrsBiERs L —7



JNC TN9400 2001-008

Contents

"NOMENCLATURE 1
1. INTRODUCTION 2
. 2. PROPOSAL OF HOT/COLD SPOT EVALUATION METHOD 3
2.1. FORMULATION OF HOT/COLD SPOT PROBLEMS .....cvcunvurmeasinsrersnisssensrirsssersssssssessssssssssssinsersssasassons 3

2.2. FREQUENCY RESPONSE FUNCTION WITH CONSTRAINT EFFICIENCY FACTORS cvevcvirervsresrcsnsssirsssrnsssas 8

3. APPLICATION TO ACTUAL PLANTS , 14
3.1, HOT SPOT PROBLEM IN PHENIX SECONDARY PIPING SYSTEM. . vereereereerersessssssnssarsessssssssssssssnssssossasns 14

3.2, FINITE BLEMENT ANALY SIS tttteetittetoiereeeesameeesmreeaeessssrrssassssosstrsssnssassstossssssesassnsssseersssressesssssmrssns 19

3.3. EVALUATION WITH THE FREQUENCY RESPONSE FUNCTION ...vvvritiiurnsrssnssssecssnisnisssisssissssserasressens 32

4. APPLICATION TO TIFFSS-4 33
4.1, HOT/COLD SPOT PROBLEM OF TIFFSS-4 SODIUM EXPERIMENT ..vviecveereesseisvcsserersesnerorosses sosnessssans 33
4.2 BINITE BLEMENT ANALY SIS titittteeeimtrieiostetesetestmesseesameeesemeeeeeeesememesee e s ees e neeeeeme e aeemmteeeemme e eeeenmes 40

4.3 EVALUATION WITH THE FREQUENCY RESPONSE FUNCTION ...civuciinsivniisianssiiniinrirsniaimrsississssrsisnsisians 48

5. DIAGRAMS OF CONSTRAINT EFFICIENCY FACTORS 50
5.1. PARAMETERS OF CONSTRAINT EFFICIENCY FACTORS cvvvevieeerieeesseaseernsmsemsersasasansassessessassasenssssasesseses 50

5.2. SHELL ANALYSIS RESULTS. ...oecveeeeiiseesesensesreeseasessassssmasssessmsessesassessssoassssassssssssrassssnsssssosssesnsensnronsenen 53

5.3, DIAGRAMS BY SHELL ANALYSES ..vvviviverssnrssrsrnrsesssassnnnrsvsssnssrsamsnrnssessstasssssnssnimrstassesisssassass tavssassserans 66

6. CONCLUSIONS 70
ACKNOWLEDGEMENT 71
REFERENCES 72

i -



JNC TN9400 2001-008

Fig.1.1 Hot spot near T-junctions in piping SYSOIMS . ve..vvnoees oo 2
Fig.2.1 Induced stress by a temperature changing hot Spot.........ceovceeveeereeeeee 4
Fig.2.2 Induced stress by & moving hot SPOL ... oveeeoseeeeeeeeoeoeoeoosoo oo 5
Fig.2.3 Induced stress by a size changing hot SPOt.......oeeeeeeiceeeeeeeeeeeeeee oo 6
Fig.2.4 Frequency dependent thermal stresses and constraint conditions.................. 7
Fig.2.5 Variations of constraint conditions..............eerreeeeooomooo oo 8
Fig.2.6 Frequency response function of categorized SEress .....oiiecreerereeeeeeeeeenen, a
Fig.2.7 Gain of effective thermal stress function with Am and Ab factors .............. 11

Fig.2.8 Phase delay of effective thermal stress function with Am and Ab factors .... 12
Fig.2.9 Gain of frequency response function with Am and Ab parameters................ 12

Fig.2.10 Phase delay of frequency response function with Am and Ab parameters.... 13

Fig.3.1 Geometrical characteristics of the Phenix Secondary Piping System............ 14
Fig.3.2 F.E. analysis model of the Phenix Secondary Piping System..coeooooooovoooo 15
Fig.3.3 Boundary condition of membrane stress (Case P-M)......ooooooooooooooo 16
Fig.3.4 Boundary condition of membrane stress (Case P-ML) .....ooooooooooooo 16
Fig.3.6 Boundary condition of bending stress (Case P-B) ........oooovoveooo 17
Fig.3.6 Boundary condition of bending stress (Case P-BL)...wuoooooooooooo 17

Fig.3.7 Boundary condition of sinusoidal temperature fluctuation (Case P-S

S S TCT:) BSOSO weeererereasrereseeressserennsnns, 18

‘Fig.3.8 F.E. mesh model of the Phenix Secondary Piping System..........o.ooovoooeoo . 19
Fig.3.9 Coordinate system for OUtPUL ..........eeuoveeeenreeoeomoooooooooooooo 20
Fig.3.10 () Deformed shape (P-M).....uuuueeeenonoeeceeeeeoooooeeooeoooooooooooooo 21
Fig.3.10 (b) Stress distribution on the inner surface (P-M)oooovooooooooo 21
Fig.3.10 (c) Stress distribution across wall thickness at the center of hot spot

R 22
Fig.3.10 (d) Stress distribution across wall thickness at the boundary of hot spot

O 22
Fig.3.11(a) Deformed shape (P-ML) e et n et sttt seesenneneesss s ens 3
Fig.3.11 (b) Stress distribution on the inner surface (P-ML) ... 23
Fig.3.11(c) Stress distribution across wall thickness at the center of hot spot

2 U 3 O 24
Fig.3.11(d) Stress distribution across wall thickness at the boundary of hot spot

(P-ML).civecvereri e eeescneressess s sesmmmnees e sesesee oo oo oeooeeeeees oo 24
Fig.3.12 (a) Deformed shape (P-B) ...oooovveoveoveommoooo I 25
Fig.3.12 (b) Stress distribution on the inner surface (P-B) ....ooooooooooovoooooooo 25

Fig.3.12 (¢) Stress distribution across wall thickness at the center of hot spot (P-B) 26

_'iV_



JNC TN9400 2001-008

Fig.3.12(d) Stress distribution across wall thickness at the boundary of hot spot

(P B) correererereeessis et s st sttt ereeaes et e s st s e ne s e e e ernens 26
Fig.3.13 (a) Deformed shape (P-BL)......ciivveeeeeieeeeeinceeceeseessesseseessseeeeeseeeeeesseesesennes 27
Fig.3.13 (b) Stress distribution on the inner surface (P-BL) ...o.eieeoeeeeeeeeeeeeeeereeens 27

Fig.3.13 (¢) Stress distribution across wall thickness at the center of hot spot
(PrBL.cetenceriricinenriaererresssserses s sesss s essassassassstss s eeans s saseassssaesssasensassassssasnnrasens 28

Fig.3.13 (d) Stress distribution across wall thickness at the boundary of hot spot
(P BL teretereeeeeenc et ettt ettt e e e e es e nes s ra s s st tanenensesane 28
Fig.3.14 Stress range distribution on the inner surface (P-S series).....cccocevrvirreenne.. 30
Fig.3.15 F.E. calculated gains of thermal stress on the inner surface (P-S series) ..... 31
Fig.3.16 Frequency response diagrams with F.E. calculated gains.....cccooeevvevrevrrnernnen 32

Fig.4.1 Configuration of a plate specimen with thermal insulator for TIFFSS-4
FABIEUE TOSE..eeuieiirieeceiei et etnse s sre e e bt s s ers s sbess b e b et assens s sanasannres 34
Fig.4.2 Details of TIFFSS £e8t SECHOM toveerriieeeteeece ettt sansss e 35
Fig.4.3 Location of thermocouples in the constraint plate specimen .........cccovevveenen.n 36
Fig.4.4 Thermocouples on the surface of the SPECIMEN ...c..vvveereerveierererrreeerrenssneseeens 37
Fig.4.5 FE. analysis model of TIFFSS 4 .ooovveorireeeeeeeeseseesisisesssssssssasssessssssssssssno 38
Fig.4.6 Boundary condition of membrane stress (Case T-ML series).....c..ccocereevenene.. 39
Fig.4.7 Boundary condition of bending stress (Case T-BL series) ......c.ccccerrvrereerererenas 39
Fig.4.8 T.E. mesh model of the TIFFSS-4 Specimen ......occccecvveeiiciieciieeceerveerceeeenns 40
Fig 4.9 Coordinate system for OULPUL c...ooeeeieeiec e ee e ssce s 41
Fig.4.10 Deformed shape (T-ML) ..ot ssssssesssssssssnsannseses 42
Fig.4.11 Stress distribution on the upper surface (T-ML)} ..........covcoeieiceiecieicceeeeireenan, 43
Fig.4.12 Deformed shape (T-BL)......coceiievreriiereriresesreresererns s esssssressressssessssssesssessessasacs 44
Fig.4.13 Stress distribution on the upper surface (T-BL).....coverevrvreerersrsnnasesesesnsnenens 45
Fig.4.14 Effective thermal stress diagrams with F.E. calculated gains....cccvevceveenne 48
Fig.4.15 Frequency response diagrams with F.E. calculated gains........ccoecveerrererennene. 49
Fig.5.1 Geometrical parameters to determine constraint CONAIEIONS . rrrerervvereorrerreeee 50
Fig.5.2 Boundary condition of membrane stress (Case ML 8eries) ........oooveviveviveenn. 52
Fig.5.3 Boundary condition of bending stress (Case BL series).......cccvvvvvvvrrivvsvnnnnns 52
Fig.54 Shell analysis MOdel. e ssee e re s ssne v b es s aesssnsesssnns . 93
Fig.5.5 Calculated deformations (ML-t series)................. ettetieteeeatebbtsastbseeassbaesersbrn 54
Fig.5.6 Stress distribution on the inner surface (MLt SETies)....cccvvvivieverrerrenrerrirrenees 56
Fig.5.7 Calculated deformation (ML 0 SETiEs).....cccovevcrveriisreirerisreeenreeresssinesessessersrens 57
Fig.5.8 Stress distribution on the inner surface (ML-0series) .....ccoocvevvvieceieeeecenne 5%
Fig.5.9 Calculated deformation (BLt SETIES) ..ccivveviveeeireerrerereeseereesresseesestes v creesanas 60



JNC TN9400 2001-008

Fig.5.10 Stress distribution on the inner surface (BL-t Se1ies) wuvvveeveveeeeeeeeooseoeons 62
Fig.5.11 Calculated deformation (BL© SEIIEs).......o.oveeeereeeeereeremeeoe oo 63
Fig.5.12 Stress distribution on the inner surface (BL-BSELies) .....oovmeoeovooeooooo 65
Fig.5.18 (a) Constraint efficiency diagram for membrane stress (a) o..ovorooo 68
Fig.5.13 (b) Constraint efficiency diagram for membrane stress (b) ..o - 68
Fig.5.14 (a) Constraint efficiency diagram for bending stress (@)...........ooooovooo, 69
Fig.5.14 (b} Constraint efficiency diagram for bending stress (b).....ovmovovevooeoon, 69
Table 8.1 Load conditions of the Phenix Secondary Piping System......cceoeevvevreennnnn. 15
Table 3.2 Constraint efficiency factors by F.E. caluculation........ooeeeeeeeeeooooooooo 29
Table 3.3 Gains of thermal stress of P-S series by F.E. caleulation ..........oovovvnveoonn, 31
Table 4.1 Thermocouples on the surface of the SPECIMEN ov.vveeveveeeeeeeeseeoeoeooeo 36
Table 4.2 Measured temperature range on the surface of the specimen................. 37
Table 4.3 Load conditions of TIFFSS 4 ..o 38
Table 4.4 Constraint efficiency factors by F.E. calculation ....ooomvvoeeoeeeeeoeoeooo, 47
Table 5.1(a)  Geometrical parameters and load conditions (a) ..o, 50
Table 5.1(b)  Geometrical parameters and load conditions () w.ov.vveeeeoooooo, 50
Table 5.1(c)  Geometrical parameters and load conditions (€).......ccovevurrerrerirercens 51
Table 5.1(d) Geometrical parameters and load conditions (d) ... 51
Table 5.2 (a) Constraint efficiency factors by shell analysis (ML-t series) ............... 67
Table 5.2 (b) Constraint efficiency factors by shell analysis (ML-0 series)............... 67
Table 5.2 (c)  Constraint efficiency factors by shell analysis (BL-t series) .............. 67
Table 5.24d) Constraint efficiency factors by shell analysis (BL-0 series) ............... 67

—Vi_



JNGC TN9400 2001-008

NOMENCLATURE

AT, : Amplitude of sinusoidal temperature fluctuation of fiuid

Aa|x=0: Amplitude of sinusoidal stress fluctuation on the structural surface

Ao’ Stress range under perfect heat transfer and full constraint conditions

o, Stress at the center of hot spot

o, . Stress at the boundary inside the hot spot

o, : Stress at the boundary outside the hot spot

T, (jw): Expression of T, (¢) in frequency domain

a(jw): Expression of stress in frequency domain

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

G(B nif LA LA, ): Frequency response function with constraint efficiency factors
H(B,., jf‘): Frequency response function of effective heat transfer

.Sfjf" ): Frequency response function of effective thermal stress on the surface

S{jf‘,Am,Ab): Frequency response function of effective thermal stress with constraint
efficiency factors

Bi= %I—': Biot number

A, : Constraint efficiency factor of membrane stress
A, : Constraint eificiency factor of bending stress

fL2
" = 22 : Non-dimensional frequency
a

f. Frequency of sinusoidal fluctuation

w: Rotational frequency of sinusoidal fluctuation

h: Heat transfer coefficient

L: Wall thickness of structure

a: Thermal diffusivity of structural material

A : Heat conductivity of structural material

E : Young's modulus of structural material

@ 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

_1._.
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1 INTRODUCTION

At an incomplete mixing area of hi'gh and low temperature fluids near the structural
surface, temperature fluctuations of fluid give thermal fatigue damages on the wall
structures. This coupled thermohydraulic and thermomechanical phenomenon is called
thermal striping. Typical thermal stress induced by thermal striping is bending plus peak
stresses by temperature gradient in structural walls. Paying attention to such frequency
characteristics that low frequency compo'nents of fluctuation may not cause large
thermal stresses since thermal homogenization in materials, author have developed the
Frequency response function method with Yves LEJEAIL of CEA [1]-[4].

On the other hand, it is pointed out the existence of another stress mode induced by
hot and cold spots that appear near T-junctions in piping systems (Fig.1.1). For
example, a hot spot is supposed to appear at the T-junction of PHENIX secondary piping
system [5] and the CIBAUX PWR plant. Hot and cold spots are able to induce
membrane stresses from three-dimensional temperature distributions. Since this stress
hardly attenuated even though their frequencies are low, we should take care of this
mode. This report describes the extension of the frequency response method to hot and
cold spot problems by considering complex constraint conditions of membrane plus
bending stresses.

Cold fluid

f Hot ”spot

Hot fluid

Fig.1.1 Hot spot near T—junctions in piping systems
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2. PROPOSAL OF HOT/COLD SPOT EVALUATION METHOD

2.1. FORMULATION OF HOT/COLD SPOT PROBLEMS

Hot/Cold spot problems can be categorized as follows. Actual problems are
considered as these combinations.

(1) Temperature changing spot
Location and seize of a spot are constant and its temperature changes as
Fig.2.1.

(2) Moving spot
Temperature and seize of a spot are constant and its location moves as Fig.2.2.

(3) Size changing spot
Temperature and location of a spot are constant and its size changes as Fig.2.3.

In all of above cases, temperature at the same location changes. If structures
are full constrained, induced stresses are propottional to temperature. Actual
structures generate lower stresses because of finite constraint conditions from
their own stiffness. A hot spot also causes inverse stresses before and after it.

In the case of the temperature changing spot, membrane plus bending
components of temperature are transferred to thermal stress according to
constraint conditions.
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Observation at the same position in the hot spot

Temperature
\
-
3
o
N
——'—'/

AT Time
Time1 Time3

§ / Time2
&
Ao,
Time1 Time3
Full constraint condition Time
Ao ,>Aodyg
2
5 Time2
»
Aog
—/ \f T|me3 T'
. ime
Timel

Actual constraint condition

Fig. 2.1 Induced stress by a temperature changing hot spot
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Timel Time2 Time3

Observation at the same position

Time2 \
AT Time
Time1 Time3

Temperature
\

@ ime?2
% Time
Ao,
Timed Time3
Full constraint condition Time
A U'A> A Opg
w
i/ ]
o Time?2
3=
)

(T

Actual constraint condition

Fig. 2.2 Induced stress by a moving hot spot
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Observation at the edge of the hot spot

Time?2 w

Temperature
\

AT Time
Timel Time3
oW}
g Time2
&
Aag,
Time1 ‘ Time3
Full constraint condition Time

Aog,>Acg

Stress
=
3
@
o

Timel I \/?i—r-n;_'f_i;e

Actual constraint condition

Fig. 2.3 Induced stress by a size changing hot spot
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Temperature distributions across wall thickness can be categorized into
membrane, bending and peak components. Among them, thermal expansions
from peak components are full constrained by wall sections. Deformations by
membrane and bending components are constrained by structural stiffness
determined from their geometrical' configurations. Here, ratios among membrane,
bending and peak components of temperature are variable according to
frequencies of temperature fluctuations. It means that different frequencies induce
the different thermal stresses in the same struciures.

From above consideration, Hot/Cold spot problems are formulated paying
attention to constraint conditions of structures with relation to frequencies.

Deformation is constrained
by §tiffnes of surrounding part

Low < Stiffness > High

Constraint conditions of categorized stress

Low < Frequency > High

Frequency dependency of categorized stress

Fig.2.4 Frequency dependent thermal stresses and constraint conditions
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2.2 FREQUENCY RESPONSE FUNCTION WITH CONSTANT EFFICIENCY FACTORS

General structures with hot/cold spots have mixed constraint conditions of
membrane, bending and peak stresses. Mixing ratios among these siress
components depend on structures and frequencies. In this chapter, the frequency
response functions for arbitrary constraint conditions. The previous study provides
Frequency response functions for (a) constraint free, (b) bending constraint and

(c) membrane plus bending consiraint conditions (Fig.2.5). These functions are
provided by both formula of GIB,, jf") and diagrams as follows.

i

SANNNAAAAANANN

3
1
B |
33

P
)()()()(U%JUUUUUU
FF7r 7Tl 7l rirr7y7

YOI

]
n

" sin{ewr)

o
SN Bt it

TP iT T T rTT 777 7777277

AT, sin (ewr ) [, sin{ar)

FE | =

LAt A

™~

AR ERRRRA RN

l e
= g
~
~J
~
~
~
NS
e
3
N
NS
]
<JA
~JH
I i

y

{(c) Membrane plus bending

(a) Constraint free () Bending constraint )
constraint

Fig.2.b Variations of constraint conditions

6. )= HB,. i Blr), (2.1)
. 2
where Bi =L ang fr i
A a
L 2
|H(Bi, jw) = /12 - Az _ B, (2.2)
R e e
A V2a 2a A 2a 2a
w L @
—_— L - .
LH(Bi, jw)=~tan™ 2a_ —tan —2 2 = —ygn ___\/7?77_*
£+\/-£ Ly }[}ﬂ B, +af
A a A 2a
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(a) Constraint free

()= @+ 0)+ (B, + 1€, )+ (B, + iG,)
{b) Bending constraint

s(i*)= -8+ jc)+ (B, + ic,)

(c) Membrane plus bending constraint
s(ir*)=-(8+ ic)

Where,

_PR+QS C=QR_PS
RE+57 R*+§?

P=R=cosynf coshy/f", Q=5 =sin/nf" sinhnf"

1 sinf7" cos[af" +sinhJ7f" coshy7f"
Zr[cos 2 [af cosh? 7" +sin? Jaf" sinh? F]

o [T cos [T st T cosn T
2\/—[005 2 [af* cosh? Jaf" +sin’ J_SIthJ—]

sinh\/?cosh \/Ef—* +sin Fcosﬁ _ 2sinh \/f/f;?in \/?
3

(2.4)

(2.6)

Bb:%/? COSE-\/%TCOSI'IZ—\/?'FSiHZ\/-ﬂfTSinhZ\/?
_-sinh\[z?cosh\/?+sin\/g:cos\/;g7
+\/z_*(cosz\/Fcoshz,/?ﬂinl\/—yg‘—*sinhzx/?—coshﬁcos\/}?)

3 o

C,=

2\/;9? cos” \/?coshz F +sin® -ff}rsinh2 \/F

|s(ir '] = VRe?+ Im?

(2:7)
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. . Im
£5(3")=-tan"' = 2.8)
Re
1 —
09 - Constraint free
'g 08 + Bi:ﬁ f'ngf
g 07 A 4
g
% £ 0.6
:‘é 0.5
EC 04
&
g 03
HKE
&
o 0.1
0 - o
0.01 0.1 1 1C 100 1000
Non-dimensional frequency f*
1
08 - Bending constraint

g ML
A

Gain of frequency response function
G(Bi, jf*

0.01 0.1 . 1 10 100 1000

G(Bi, jt9)

Gain of frequency response function

Membrane+Bending constraint

0.01 0.1 1 10 100 1000
Nen-dimensienal frequency *

Fig.2.6 Frequency response function of categorized stress |
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Gain of effective thermal stress function

S(if*,A m,Ap)

Under elastic theory, arbitrary constraint conditions can be expressed by a linear
summation of (a) constraint free, (b) bending constraint and (¢) membrane plus
bending constraint conditions. Therefore, If we can express, frequency
characteristics of mixed problems can be described by a linear summation of
Egs.(2.4)~(2.6) with introduction of constraint efficiency factors A, for membrane
stress and Ay for bending stress.

S(if",4,,4, )= -(B+ jC)+ (- 4,XB, + jC, )+ (1~ 4,XB, + jC,) (2.9)

Definition of the constraint efficiency factors Ay, is a ratio of total siress
(membrane plus bending plus peak stress) caused by membrane temperature
component to stress by the same temperature under full constraint condition.
Definition of the constraint efficiency factors A, is the same for bending
temperature component. Here, a constraint efficiency factor A, for peak stress is
one because of its full constraint condition. More preciously, these factors can be
defined separately for membrane, bending and peak stresses. Eq.(2.9) gives
frequency response diagrams for mixed constraint conditions as in the next figure.

L1 ‘
1 et
//,:.:-’—-:'__f-—

0.9 — SRR
Y 7 et 2
0.7 <
0.6 // / / - - -Am=0,Ab=0 — |
0s __ / —Ame0Ab1 |

' / K — - Am=1,Ab=1
0.4 / / —— Am=0.0,Ab=0.5 |
03 / - ——Am=0.5,Ab=1 ——

-}
02 S - e
0.1 |- : : - : a
...... ol j
0 |~
0.01 0.1 1 10 100 1000

Non-dimensional frequency £*

Fig. 2.7 Gain of effective thermal stress function with Am and Ab factors
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tn 0 - ’_’_#—_ﬁz’:—w—,_.r-_ |
§ . _\ ///._’-7 _MF_’,:,._‘—:-. )

@.g -10 / i
-C_U‘ //M -7
Sl p i
-] a - + )
s & 30 /, 7 - -~ Am=0,Ab=0
25 40 . —— Am=0,Ab=1 __
s & - 7 - ’
€3 .5 f .. —~ - Am=1Ab=1 |
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= M
Fg % s —— Am=0.5,Ab~1

- ¥
3 10 Ef
0 /v f' ="J
: -80 /’f - a
& -t

90 =
0.01 0.1 1 10 100 1000

Non-dimensional frequency £*

Fig. 2.8 Phase delay of effective thermal stress function with Am and Ab factors

By using Eg.(2.9), Eq.(2.1) can be extended to the frequency response function
with constraint efficiency factors as

G(Bj’.]f*ﬁAm’Ab)= H(Bi’Jf‘)S(Jf*’Am’Ab)‘ (210)

In the case that Biot number is 6.02, frequency response diagrams can be
obtained from Eq.(2.10) as in the next figures.

! T | L L
0.9 = Bi= 2 —g LS
: L. A a
. o Bi=6.07
0.8 =
T
0.7 N = = -Am=0,Ab=0
Y = Am=0.Ab=1
0.6 .

T\ s |
05 ——— N —— Am=05.Ab=1 |
/ N
0.3 [ “
y //
e =

0.4

0.1 ‘// _—

0 —,

0.01 0.1 1 10 100 1000
Non-dimensional frequency f*

Gain of frequency response function
G(Bi, jf*,A m,Ap)

Fig. 2.9 Gain of frequency response function with Am and Ab parameters
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I —
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g 80 -20 = = - a
g =] —_\““ e,
= - —
E< 40 g s
> PP =
g :: / et -
£z —60 ks EE Bi=6[U7
[ a '4
=< . « = = Am=0,Ab=0
¥ = -80 i |
ol -t —— Am=0.Ab=1
'S cé e - — Am=1,Ab=1
a8 3 . — —
é ha -100 Am=0.0.Ab=0.5 __ |
— Am=0.5.Ab=1
-120 : :
0.01 . 0.1 1 10 100 1000

Non-dimensional frequency f*

Fig. 2.10 Phase delay of frequency response function with Am and Ab parameters

By using above frequency response function with constraint efficiency factors, we
can get stress ranges on the surface.

Aol = AO'*|G(BI.,_]f*,Am,Ab) . 2.11)

where ideal stress range under perfect heat transfer and full constraint conditions
is

Ac” = KEoAT, . (2.12)
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3.

1060

APPLICATION TO ACTUAL PLANTS

3.1. HOT SPOT PROBLEM IN PHENIX SECONDARY PIPING SYSTEM

A small pipe is attached to a main pipe of the PHENIX secondary circuit
containing cold sodium at 340°C, and discharges hot sodium at 430C into the
main pipe. The two convergent flows with different temperatures (AT=90C) are
therefore mixed at the tee junction area. At the circumferential welded joint that
locates at 160mm down stream from the tee junction, through wall cracks have
been observed during the course of a campaign of inspection after operation of
90,000 hours [5]. One of main causes is supposed as fluctuation of a hot spot
caused from injection of hot sodium (Fig.3.1). To study this problem, a 494mm
radius and 7mm-thickness sphere shell with 200mm radius hot spot was assumed

(Fig.3.2).
—_——
e’}
Hot spot
Circumferential
Weld Small Pipe
Y ’ Th=430°C
— Q=Tkg/s

d=68mm,t=2.5mm

Main Pipe
Th=340°C
Q=800kg/s

d=4%4mm,t="mm

....

e Material : AISI304

Fig.3.1 Geometrical characteristics of the Phenix Secondary Piping System
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Fig. 3.2 F.E. analysis model of the Phenix Secondary-Piping System

Loading conditions are 7 cases described in Table 3.1. Case P-M assumes a
hot spot with 430 ‘C homogeneous temperature across the wall (Fig.3.3). Case P-
ML considers linear temperature change within 6mm width at the boundary of the
hot spot, to avoid singularity at the boundary (Fig.3.4). The purpose of these two
cases is to evaluate a constraint efficiency of membrane siress. Case P-B gives a
linear témperature gradient across the wall (Fig.3.5). Case P-BL considers linear
temperature change at the boundary. Above two cases evaluaie a constraint
efficiency of bending stress. P-S series are more realistic loads and they take
sinusoidal temperature fluctuation of fluid with 14500 kcal/m2h®C) heat transfer
coefficient into account (Fig.3.6). These results are utilized for validation.

Table 3.1 Load conditions of the Phenix Secondary Piping System

Cases Model Loading Remark
P-M Phenix Membrane stress Fig.3.3
P-ML Phenix Membrane stress with liner change Fig.3.4
P-B Phenix Bending stress Fig.3.5
P-BL Phenix Bending stress with linear change Fig.3.6

P-S0.01 [Phenix Sinusoidal temperature fluctuation (0.01Hz) |Fig.3.7
P—S0.084 |Phenix Sinusoidal temperature fluctuation (0.084Hz) |Fig.3.7
P-S1.0 _ [Phenix Sinusoidal temperature fluctuation (1.0Hz) [Fig.3.7
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Fig. 3.3 Boundary condition of membrane stress (Case P—-M)

Fig. 3.4 Boundary condition of membrane stress (Case P-ML)
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Fig. 3.5 Boundary condition of bending stress (Case P-B)

Fig. 3.6 Boundary condition of bending stress (Case P-BL)
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h=14500kcal/m’h°C %
=4.028 x {0"kcal/mm?secC

|
1
|
|
v
]
v
]
I
T
v
|

Fig. 3.7 Boundary condition of sinuscidal temperature fluctuation (Case P-S series)
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3.2

FINITE ELEMENT ANALYSIS

To investigate mechanism of stress generation and to obtain reference data for
validation, finite element analyses have been conducted with mesh models shown
in Fig.3.8.

8-nodes quadrilateral axisymmetric elements HQAX8/QAX8 and 3-nodes
axisymmetric heat transfer element FCAX3 of the FINAS code [6] were utilized for
this calculation. Since temperature dependency of material has few effects {2][3],
material properties were assumed as constant values at 385°C. Thermal elastic
calculations were performed without consideration of kinematics non-linearity,
because there were no influences by large deformations.

Fig. 3.8 F.E. mesh model of the Phenix Secondary Piping System

Calculated deformations and stress distributions are described here according
to a coordinate system shown in Fig.3.9. Output times are ones when a 6 stress

component becomes the maximum and the minimum.
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Section of the wall

e

Section of the wall

/

Center of the hot spot

Boundary of the hot spot

Distance along
the inner surface

Fig. 3.9 Coordinate system for output
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(1) Case P-M

V1

Y

Output Set; FINAS STEP 1
Deformed(0.492): Total Translatiors

Fig. 3.10 (a) Deformed shape (P—-M)

250
Inner surface(P—-M)

200

150

100 f,r
50

Stress (MPa)
o
s
$
4

*x,
~100 :
~150
~200
~250 ' ' S S ' —
6 50 100 150 200 250 300 350 400 450

“Distance {(mm)

Fig. 3.10 (b) Stress distribution on the inner surface (P-M)



JNC TN9400 2001-008

30
Center of hot spot(P-M) M
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0 1 2 3 4 5 6 7
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Fig. 3.10 (c) Stress distribution across wall thickness at the center of hot spot (P-M)
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Bourldary of hot spot (P-M)
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Thickness (mm)

Fig. 3.10 (d) Stress distribution across wall thickness at the boundary of hot spot (P-M)
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(2) Case P-ML

V1

¥

Output Set: FINAS STEP 1
Deformed(0,492): Total Translation

Stress (MPa)

Fig.

3.11 (a) Deformed shape (P—ML)

200
Inneér surface (P-ML)
150 \"ﬁﬁ
100 f F* .
50 —

%
R e

S e et N Rt iR T

450

0 AR
\' —+— Stress-r
~50 Y —& Stress—z O
' i ' . Stress—0
~100 ; - Stress=rz
| -+ Mises Stress
‘ -150 —
-200 \
0 50 100 150 200 250 300 350 400
Distance (mm)

Fig. 3.11 (b) Stress distribution on the inner surface (P-ML)
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Fig. 3.11 (c) Stress distribution across wall thickness at the center of hot spot (P-ML)

70 ]
60 Boundary jof hot spot (P-ML)
—— Stress—r
80 —— -= Stress-z
—— Stress~ 0 . X/ o
40 —~ Stress—rz e Mk,r"‘“‘*
30 _—— Mises Stress ﬂv./*/ — Pl
T
g 20 LH‘*—»(——H——L——*“‘M -
[7;] . v f/.&//
I [ R R e e S - e
5 | e = I SNV
7] |
D = T + ——
e
—0'/& -
e o SV
=20 o s M“M“—h—%%%—w—_ o )
= B
30 Bl S
~-40
0 1 2 3 4 5 6 7

_ Thickness (mm)

Fig. 3.11 (d) Stress distribution across wall thickness a“l_: the boundary of hot spot (P-ML)

(3) Case P-B
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Zz X

Cutput Set: FINAS STEP 1
Oelormed(0.0405); Total Translation

Fig. 3.12 (a) Deformed shape (P-B)
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Fig. 3.12 (b) Stress distribution on the inner surface (P-B)
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Center of hot spot(P-B)
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Fig. 3.12 (c} Stress distribution across wall thickness at the center of hot spot (P-B)
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Fig. 3.12 (d) Stress distribution across wall thickness at the boundary of hot spot (P-B)
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“(4) Case P-BL

Vi

Z X
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Deformed(0.0404): Total Transiation
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Fig. 3.13 (b) Stress distribution on the inner surface (P-BL)
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Fig. 3.13 (c) Stress distribution across wall thickness at the center of hot spot (P-BL)
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Fig. 3.13 (d) Stress distribution across wall thickness at the boundary of hot spot (P-BL)
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- From above F.E. calculated results, we can get constraint efficiency factors for
membrane and bending stresses.
Factors for membrane stresses are

A =| E (Center of spot),

, 3.1
Ao (3.1)
o,
A = - (Boundary of spot) and (3.2)
Ao
maxﬂcrc -o,l,lo, - o,
A, = - (Moving spot) (3.3)
Ao
Factors for bending stresses are
A= o (Center of spot) (3.4)
* Ac'/2 ’ '
A = [ (Boundary of spot) and (3.5)
" Ac'/2
maxqarc S ARES —ao|) .
A, = (Moving spot). (3.6)

Ac’ /2

The next table shows evaluated constraint efficiency factors.

Table 3.2 Constraint efficiency factors by F.E. caluculation

FE.Calculated Mises Stress (MPa} A o" (MPa)= Ratio A,
Center of hot | Bounday inside { Bounday outside Y. . . _ _ .
Caze spot G'c hot spot T hot spot o Ea (1-v)-AT: | loJ AT lolrha max(lo ~a lle-ol AT
=ML 842 -169 11600 42086 0015 0.402 068
{Membrane}
Ratio Ay
R maxl|g ~g llo-o ) Ao
el aatallol a2 T ”
P-8L -230 173 1060 42086 1,093 0822 114
(Bending)
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(b) Case P-S series

In the cases of P-S series, times when stresses become maximum and
minimum are different among different positions. Therefore stress ranges defined

by
Ao, = —IE\/(AU, ~Ao,)’ +(Ac, —Acy)’ + (Ao, —Aa,)? +6AT,” (3.7)
are utilized.

The next figure shows distribution of stress ranges on the surface.

300

lnnTr surface [[P-S serigs)

]
(=]
o

. Stress range (MPa)
P
&

—+—0.01Hz
~&- 0.084Hz
100 ——1.0Hz
50
0 Rl = Al t— -8 — B W— &
0 50 100 150 200 250 300 350 400 450

Distance{mm)

Fig. 3.14 Stress range distribution on the inner surface (P-S series)

From above figure, gains of P-S series defined by the ratio of surface stress
Ao, 10 Ac’ were evaluated as in the next table and the frequency diagram.
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Table 3.3 Gains of thermal stress of P-8 series by F.E. calculation

FE.calculated stress range (MPa) Ao™= Gain
Center of hot | Bounday inside . * , *
Case spot Ao | hot spot A O Ea (1-v)-ATF(MPa) ||A oc” A o |AQ‘|/AU|
P-50.01 97.00 160.00 420.86 0.230 0.380
P-50.084 250.00 23940 420.86 0.594 0.569
P-S51.0 178.710 175.30 420.86 . 0425 0417
f |
0.9 LS
a h=14500Kca|/m2h°C
0.8
#
¥ 07 B Genter(FEM)
® b ¢ Boundary(FEM)
g < 0.6 4
5\ 05
ﬁ ]
o <
= 0.3
O =
0.2
0.1
0
0.001 0.01 0.1 1 10 100

Frequency f (Hz)

Fig. 3.15 F.E. calculated gains of thermal stress on the inner surface (P-S seriés)
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3.3 EVALUATION WITH THE FREQUENCY RESPONSE FUNCTION

Gain of frequency response function

G(Bi, jf*,A m,Av)

From Table 3.2, we can get the constraint efficiency factors as

An=0.015, A,=1 (For center)

An=0.40, Ay;=0.82 (For boundary)

(3.8)

(3.9)

When inputting above factors and Biot number Bi=6.02 that corresponds to
14500 kealfm*hC into Eq.(2.9), we can get stress response diagrams as in the

next figure.

Predictions by these diagrams agree well with

figure.

gains of Table 3.2 as in the next

It means that the extended frequency response function with the constraint
efficiency factors can predict thermal stresses induced by hotfcold spots.

1
I |
0.9 ——p; AL — . L'
o Bi == 4 a h=14500Kcal/m2h°C
0.8 '
' Center(Am=0.015,Ab=1)
0.7 - - - -Boundary(Am=0.40,Ab=0.82) ~ |
B Center(FEM) o
0.6 /ﬁh. ¢ Boundary(FEM)
0.5 '7‘ : ‘*\\a
04 - F'Y / \\
0.3 s/ \
0.2 ‘\
0-1 / “\‘
0"
0.001 0.01 0.1 1 10 100

Frequency f (Hz)

Fig. 3.16 Frequency response diagrams with F.E. calculated gains
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4,

APPLICATION TO TIFFSS-4

4.1.

HOT/COLD SPOT PROBLEM IN TIFFSS-4 SODIUM EXPERIMENT

The specimen is a plate (50mm * 50mm * 10t mm) made of 316FR with a thermal
insulator [2]. Its insulator is a ceramic plate made of SisN4 with a 15mm diameter
hole. The specimen is submitted to temperature fluctuations inside this hole and a
surrounded portion keeps less temperature amplitudes. The configuration of
specimen with a thermal insulator is shown as in Fig.4.1.

Hot and cold sodium is alternatively projected to the center of a specimen
through a single nozzle by the TIFFSS facility (Fig.4.2). Distance between bottom
of the nozzle and surface of the specimen is 5.5 mm. Flow rate at the exit nozzle
is constant as 1.2 I/min {approximately 0.7m/s) in the nozzle). This value was
adjusted to achieve the maximum temperature amplitude since flow rates are
limited by capacity of a cooler and small flow rates are affected by heat capacity of
the nozzle. Temperature amplitude at the nozzle keeps the constant value such
as 240°C (470°C - 230C). Frequencies of temperature fluctuation are 0.04Hz,
0.1Hz and 0.2Hz.' Heat transfer coefficient is 13300 kcallmzh"C that corresponds
to Biot number 8.19 [3].

Distributions of temperature range on the upper surface of the specimen were
measured by thermocouples attached on the surface. Fig.4.3 and Table 4.1 show
locations of thermocouples. Measured data were described in Table 4.2 and
Fig.4.4. These results mean that temperature range changes gradually around the
edge of the hole. This temperature gradient may influence on constraint effects.
In this study, frequency response of TIFFSS-4 is examined with considering
gradual temperature change.
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o0

50

Fig.4.1 Configuration of a plate specimen with thermal insulator
for TIFFSS—4 fatigue test
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Freguency control device .

Air cylinder

Thermocouples

Seal section

Cold sodium
T T e .
L | pperhiange
¢ : Tank frange
Thermo
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Cold sodium _: ? Hot sodium
selectvalve [T 7 select valve

' t Nozzle
By-pass line — (¢6)

Test piece support

Test piece

Gap betwsen a nozzie
(50%x50x10)

and a test piece 5.5

Fig.4.2 Details of TIFFSS test section
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Fig.4.3 Location of thermocouples in the constraint plate specimen

Table 4.1 Thermocouples on the surface of the specimen

TC No. Horizontal distance from the center of the specimen
cl {Omm {Center)

c2 2.5mm

c3 Smm

cd 7.5mm

5 8.5mm

cb 10mm

c’ 12.5mm

c8 15mm

c9 20mm
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Temperature range on the surface (deg)

=]

Table 4.2 Measured temperature range on the surface of the specimen

TG-No |Distance | 0.04Hz [0.1Hz 0.2Hz
cl 0| 202275 § 184.125 | 162.975
c2 25| 200,825 | 182425 160.4
c3 5| 201.125 182 160.75
cd 7.5] 18065 15355 | 124.225
[*H] 8.5 161.1 125.9 66.9
cB 10| 144075 | 76.225 31.175
c7 125] 115.25 | 53.675 15.2
c8 15| 99,775 49 6.475
c9 20| 85.725 32.7 14.3
Nozzle 239.03 239.9 240.2
——(.04Hz
= 0.1Hz —
- 02Hz
T
\.L_
TT—
| ]
0 2.5 5 7.5 10 12.5 15 17.5 20

Distance from center (mmy)

Fig.4.4 Thermocouples on the surface of the specimen
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To study TIFFSS-4 problem, a 10mm-thickness and 10000mm radius partial
sphere shell was assumed considering out of plane bending as in Fig.4.5.

GfL r=28.2mm

I
i
]

e e

Fig.4..5 F.E. analysis model of TIFFSS—-4

Loading conditions are 6 cases described in Table 4.3. Case T-ML series
assume a hot spot with 470 C homogeneous temperature across the wall and
consider linear temperature change within 5,10,15mm width at the boundary of the
hot spot as in Fig.4.6. The purpose of these cases is to evaluate a constraint
efficiency of membrane stress.. Case T-BL series give a linear temperature
gradient across the wall with linear temperature change at the boundary as in
Fig.4.7. These cases evaluate a constraint efficiency of bending stress.

Table 4.3 Load conditions of TIFFSS—4

Cases Model Loading ‘ Remark
T-ML1 TIFFSS-4{Membrane stress with Smm width linear change |Fig.4.6
T-ML2 TIFFSS—4{Membrane stress with 10mm width linear changd¥ig.4.6
T-ML3  |TIFFSS-4|Membrane stress with 15mm width linear changqFig.4.6
T-BLA1 TIFFSS-4|Bending stress with Smm width linear change  |Fig4.7
T-BL2 TIFFSS-4|Bending stress with 10mm width linear change {Fig.4.7
T-BL3 TIFFSS—4|Bending stress with 15mm width linear change |Fig4.7
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Smm
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15mm
20mm

470°C

— 230°C
470°C

= 230°C

Fig. 4.6 Boundary condition of membrane stress (Case T-ML. series)

S5mm
10mm
15mm
20mm

470°C

N 350°C

350°C

230°C |

Fig. 4.7 Boundary condition of bending stress (Case T-BL series)
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4.2 FINITE ELEMENT ANALYSIS

To investigate mechanism of stress generation and to obtain constraint
efficiency factors, finite element analyses have been conducted with mesh models
shown in Fig.4.8.

8-nodes quadrilateral axisymmetric elements HQAX8/QAXS8 of the FINAS code
[6] were utilized for this calculation. Since temperature dependency of maierial

has few effects [2][3], material properties were assumed as constant values at
350C. Thermal elastic calculations were performed.

v 5mm 10mm  15mm 20mm 28.2mm
Y Nodes: 3039
fI— Elements: 960

Fig. 4.8 F.E. mesh model of the TIFFSS-4 specimen

Calculated deformations and stress distributions on the surface are described
here according to a coordinate system shown in Fig.4.9.
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Distance along the
upper surface
P

Fig. 4.9 Coordinate system for output
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(1) Case T-ML series
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Fig. 4.10 Deformed shape (T-ML)
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Fig. 4.11 Stress distribution on the upper surface (T-ML)
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(2) Case T-BL. series

Fig. 4.12 Deformed shape (T-BL)

_44__

A R R e L] H
]
T ] =
I ] ] u z
i i
1K) { }
1—" T-BL1
Set FINGSSTEP 1
UE} Tdd Trensdsin
il
AR - i
i Kimcmim:
HH ] Hiris, TiNim} H | IEXR A
T T T L i)
i [ I I 1 _[_ i H ]
EERENSEN fi-f i FEEnE
S S s i
T IIAReNararazans
e T
] I
I 1
L—* T-BL2
St FINASSTER 1
(B Tdd Tasdsion
V1
i H } ]
ii avazniml 1] i =N
AL T LN (i N R NI
B fn Eiflin » = )
Wi EEneREdna
I i
T i g
F T HHRET !L
T e Sy
i : ] ¥ BENEas s
L] HIEEEITIN R Araniss 11 x
P 111 H-HE FiBinK W1 1T
e
™
l—’f T-BL3
SetAMSSTEP 1
(HE} Tdd Tradsio




JNC TN9400 2001-008

500
Outer surface {T-BL1)
400
300
200 SN oy,
’&_-i 100
Z
@ 0
2
& —100
——Stress—r
200 —— Stress-z
-300 —i— Stress— 8
——Stress—rz
—~400 -x—Mises Stress
-500
0 5 10 15 20 25 30
Distance {mm)
500
Outer surface (T-BL2)
400
300
200
E 100
=
w 0
v
Q
& -100
—+—Stress—r
200 —#- Stress—z o
-300 7; e B ) | —u—Stress—08 __|
-+ Stress-rz
-400 _ —=Mises Stress __ |
—500
0 5 10 15 20 25 3o
Distance {mm)
500
Outer surface [T-BL3)
400
300
200
& 100
o
Z
P 0
w
Q
& -100
-200 F———m———— S s — ——Stress-r R
—=- Stress—z
-300 —— Stress~ 8  ——
—x~ Stress-rz
~400 -#—Mises Stress = |
-500

10

15
Distance (mm)

20

25 20

Fig. 4.13 Stress distribution on the upper surface (T-BL)
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From above F.E. calculated results, we can get constraint efficiency factors for
membrane and bending stresses.

Factors for membrane siresses are

o
A = ‘—C* (Center of spot), (4.1)
Ao
o,
A = ~  (Boundary of spot) and (4.2)
Ao
maxﬂac -0, - a,,|) _
A, = o {(Moving spot). (4.3)
a

Factors for bending stresses are

A = 'Gfl (Center of spot), (4.4)
Ao /2
A, = [ (Boundary of spot) and (4.5)
h AO" /2 b .
maxq o, —a,l|o, - 0'0[) (Movi g 48)
= j oving spot). 4.
’ Ao’ /2

The next table shows evaluated constraint efficiency factors.
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Table 4.4 Constraint efficiency factors by F.E. calculation

FE.Calculated Mises Stress (MPa) A ¢* (MPa)= Ratio A,
Case Ce::z: c::ot Bﬁz:clis:)tinziciie B%Z:d:;’o:u{;—slde Ea (1-v)-AT | |od Ao” Iaill/A o max(i&’;itl:?i‘dub

T-ML1 -366.1 -364.8 254,70 ) 11204 0.327 0.326 0.55

T-ML2 -350.0 -340.2 242.50 11204 0.312 0:304 0.53

T-ML3 -307.5 -307.0 259.40 1120.4 0.274 0.274 0.51

F.E.Calculated Mises Stress (MPa) A (MPay= Ratio A,

Case Ce::z: ocir":ot B:z:dszymi:n;f«i:le B%l:):d_::o:u;?lda Ea/ (=¥} AT, ||o J /(A o™/ | 1ol (h 6*/2) rnax(fic(—:'jﬂ/az;-anh
T-BL1 -183.0 -182.4 127.60 11204 0.327 0.326 0.55
T-BL2 -170.4 -170.1 120.90 11204 0.304 0.304 . 0.52
T-BL3 -153.7 ~160.2 129.20 11204 0.274 0.268 0.50
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4.3 EVALUATION WITH THE FREQUENCY RESPONSE FUNCTION

Gain of effective thermal stress function

S(jf*,A m,Ap)

When inputting factors of Table 4.4 and Biot number Bi=8.19 that corresponds to

13300keal/m?hC into Eq.(2.9), we can get sitress response diagrams as in the

next figure.
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Fig. 4.14 Effective thermal stress diagrams with F.E. calculated gains
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Fig. 4.15 Frequency response diagrams with F.E. calculated gains
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5.

DIAGRAMS OF CONSTRAINT EFFICIENCY FACTORS

5.1

PARAMETERS OF CONSTRAINT EFFICIENCY FACTORS

In the case of straight pipes, geometrical parameters to determine constraint
conditions are R/t of Fig.5.1. Furthermore, constraints of spots depend on their
sizes that can be characterized by 0/2 of Fig.5.1. So that, constraint efficiency
factors A, and A, have been investigated under various values of R/t and 0 /2 as
in Table 5.1. [n the symmetric analysis mode! shown in Fig.5.1, interactions
between two spots are ignored, validation of which will be required.

lHot/coId spot

S Y . . SO

Fig. 9.1 Geometrical parameters to determine constraint conditions

Table 5.1(a) Geometrical parameters and load conditions (a)

Case R{mm) t(mm) 8 /2 (deg) R/t Load Remark
ML~-t1 2505 50.1 24.2 5 Fig.5.2
ME-t2 250.5 21 242 i1.9 Fig.5.2 PWR
ML-t3 250.5 7 24.2 35.8 Fig.5h.2 Phenix
ML-t4 2505 2.505 24.2 100 Fig.5.2
ML—-t5 2505 0.2505 24.2 1000 Fig.5.2 TIFFSS4
Table 5.1(b) Geometrical parameters and load conditions (b)
Case Rlmm) | t{mm) 8 /2 (deg) R/t Load Remark
ML-81 250.5 7 25 35.8 Fig.5.2
ML-82 250.5 7 5 35.8 Fig.5.2
ML-6 3 2505 7 10 35.8 Fig.5.2
ML-8 4 250.5 7 242 35.8 Fig.5.2 Phenix
ML-65 250.5 7 45 35.8 Figh.2
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Table 5.1(c) Geometrical parameters and load conditions (¢)

Case R{mm) t(mm) 6 /2 (deg) R/t Load Remark
BL~t1 250.5 50.1 242 b Fig.5.3
BL-t2 250.5 21 24.2 11.8 Fig.5.3 PWR
Bl.-t3 250.5 7 242 35.8 Fig.5.3 Phenix
BL-t4 2505 2.505 24.2 100 Fig.5.3
BL-t5 250.5 0.2505 242 1000 Fig.5.3 TIFFSS4
Table 5.1(d) Geometrical parameters and load conditions (d)
Case | R(mm) | #mm) | 6/2 (deg) R/t Load Remark
BL-6 1 250.5 i 2.5 35.8 Fig.5.3
BL-82 2505 7 5 35.8 Fig.5.3
BL-83 250.5 7 10 35.8 Fig.h.3
BL-84 [ 2505 7 24.2 358 Fig.5.3 Phenix
BL-65 250.5 7 45 35.8 Fig.5.3 '
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Fig. 5.3 Boundary condition of bending stress (Case BL series)
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5.2. SHELL ANALYSIS RESULTS

To make diagrams of constraint efficiency diagrams, shell analyses have been
conducted with mesh models shown in Fig.5.4.

Conical shell element CONIC2 of the FINAS code 16] was utilized for this
calculation.  Since temperature dependency of material has few effects [2][3],
material properties were assumed as constant values at 385C. In order to avoid

numerical singularity at the hot spot boundary, temperature changes smoothly at
the boundary within short distances.

vl

———,
e,

‘4———— Center of hot spot

T, /4*"—‘ Boundary of hot spot

| .
Number of Nodes: 106
Number of Elements: 105
Element: CONIC2

Fig. 5.4 Shell analysis model
(1) Case ML-t series

Calculated deformations of case ML-t series (Fig.5.5) show that structures with
large Rft deform well due to their large flexibility, Stress distributions (Fig.5.6)
indicate that flexible structures induce small stresses.

Furthermore, shell analysis was validated to provide the same resulis as solid
analysis since stress distribution of ML-t3 is quite similar o one of P-ML
(Fig.3.11(b)).
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Fig. 5.5 Calculated deformations (ML~t series)
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Fig. 5.6 Stress distribution on the inner surface (MLt series)
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(2) Case ML- 6 series

The following results of case ML- 0 series show that structures with targe 0

deform well and induce small stresses.

2\
.
¥ ¥
o ML~ 8 1 | ML-62
X i
Outout St FINAS STEP 1 Wt Set FIKAS STEP 1
D carvase ) 67, Totsl Trrslalon mred(0.123) Totel Tramslaton

[/

:
1 1
i i
| ‘ !
ML-6 3 ML- 6 4
(g Set FINAS STEP 1 ad Seb FINASSTEP 1
Deforred 227y Total Tisnslaton wTecTAgEY Total Trensien

al

Y

10upu Ser FINASSTER 1
2583y Total Tonatston:

Fig. 5.7 Calculated deformation (ML- 8 series)
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(3) Case BL-t series

The following results of case ML-t series show that structures with large R/t
deform well since large flexibility and induced stresses are insensitive to Rft.

1 i

¥ ¥

. : .
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¥
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Fig. 5.9 Calculated deformation (BL-t series)
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Fig. 5.10 Stress distribution on the inner surface (BL-t series)
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(4) Case BL- 0 series

The following results of case BL- 0 series show that structures with large &
deform well and induced stresses are insensitive to 8 except small 6.
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Fig. 5.11 Calculated deformation (BL- 8 series)
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5.3. DIAGRAMS BY SHELL ANALYSES

From F.E. calculated results, we can get constraint efficiency factors for membrane
and bending stresses.

Factors for membrane stresses are

|°'c
A, = +  (Center of spot), (5.1)
Ao _
o,
A = - (Boundary of spot) and (5.2)
Aco
max{o, - o ||, - o.|) . |
m A " (Moving spot). (5.3) -
o

Factors for bending stresses are

A, = |af, (Center of spot), (5.4)
Aog /2
A = i {Boundary of spot) and (5.5)
" AcT/2
maxQo*c—cra,cr,.—croD o ) 5.
= : oving spot). .
’ Ao /2

Next tables show evaiuated constraint efficiency factors from shell analysis resuits
and above equations.
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Table 5.2 (a) Constraint efficiency factors by shell analysis (ML~t series)

FE.Calculated Mises Stress (MPa)

A 0" (MPa)=

Ratio A,

Cuse | O ot ot | By e | Byt e (1-4)-47, | [odrna” | lodrno® |77
ML-t1 -213.5 -196 103.00 420,86 0.507 0.466 0.75
ML-t2 -120.7 ~181.6 107.30 420,36 0.287 0431 0.69
ML-t3 738 -166.8 113.10 420.86 0.018 0.356 0.87
ML-t4 425 7 ~151.3 118.20 42086 0.010 0.359 0.64
ML-t5 0.00 -103.0 81.80 420.86 0.000 0.245 0.46

Table 5.2 (b) Constraint efficienc

y factors by shell analysis (ML—8 series)

FE.Calculated Mises Stress (MPa)

A o*(MPa)=

Ratio A

Center of hot | Bounday inside | Bounday outside LY. M + | maxlto ~odlo-o.h
Case spot Oc hot spot Ui hot spot 0o Ee/(-v)-ATy| |olrAo loi| Ao SAhot
ML-61 -190.1 -185.5 . 64.20 42086 0,452 D441 0.60
ML-B2 -224.7 -205.6 69.30 420,86 0.534 0.489 0.70
ML-63 ~1940 ~200.9 89.70 420.86 0.461 0477 0.68
ML-84 1.39 -166.8 114.60 420,86 0.018 0.396 0.67
ML-85 058 -152.5 127.80 42086 0,001 0362 0.67
Table 5.2 (c) Constraint efficiency factors by shell analysis (BL—t series)
FE.Calculated Mises Stress (MPa) A o (MPa)= Ratio A,
Center of hot | Bounday inside | Bounday outside —y. * . max(ic ~o \loro.)
Case spoi U'c hot spot T hot spot To Ea/(1-v)- AT, |U°|/{A o/ IU‘I/(A o'/2) VAN 7))
BL-t1 -1938 -142.7 7.95 420,86 0.821 0.678 0.96
BL—2 -2314 -157.0 4.60 420.86 1.100 0,748 1.15
BL-t3 -226.5 =-2300 10.70 420,86 1076 1.093 1.14
BL-t4 -208.8 -226.2 11.30 420,86 0.992 1.075 1.13
BL—t5 -2104 ~223.0 11.30 420.86 1.000 1,060 1.1
Table 5.2 (d) Constraint efficiency factors by shell analysis (BL— 8 series)
FE.Calculated Mises Stress (MPa) A ot (MPa)= Ratio A,
Center of hot | Bounday inside | Bounday outside 1-v)- AT, * * maxlo -0 llora,)
Case spot 0'c hot spot i hot spot O'o Eﬂ’/( .V) F IU'CI/(A a /2) |U.I/(A a /2) /(A 0./2)
BL~-61 -847 -92.2 3130 420.86 0450 0.438 0.60
BL-62 -1322 -117.1 2470 420.86 0.628 0.556 0.75
BL-63 -201.9 -148.8 8.05 420.86 0959 0,707 1.00
BL-64 -226.5 2300 10.50 420.86 1.076 1.0983 1.14
BL~85 -208.2 - -225.5 11.80 420.86 0.994 1.072 1.13
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Fig. 5.13 (a) Constraint efficiency diagram for membrane stress (a)
—+—Center
-2— Boundary
Moving ——
P
!.__ﬁ__‘___-_____—hﬁ-—"—
\ [ &
R/t=35.8 N
AN
10 .20 30 40 b0

Spot size (deg)

Fig. 5.13(b) Constraint efficiency diagram for membrane stress (b)
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6. CONCLUSIONS

Hot/Cold spot problems were formulated as the frequency response of structures under
complex constrained. To quantify combined constraint conditions of membrane, bending
and peak stress, author proposed constraint efficiency factors. By introducing these
factors, the frequency response function was extended to Hot/Cold problems. lts
applicability was validated by application to a hot spot near the T-junction of PHENIX
secondary piping system. '

Finally, diagrams of constraint efficiency factors were proposed to generalize this
method.

The proposed method for Hot/Cold spot problems is summarized here.
Step 1
Identify geometrical parameters of pipes and hotfcold spot and determine constraint

efficiency factors by chart described in Fig.5.4 and Fig.5.5.

Step 2
Evaluate the effective thermal stress function by the next equation.

S(f",4,,4,)= B+ jC)+ (1~ A,XB, + jC,)+ (- 4,XB, + JC,) (6.1)
where B,C,Bm,Cm,Bs.Cs are defines in Chapter 2 of this paper.
Step 3

Identify Biot number and evaluate the frequency response function with the effective -
heat transfer function as

G(Bi’ Jif"Am’ Ab)= H(Bi’ Jf*)S(Jf*’Am’Ab)' (62)
Constraint efficiency factor A, can be defined for ratios of membrane stress and of

bending stress stresses separately against membrane temperature. Constraint
efficiency factor A, is the same. These factors can be utilized more precious analysis.
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