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Heat transfer coefficient suitable for thermal fatigue assessment at a T-junction
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Abstract Thermal fatigue cracks have been found at T-junctions where high and low temperature fluids flow
in. In this study, the heat transfer coefficient at a T-junction was investigated. The obtained heat transfer
coefficient was then validated by estimating the temperatures on a pipe inner surface. The temperatures of the
fluid and the pipe inner surface were measured by mock-up tests in which high and low temperature water
was mixed. The fluid temperature fluctuation near the boundary between the hot jet flow and the cold main
flow caused the temperature on the pipe inner surface to fluctuate. The heat transfer coefficient was obtained
by the power spectrum method for the pipe inner surface where the temperature fluctuation was relatively
large. The estimated heat transfer coefficient was 3.3 times larger than that calculated by the Dittus-Boelter
equation. The temperature on the pipe inner surface was successfully estimated using the obtained heat
transfer coefficient and the measured fluid temperature in the vicinity of the inner surface. The prediction
error was less than £20% for the temperature fluctuation range.

Keywords  T-junction, Heat transfer coefficient, Thermal fatigue, Temperature fluctuation

DEARER DR ™!

WA D, LILRRG, BUSHZaHiid o 7-012]

83

A TIBE D T FEAUE CRYE TN HAE LT
HHNRHDHD P BEEOD DHFRENREAL, BEN
MORELEZ 5 & L, FEHaREREESTHE
RIIP—~ VA N TA BT LT, TOBSIX

:/%ﬁ‘iéD%Ei&@fmﬂzzﬁ%%ﬁiéﬂ‘ém 7,

W2 820 AR A E N THRAE L, IRIZHRAED

E)@E%?f\O)?ﬁﬁﬁl_ XY ENEOREEE R AET
5. LT, IREEESIERET IO Y BS ZEH)
Tk LT HRIE N EET 5.

T O EAKIRAK G T Tlk, RECTE AN EHE
ZALT D DENEOIREZEZ T T2 Z & IXHE -

ZOREEEZ PHT D ENLETHDH. KHHEE
ST DZEBNHPH SR E MR O T IREZ B A D &
EHT D720, WA X BE O IR B A BT O B
KEZTFHTHZ ENEEND.

IHNETTFE CORGBLICHT 2HMEI I =
—va UYBHE AT TV Y FRIEE O
BRE RIT IR R & D HEREEM T o4y, ERET LR D
WREELEEZ THTES 2 LR HEINTHDE O
©. 0.4 75 EREDIR A B A BRI S

X, WD S E A~ DORMRERREOEME S N HRTE
%Lw%ﬁf&é
TFENZBT HEIE MO 720, mIKEKOIRS

% 1 Nuclear Engineering and Design (2020), Vol. 370, 110916 % FliR L iz #k

%2 (MRETHEEY AT 2R Hifli & 2 7 2 0F 58T



84

BRI T 20 D00 ERE 2 E TfrbhTwn
2 U0TE g g B Al LR IR E O b
TR T 000, A97ED g B gedet o P A& PN 1 0D L
FEEEZRET D0, BMmEIC X HEELB O
ﬁﬁ@ﬂé%ﬁﬁiétwﬂ 5 ek D P TE S E N
A< L7225 KO ICHET DMENDH L. ETo, RE
ZBHTR O e KAE 2 82 2 2121, BEEOAE IRV T
HE LdhiEz by, Thz, BKEASE
T HTFEONREDREZ TRIT 5 FIEORRENE
FNb.

Moriya & ® 1%, M KT 5 ORI &R 7
HEHBARELE N OEM R EOREZ TR 5 F
%%%%LT%D ZOFETIE, BVEEREL/DL

CURR & BERLE DA ET — X DT — A7 |k
/wq*@w)%%wfwé(uT N — 2T kb
) . Fiz, TOFEOZEMEIT OV, WITICH
B L7220 7 ZVip b SE o miR & RR oK E
BRI 28 S BT EBRCTREES LTV D A, TF
BUERTDZYPEHEZRIZ O W TITEHE SN TV,
Kimura 5 %90%, /ST — 27 R EIC TTEE TR O
BEHEOEPTIZ CIHEFEBIREE L KD, Dittus-
Boelter "™ CHOLNHZEMRER LY K& B L

R L TW5. £72, Fontes®d "™ &R FTETTE
BWE DI E W BARER A R, PE L ERERE &
e L 7o REIR B 2 Lol 2 2 & TR D S A E A~

(1)

™ —f—>
mE —"

- —

SRRSO

A ]

N

—
w
S

Ty Ol [
og [
= =
K i

3F
]
KR

INSS JOURNAL Vol. 28 2021 NT-2

@ﬁmﬁnw%@%:ﬁbfwé

AWFFETIE, TFEAMEBOE NI T DR KIEE
EEFFE % TS 5 72 DI EFEMRER R~ T
B URATO W ) PRIE O b, R AORETEE O AR
EEEME N Z &S T D BEE iS00 &
FET 2500 Lz, F10I2, BWNHEHOIREEEH T
R E WA A2 B H2MZ L, ZO#PHIC BV TRIE
L7ziREEZ W CIERBMRERZ R Lz, KIZ,
KO- IEEFHBRERZ O CHEE L7258 N i
EaE) e ZDOMEMZ LT 2 2 & TEDOZ LTS
UWVCRRRE L7z, B0, Bkl BE 28 Bh R O R AT 5 14
WZDOWTHEELT.

2. BREAE
2.1 EBRIL—T

212 i AR K A HE BRI AE ] L 72 T-Cubic BV
— T ORI Z RS KL=, @ik S 7,
RIBAK S 7 RBEKE T BIO2OOR TG
MR 5. S IRIEAKITRER CIRA S, &4 Ot
EIFERIEIC L VTSNS, RO Biici, =
JVARRLFRITTH L D ELNZAR T D 72 DI iias & 3%

& L7 RBEA D OIS, L—Y— Ry 7T
—VHFHZ THIE L, +o3eE LcElifiafmil/e> T

QQ)ENENDREZLH
@,,“h&?

) EENDREER

U

WHEE)

E%FEﬁ ERENSDIERE L

RA18

K1 —</LANTA L THEOME



INSS JOURNAL Vol. 28 2021 NT-2

WD ZEERHERR L TWD | BB O ORI E X
RO FIRICERE L7 v — ABGE IS THIE L=
] 342 k5 0 7 FH AR (R DA (X % o 9. ARBRIAIE,
ENEE150 mmD EAE LB NERS0 mmD ST IE DY B Rk B
TFETHY, AT LAMLE LEZ, EE L DIED
EOMRITITISO6BE L URBFEY & L, FFiE, %~47.6
mm, 5.3 mmTdH 5. AEREBOTEIRIL, WATLONGRERLE &
O L FIER U TH D, FLE O/ ITRIEM & B
URRED R

KR IK
"y

R wEs() #AE  mreem
%2 FBr/L— 7 (T-Cubic) DM

22 EAEIERANE

Bl NI ORI > — AZEXE (JM%0. 5 mm) &%
WHEEFFHZHEAT 2 2 & THIE L7z, BVEXTE oW
A5 E 4 X427 T. 1§50, 6 mm, £ S0. 7 mmOD I IERE
WD > — ABE R 2 HOIAAT. KSICEENT D
48 S DR E W E R A2~ WEEITE, KFOIRMN
TR L7z, z=-50 mm ~ 225 mmOFiPHIZ25 mmfLFE,
0 = 0° ~ 60°DHIFAIZS MG, z = —150 mm, 600 mm
TIXO = 0°OAE & Lz, 22 CAITEEET, 0k
I 78 D J5 1) 22 00 & 9 2 F4F RIAIDN & 7 T RURE A
DOREGAEE TS (K3 . AL, EEHE
SO AZ E L U IR E o e bR 130, 0250
& L7z, BARRRIREUA Y f 7 OIEREFH2FHAL,
HAIRIE CRIER 2B L, WET — & 2 BIEALEE L
Jo. ZFORRFET, 0. 42 KELFTH Y, ARIREADL. 4%
Y THD.

BIADENERTEL Y Wi GEICR Lz & B0 #VE
KTOWE AIFENER L V0. 45 mmffi TR Y FEIC
IXENRIINLE CTOWRE TITRV. Lo T, RIFET
VX, WREATIC KV REE S D E N R EIRE AR L.
Z DN TFEOFEMITMER ™ 22 S iz,

85
I ==k
S S——
0 :
(s \I
N | | DeEE ERE
X g BE 5.3 mm D, =150 mm
A-A z EE 7.6 mm
804 mm A 1107 mm
v i P /
X [— i
| ——
{5587k —
LA BEREOREIERER
B3 I E FHRRBR A AL [
BEA LA Y—ARER
EHE —, /

9
10 {
T
3 ENE
= - WD, B [mm)]

(AA FESE)

1§ 0.6mm
—— >

P

0.7mm

0.45mm

(X4 AR T4

150 mm 600 mm < ALER

i
P IH;
I IHI
H!\I IHI

I

25 mm X 2=50mm 25 mm X 9=225 mm

5 8 O PN R O HIE BT

2.3 RAEERERIE

BU61Z =8 PN O PRI E 2 JE U 7o 218 OENE X %
AT 160 — A BER A < LIRICELE L TR Y,
ZORIBgIEr = 0 ~ 70 mmT5 mm, fxHIMUDO1IOEr
= 74 mOALE (EEWNmES1 mm) & L7z, 40,25
mm? 3 — AZNER 2 EAAL mm, £ X50 mmDEIZ T —
A7 LiAdy, v— A Selaa & S5 m7Z i b L
THITIZ v v CEE L. 3R, KBRS i
SIEAL, zHR~OFE, )7 H~DEELIC X 0§k
TELRE ST 2 5 HH U 7. TR o )& R RR1%0. 0270 & L 7=,
Kamide 5 1%, TFE AT OMMAKIEE 2, < LIRIC
Bl LI-BVEXHZ LV METE L2 L AR LTV D.
AW T b, [T OB ERE 2 EH L7z,



86

HIE L7ZIRES S, Al & B2 TIECTIRIELTZ., =0
FRZENY, 0.42 KLATFTHY, ADIREZEDO. 4%H4 T
H5.

2 SN
T
{EimK |
i H -
e oo
i N [ J
—— ‘
A‘; \\SUmm
->! (R
(A=A ¥ E) \

%

(HEKE)

SHE 0.25 mm P 4% 1.0 mm

¥
5 mm

(6 AL T i A

24 EBREFHLAE

T & Ay O A PRI X, 20 °C, 50 °C,
AN AW EEIE, 1.0m/s, 0.7m/s& L=, LA
JNVAENE, FKx1.5X10° 6.3X10'CH 5. WP
B, MEEZRKEE CRT 52 L TRk
Kamide & "%, TEEAHOMEERE &M &5y
I E RO AN O ESCOMNOES &I HELT
B, IEEAE O OFEAEE) AN HH) N S VT
L, ST DN D OREFEA A OBEIZIh - T A 2 &
TEEITFFIC CLEE M s W IBELE BN RET L Z L &
RLTWD., RIFFEOEMEE, EOWMER% B3
DEME LTz,

WIDIZ, FE N OIRE5346 2 160 HHIE L7z,
Z DR, K6IZR L iR E B T EE NI
ALZDroT, WIS, BN & GRRTRE 2 [FRE 2 E
T 570, ZOREELEZHFA L. < LIROBE
%, z = 0.33Dm, 0.5Dy, 0.67Dy, 0.83Dn, 1.0D,
(= 50 mm, 75 mm, 100 mm, 125 mm, 150 mm) D7
BahL, oMfzflETH-0REESE. 05RO
EMREIXS & Uiz, 2 & oMo/ KD 131 mm
BEOIOT, ZOREBREITz = £0.2 mmis L0 =
+0.2°TH 5. ENHE L OVRIARRE L, (0 T160
FOHIHIE L7z,

INSS JOURNAL Vol. 28 2021 NT-2

3. EERER

3.1 ERNMEE

BT\ EENEREN BT 5 R EHEE S L O
T 25 B P O o3 A & 7~ . S B PR I XIRER I T — &
DEKNEER/MEDZEE LTER L. 26 DRE
I T oA~ 38 0 #ER ook L.

* _ Tw,ave _Tm (1)
w,ave
L-T,
* T w,max - w,min
w,max—min 7{) T )
m

T T T Tluavel X160FP RN 31T 2 8 PN IHT O R[22 102
T3 KO, FEMA, 43050 O 3R 1 O i AR
EThd. ZLT, Tymad L O Tyminl X160FPEIZ I 1T
LEWNHEORKIE, F/NEEE L, 22— X
EME ORI L 0 #fm U7z, R,
Sy H AR TS < 72 o> TRV, TIRIZAT< I
BEWAD LT, —0F, IREABNEFRIL, REHEEY
TEAEVMLE T E K ITRE VDT TIERL, DIEH
A&7 6z = 1.0Dy, (= 150 mm) O TH>> 6 = 10°
5400 DEIPH TR E < oo Tz,

z=0.5D,, (=75 mm) z=1.0Dy, (= 150 mm)

0.0 0.2 0.4 0.6 0.8 1.0

(a) R

z=0.5D,(=75mm)  z=1.0D (=150 mm)

0 (A) VA

0.0 0.1 0.2 (.3

(b) R EZEEh#EPH
X7 FEEONRIENLE TOWRE 5




INSS JOURNAL Vol. 28 2021 NT-2

32 HRHERE

(X812 F= 7 N O Pt (A 00 B [ - 2403 & L 2 it
D43 9. WEFPAIXz = 0. 5Dy, (= 75 mm) DO =
0° BH60°DHIPHTH 5. ZH b DIREIFZLL T ORI
TR LT,

T T

T*fave = e o (3)
’ L, -T,
T* _ ]},max _T;’,min (4)
f,max—min ~
max—min ]—{) _ Tm

T IC, Trael IR, Timadd & O Timinl
160FP I I 1T D WMIRE Dk KE, f/METH 5.

o Z—RIE, WEMAEBRIEAR L CERR L7z, FEH]
EERREENE, 7 = 0.4Ryn (= 30 mm) 2250. 99R, (= 74
mm) 73260 = 0°7> 5 35° DFAPH TS 22> 72, Rald
FEONYETHDH. —JF, IRELBFFIL, 6 = 15°
235 50° D T <, 2 O IE & IR OME i
LKIROETR E ORI TH o BERERTIX, B
TEAR O KRB 72 i G 3 AT 2 Z L R F DTV
%0 BIROEFRNZ O LY RT3 2 & TlRE
EENDNRA Lo EHEE SN D, REEZBFFHN K E <
o T2 = 30°7 HA0°DHEIPHIXXT (b) IR L7z
BENHEOEEEBNRKE Do TALE LT 725 T
7.

T*i.a\'c [']
1.0

0.0

(a) WMV

87

T*f,mnx—mi n [']

1.0

0.8

i 0.6

0.4

0.2

0.0

(b) B ZE Bl pr
X8 EENOWKIRIE > H (z = 0.5Dy)

4. FEHRZER

41 EHFZE

Moriyah @ L, y—~/L R h T A L 7 IcxtT 59
EHBMRER L BB 2 HEE LT, AT =27 b
JEERELTWD. AIFETH, ZOFEEZEML
7o, NI =27 MVIEDTEILE KNI T, #H1DIC,
WE L ENmERE & BETFEORMKIBET —% 0
K AICKELPSDERE TS, 2L T, ENHOHTH
L0,/ O FHET D, 22 TOJUTENHIEEICHT D,
Dl L BENTE D W ARIEE K+ HPSDTH DH. — 77,
O/ PATEEFRHYIC L FOA TR SN D.

e, (5)

D, 2% +2e+1

\ ’ﬁpwcpwlwf (6)

e=
h

Z 2 CTpw, B KO, BLE DB, EHHLEL, 2L
BEETHY, fBILOTE RS L OHE T MR E
EBThDH. ZnoOREBRRITIRTOBYRET T Ah
SEOLND® . JEEEBMRERNY, BNHIRE &R
251 mmDALE T O P AR E OREM A BRI Lz
D,/ & A (5) TG 2 2 & TRDTZ.



88

M

R D

BRI BOREE
ENEORE

EERT7—TEHR

PSD (=)
PSD {= @)

EIRE ARH
A h: j(
g
9; o
h: 1y
AR IR
¢ BMRER (h) ZEF

P ORI I F e

T

9 ST — 2~y R VRIS & B IEE R BEERED
i~ = —

42 EHHHER

FEEHBRER AL, & PV O A B A3 H ik
BIRE o217 (K7 () dX) TREbL 7. ¥
1013z = 0. 67D, 6 = 20° (X7 (b) DAR) ZHT D/
U — A7 hVEE (PSD) &89, OATENED D1
mm(\L BN 3 A PR EE S F M L7z, PSDIE, miBk

B A IS T D72, LT OB 21T > 7.

9, 160RMOREIRENS81. 2BDOT —X%1.0
BEd o6 LTToEbht L. Wwic, &7 — 212t
LCPSDZFHE L, TOMEOPSDOF-2) &Rz,
BIL1E, JERE D B3 dy /Db K (5) 12 L 0 Bl
L7z 2 ~d. 0. 1z 5 100z % TOFE T
[lF U 72t R4S & AU FEE W B R 138795 W/ (nK)
Tholz. 0. IHzZEL T OMEE, HIERR ORI HF
FEMEAMK <, 10H2LL EOEIZBUS WA H F 0 % 5
L2 &Emn ) BRFEICIEE Do 7. Bl
LIcdEEHBMRERO— Ea R URT. ERoufkL
TIEEFBRERLL, L TFOR® TRO=Dittus-

INSS JOURNAL Vol. 28 2021 NT-2

Boelter @ & S D & BULZE R hpp THR L 72 T
H5b.

D
MF%BmwmmﬁH“

A

(7

2T, NulEX BN MK, Duld EENE, WIFED
BVRER, Rl LA VAR, PRIT T MVETH
2. Red L OPAZ, Wi FH)id s L ONRA )R
EHOGCEHE Lz, I2ICE 5 O O53 4 & R~
FO OR/MEIEL 2, BFKREIF3.3ThH 7. KX
AMFZE &IV FEER G (B PIEE150 mm, S7IEE N
50 mm, AR DVEHL 46 m/s SIS O DE
1.00 m/s) TEHNKimnura s W DF—% L BEDT-
WR L7z, SO fEIZKinura > OEIZITVWZ & 3D
5.

1.OE+02

1.OE+01

1.0E+00

1.0E-01

PSD [*C7 / 112

1.0F-02 TS

1.0E-03 — @, (BWmE)

1.0E-04 s -
1.0E-02 1.0E-01 1.0E+00 1.0E+01

EEH [He]

K10 & DPSD/IAR (z = 0.67Dy, 0 = 20°)

1LOE+01

1.OE+00

1.0E-01

@,/ P

1.0E-02

— AEE
— Eq. (5)I=&2ERHR

1.0E-03
1.0E-02 1.0E-01 1.0E+00 1.0E+01

[EiR % [Hz)

[X11 JREEDPSDOD bt & Bl dlif



INSS JOURNAL Vol. 28 2021 NT-2

K1 ROTIEEH BnER

h h
/ - o DB F= b -
2Dl O ey (wieky e L]
0.33 25 3210 10240 32
0.33 30 3195 4032 1.3
0.33 35 3165 3927 1.2
0.50 20 2798 9120 3.3
0.50 25 2859 8366 2.9
0.50 30 2856 5085 1.8
0.50 35 2847 4226 1.5
0.67 15 2890 8246 2.9
0.67 20 2931 8795 3.0
0.67 25 2909 7533 2.6
0.67 30 2929 6530 2.2
0.67 35 2942 5813 2.0
0.67 40 2945 6564 2.2
0.83 30 3041 6899 2.3
0.83 35 3038 6388 21
0.83 40 3036 6953 2.3
1.0 40 3114 6912 2.2
5
o ABHE
» Kimura et al.*¢
4
X
= o ©
I 3
%ﬁg o X %
= o ¢ o
R P &
R o
X <&
B o
1
0 . .
0.0 0.5 1.0 1.5
TEWAAME 2D,

12 FERE W BMnE RO & w7 55040

5. FEHRERDRIL

51 ENEEREOHTESHE

FHE T BMRIER D 2 92 BEET 2 72 O I Hit iR R
FEDORENE & 45 D T HEE T MR =R ) b & R
EEEHE L. 2L T 2O THREICOWTEE
X CHIE L7 W & T2 2 & THREE L 7-.
ENERES, 1RCBMRERITIC LV EtR L. 7

89

WXL = — R Cd D Abaqus (version 6.14)
R L7z, MBI Sefth 2 3. RUR LTI
EFRERZERLEENHED O mofiL & O AR T
O 8 N T DB R Ginner 2 515 L7, B HED S8 1 X WTEL
Sk L Ui, EREO RN T I TWRAILEE 0 IRe [ )
a5 %7z EAOBRBIX0. 1 mT—FRTH D, T
WA L 7o A 2R T

7.6 mm (= EF)

« »!
N
4,2
. A
T: IV | Tiia\'c — e
[ AW I 4 T
\ P14 W
\ Al
A
.
e A
time . —— L
/ »/
s /
Givner = (T7 —T,) Gouter =0
T\\'l): Ti'.u\'c
. & N=)
q: .ﬂlﬁi Tf. ﬁ1$:m§
(BEMS ImmEIE)

T ENERE 7 . GEOVHEE
Tiae - T;DEFRFIE

13 48 PN TR EE D AT Sk

F2 BMREMATICAE A U7k fE

FHE [kg/m’] 7920 (at20° C)
7910 (at 50°_C)
16.0 (at20° C)
16.1 (at 50°_C)
498 (at20° C)
502 (at50°_C)

F5a8ER [w/(mK)]

EERL [T/(keK)]

52 ENEEREDOHETERER

1412z = 0.67Dy, 6 = 20°(281F 58 NImRE D
HEEME & MEM A~ d. MREACEE, RS E R
T wmaxmin SR E MRS TALETH D, B, A
F\ZF DT D160 DOIRED 5 H 10 H D& % 7=
T IO OREITLL T ORI L Rtk Lz,

. T, -T
T =——" ®)
I, =T,

ZIT, TUXENEDORETH D, EEFHIRER L
TRARIREE 2 U CoRD 7 IR B TR E M & k< —F



90

LT 5. Ri(2) TR 7R EE BT T v maxcminl X, T
TEMEO. 271256 LHEEMEIF0. 26 Th o 72, M141TRT &
O TR IRE B ST DALEICKR LT, FEEHE MR
ERLEMTHEBEZLNH0, BN —EDIEE
HAVGERZHEA L CHIRELHTMALZEE LT
HCx=, MINRLE L) ICHETMEERITN
(5) DEYFIT L VKD 7. b/ DD EIFRI & DIFFE
AT DI o Th R RoTRY, K
R Gy O T RS BE A3 = JE B oy & HEit L T RAF T H
D, TORE, ENHEHIRENS LRGN L PRICE 2L
EZDHND.

— AT, W TR ) ZE B P O F KAB DA R D
WTRELBZ D ERET L LRMBNTWD. £
Nz, PRI TIR B HPAT v maxemin 2 T
L2 ENEETHD. KI5E, RUIRLEZITEANC
KT D T v maxmin DHEEE &R EE ORISR E RS, HEE
2132 ONE TR > 7ehZ A Lz, KR
L0 BN OB ZE B #E O B KAE O TR 2T
E20% AN TH o 72,

0.80
0.75

™y

s 055

0.50
045 | —HEE — e
040 f———

03s

0.30

0 2 4 6 8 10
W] [F4)

B14 & PN IR O HEE Ak 5
(z = 0.67Dym, 0 = 20°)

+20% ¥ .

= * 2

@ 4

= *

{H B * "(-
% 020 - . 0%
.

H .

o

0.15

0.10

0.10 0.15 0.20 0.25 0.30
T's, nasin CGRIFETE)[]

15 & P L EE oD HEE fiE & 0 il o> B AR

INSS JOURNAL Vol. 28 2021 NT-2

6 B

LR TR 72 KD ST AU O BEST L O Wi AR IR A
EENIBMES I 2 L—3 3 AT X0 Hlig & < Tl
TELZENHESINTWSD. LLans, FiED
REEZEENZ DUV T, R K < PRIATRE 2RI TldZe
V. ZORH E LT, REZBN IR DEIEICEVR
ETLOHETOEREZTHITL LML INH 5.
Flz, 228iTRLIZEBVENTORE ZRET 5
ZEEAEGTIERY. Fhwx, BEIal—Ta
VRERR TR D L FAIRE 2 AW CENE OREAE
BETHTLZENEEND.

M 1438 L ORNSOFER /R LIZ@ 0, JEEHEsE
Fh L BETPFOWMIRE N5 2 5 NAUERI3ITR LTz
FRAT FIEIT K0 B PN O 1R EE 2 B P T w maxcmin 2 HHE
ETDHZENTED., 22Tl L7-IEEFBVMRER
hx, RHEZE LW —EETHLZ LITERTRE
ZLThDH. ZhuE, BENEOREZEIA L/ hOEK
MEBETHZLETTHITELILZEKRT S.

161X, z = 0.67Dn, 0 = 20°128K1F B2 51 mn
DAL B O FAARTEE &2 WD THEE L 72 Ty maxemin 2 78 L
TW5., RUDRLTZE I ITHRKDOA I3 3TH 720D
T, RSFMREHMEZ T D7Dk = 3.3hpE LT
T yvmsmin @ AP L72. ZORER, REES o 72 HIEHIE
EIZIEETL Ip o T2, —J7, h = hop& LT
HEE L7 T wmaxeminl T, EME LV /NS <o TV
Dittus—Boelter 2L E BN D 43383 L 7= &LIK IS %)
LCHEAESNEXTHS. Kimura"® HIXTFAHHENIC
BT, BETEE O @O TR D B g~ D BMRE
EEMEETWEZ &R L5, BTG
BMREAIN S, h = hoslZH T 2 Ty maxemin 23 18/ F
MENTZEZBZHND. T ymaxminD I/ INEEA X5 57 5F
D> 2 CIHRFHERDZEICEREEZET D,
T" v maxemin & BE T 157 D YRAR IR B ZZ B FEPH T & 2 Tt maxemin
EELWERET D Z L IXRSFI TS 22 A T 1k
Thd. LPLERD, Timmn®ENKNEIL0.92TH

D16 JEME & I L TRE TS, 20
B T 57 AN B LRSI & VW . Bl Z b
D30 Ty maxmin S UL, PRAFIEZ BB LT3 365 LT-FEE
WEMRERLZRATRE LB X 5. ZOEITFHLS
HEELE D X 5 ZRak BRI ITIRAF T D TREME DS B 0, 2
REMOZBIASHOBETH S .

BIITIZ R LIZ R L7z 176 BT CHIE L 72 T fmaxemin &



INSS JOURNAL Vol.

T maemin D BIFR 2 7R3, BEUTEE O Ji AR 258 & BN
R A E) & OMICHBEBRITEE D bighoTz. 2
UL, TimaeminN K & 72 2008 T Ty maxemin SRR &
R beholc Z LA EWT 5. K18 (a) ITT tmaxmin
RET2STAE (2 = 0.33Dm, 0 = 35°) & T\ max
minS KR E TR ST ALE (z = 0.67Dn, 6 = 20°) I2F
FAPSDAERT . KIIRTIEY, AR O JE D
3Pl L Tnbd 2 b nd. —J, K18b) i
RTEDz = 0.67Dy, 6 = 20°028 T 5B NHILED
PSDiZz = 0.33D,, 6 = 35°1Z8IFTHPSDE Y K& 4
STWa., T, MR SHEE~DOBYRENz =
0.67Dy, 8= 20°DNEDHTNRKENT L EEERT 5.
R, FEFHMREROHEEIEIX, RUTRTEYz =
0.33Dp, 6 =35°Tidh = 3927 W/ (mK), z = 0.67Dp,
0 = 20°TiIh = 8795 W/ (k) ThH-o7=. ZDEIL,
TR O J8 B EURF P OE Tl e < Lo RN &
DElEESNTFAEENSDD. K19@) 12z =
0.33Dm, 6 = 35°ZETD, [K19(b)iZz = 0.67Dp, 0
= 2007 E CORERE LT . z=0.33Dy, 0= 35°
BT DWARBEIIH RN L TWDER, z =
0.67Dp, 6 = 20° TIXHIRAIZEHAD LTS, 2oz
D, B ONLEX, @IRMEEOSMANIALE 35 28,
%A ONLEILZ OWNBNIALE LTV D &V 5. MET
PN 0D 3 A 28 Hi R (K wake REISRIC FE AR L 72l K 0 4
M2 ERmubNTEY Y, Z OEEEE ORI
IEFHBURER WM I T LRSS, Tz,
T tmaxeminl 3z = 0. 33D, 0 = 35°1C TR &R -T2,
T wmaxminl®, 2 = 0. 33D, 6 = 35° X W e L Az = 0. 67Dy,
0= 20Tk KNER-TZEZEZDLND.

T wmaemint®s T tmaxmin SRR & 7R 0 T2ALEIZEB N T
RbREITRLRMh-oT. ZOZ NG, Fikns
I~ DBBR T KU Ty maxemin D B KAE D3RR FD E
LR TE 5. 2z, IEEFBMRERDORK
T & T maemin DI KAEZ AV D 2 & CENROIREZ
EHH O KB &2 RSFIC THIT 5 2 E R ARETH
5. h = 3.3hppkz = 0.33Dn, 6 = 35°2BF Bk
IREZ O T ymeemin @ S 2 &, 2 OfHIX0.38L
72V PEM TS 50. 278 0 K& <, WA IR 28 B b
DIERAEO. 928 W /NS Fe o T2, 2 DOFERD
O, BN OO ORI EE 2R BN 23 & BEAY IS I AT RE C
bHENRD.

28 2021 NT-2 91
1.0
0.8 T*f, max-min_ 0.92

~ 06

f 0.4

~ 027 0.28
02 0.12
0.0

AEE hog 3.3hpg

16 45 PN 1 0D 1 25 Bl fi ]
(z = 0.67Dy, 0 = 20°)

050
0.40
(A)
0.30 /
* *
$
z ¢ 2.0 N
£ om0 MR
.2 *
*
010 | (B)/
0.00 . ‘ ;
0.60 0.70 0.80 0.90 1.00

17 JRORIRLEE & 48 PRy i 1L 0D Vi 28 Bkt P oD 0 -
EOBER; (A) z = 0.67Dm, 6 = 20° (B)z =
0.33Dn, 0 = 35°

1.0E+02

1.OE+01 [ 1

1.OE+00

1.0E-01 1

PSD [*C2 / 112

1.0E-02

— @ (2=067D,,0=20° ), (A)
— @ (2=033D,,8=35 ), (B)

1.0E-03

1.OE-04

1.0E-02 1.0E-01 1.0E+00

FBR# [Hz)

1.0E+01

(a) VAL



92
1.0E+01
1.0E+00
E 1.0E-01
i 1.0E-02
= — @y (z=067D,, 8=20° ), (A)
1.0E-03 — @y (z=0.33D,, 6=35° ),(B)
1 OE-04 L
1.0E-02 1.0E-01 1.0E+00 1.0E+01
fEES [Hz|
(b) BEWNHEIEE
18 {REED /T — 2Ry LB EES F
1.0
—ERE ’
— B (EAD ImmiE )
08 —_—————
o 06 i
|
B I,
. i
02 |‘ !
0.0
0 2 4 6 8 10
E5RA (8]
(a) z = 0.33D,, O = 35°
1.0
08
Z 0.6
0
g
’é 04
BE
0.2
— &A@
— HE(EB@HSImmEHE)
0.0 : * .
0 2 4 6 8 10
E5Rd (8]
(b) z = 0.67D, 6 = 20°
BI19 I I E i D e 284
7. £&EH

AWFFETIE, THE ORKIRAKGREIC Tk & &
W OIREZRE L, EEFHBILEREZ NT — A
NWVEIZTHRT-. I, ROTZIEEEBRER LEN
T 3T 55 0D R AAR IR EE D I E A1 > & 8 PN T TR BE & HEE L

7. ZORER, LT Ofim 03 % bz,

INSS JOURNAL Vol.

28 2021 NT-2

(1

(2)

(3)

(4)

FEIRMETE & AKIR O EFEOBE T TRA L 72 Fik
BEEHNENEOBELTH 25 I LTV
7-.
RS o 72 I EH BVRZE S 3Dittus—Boel ter =
TROMEL Y KEL, ZORKEITS. FETH
-7,
KD 72 FETE H BB & BEIT R O WA E & H
WTCENTE OIREEBFH 2 RS o 72, Z Ok
B, PRIERZIZ20%LL FCTH o7z,
N T 0D 1 P 2 SR R T 1 AR B S B
REZpoTfiEIZBWTRR IR LR T
AU, FEE BRI ®IRE R NIRRT D
MO X D RPN OREIEIKT L TWelod L&
2 HID. DT, BN O KR 2B
1%, FEE HBMRE R O e K AE & BET % O i (AT
DISENFIPH N e K & T o T 31T D AR
EEHWTERIICTRIT S Z EnTE k.

51 A3 ER

(1)

(2)

(3)

(4)

Chapuliot, S., Gourdin, C., Payen, T.,
Magnaud, J.P., Monavon, A. (2005). Hydro—
thermal-mechanical analysis of thermal
fatigue in a mixing tee, Nuclear Engineering
and Design 235, 575-596.

McDevitt, M., Hoehn, M., Childress, T.,
McGill, R. (2015). Analysis and impact of
recent U.S. thermal fatigue operating
experience, Fourth International Conference
on Fatigue of Nuclear Reactor Components,
Paper No. 27.

Kasahara, N., Itoh, T., Okazaki, M., Okuda,
Y., Kamaya, M., Nakamura, A., Nakamura, H.,
Machida, H., Matsumoto, M. (2014).
Development of thermal fatigue evaluation
methods of piping systems, E-Journal of
Advanced Maintenance, Vol.6, 14-23.

Howard, R. and Pasutto, T. (2009). The
effect of adiabatic and conducting wall
boundary conditions on LES of a thermal
mixing tee, Proceedings of 13th
International Topical Meeting on Nuclear
Reactor Thermal Hydraulics (NURETH-13),



(5)

(6)

(7)

(8)

9)

(10)

(1n

INSS JOURNAL Vol. 28 2021 NT-2

Paper No.N13P1110
Nakamura, A.,
(2009).
striping at a mixing tee using detached eddy
13th

Takenaka, N.

Numerical investigation of thermal

Oumaya, T.

simulation, Proceedings of
International Topical Meeting on Nuclear
Thermal (NURETH-13),
Paper No. N13P1074.
Nakamura, A.,

K., Kasahara, N.

Reactor Hydraulics

Utanohara, Y., Miyoshi,
(2015).

Evaluation Methods Developed for Numerical

A Review of

Simulation of the Temperature Fluctuation
Contributing to Thermal Fatigue of a T-
E-Journal of Advanced
118-130.

Ohshima, H. Monji, H.

junction Pipe
Maintenance, Vol.6-4
Tanaka, M., (2010).
Thermal mixing in T—junction piping system
related to high—cycle thermal fatigue in
Journal of Nuclear Science and

Technology, Vol. 47, No. 9, 790-801.

structure,

Qian, S., Kanamaru, S., Kasahara, N.

(2012). High—accuracy analysis methods of

fluid temperature fluctuations at T-

junctions for thermal fatigue evaluation,
Proceedings of the ASME 2012 Pressure

Vessels & Piping Division Conference

(ASME-PVP), Paper No. PVP2012-78159
Qian, S., Kanamaru, S., Kasahara, N.
(2015).

methods for

High—-accuracy CFD prediction

fluid and structure
temperature fluctuations at T—Junction for
thermal evaluation, Nuclear
Engineering and Design, Vol. 288, 98-109

Hehne,  T.  (2014).

simulation of the OECD/NEA-Vattenfall T-

fatigue

Scale resolved
Nuclear Engineering
149-154.

Miyake, V. (2015).

Numerical simulation of thermal striping

junction benchmark
and Design, Vol. 269,
Tanaka, M. and

phenomena in a T-junction piping system
for fundamental validation and uncertainty

quantification by GCI estimation,

Mechanical Engineering Journal, Vol. 2, No

5, https://doi.org/10.1299/mej. 15-00134

(12)

(13)

(14)

(15)

(16)

an

(18)

(19)

93

Utanohara, Y., Nakamura, A., Miyoshi, K.
(2016). Numerical simulation

fluid

Kasahara, N.
of long—period temperature
fluctuation at a mixing tee for the thermal
fatigue problem, Nuclear Engineering and
Design, Vol. 305, 639-652

Utanohara, Y., Miyoshi, K., Nakamura, A
(2018).
wall

junction

Conjugate numerical simulation of
temperature fluctuation at a T-
Mechanical
Journal, Vol. 5,
https://doi. org/10. 1299/mej.
Fontes, J., Braillard, O.
(2009).

unsteady heat transfer coefficient in a

FATHER

Engineering
No. 3,
18-00044.

pipe,

Cartier, O.,

Dupraz, S. Evaluation of an

mixing Area: the experiment

associated to the specific “Coefh”
sensor, Proceedings of 13th International
Topical Meeting on Nuclear Reactor Thermal

Hydraulics (NURETH-13), Paper No. N13P1136.

Kamide, H., Igarashi, M., Kawashima, S.,
Kimura, N., Hayashi, K. (2009). Study on
mixing behavior in a tee piping and

numerical analyses for evaluation of

thermal striping, Nuclear Engineering and
Design 239, 58-67

Kimura, N., Ono, A., Miyakoshi, H., Kamide
H.  (2009).
cycle thermal fatigue in T-junction, Proc

of 13th Int.

Experimental study on high
Topical Meeting on Nuclear
Reactor Thermal Hydraulics (NURETH-13)
Paper No. N13P1169

(2013).

fatigue damage prediction in mixing zones

Courtin, S. High cycle thermal

plants: engineering
illustrated on the FATHER case
Procedia Engineering 66, 240-249.

of nuclear power

issues

Smith, B.L., Mahaffy, J.H., Angele, K.
(2013). A CFD benchmarking exercise based
on flow mixing in a T-junction, Nuclear
Engineering and Design, Vol. 264, 80-88

Kickhofel, J., Prasser, H.-M., Selvam,
P.K., Laurien, E., Kulenovic, R. (2016).

T-junction cross—flow mixing with



94

(20)

2D

(22)

(23)

(24)

(25)

(26)

(27

INSS JOURNAL Vol. 28 2021 NT-2

thermally driven density stratification,
Nuclear Engineering and Design 309, 23-39.
Selvam, P. K. (2017). Thermal

characteristics of flows in horizontal T-

mixing

junctions, Dissertation, University of
Stuttgart, http://dx. doi. org/10. 18419/
opus—9160

Zhou, M., Kulenovie, R., Laurien, E.
Kammerer, M., Schuler, X. (2017)

Thermocouple measurements to investigate
the thermal fatigue of a cyclical thermal
mixing process on a dissimilar weld seam,
Nuclear Engineering and Design 320, 77-87
Zhou, M.,

(2018). Experimental investigation on the

Kulenovic, R., Laurien, E.

thermal mixing characteristics at a 90° T-

junction with varied temperature

differences, Applied Thermal Engineering

128, 1359-1371.

Zhou, M., Kulenovie, R., Laurien, E.
(2019). T-junction experiments to
investigate thermal-mixing pipe flow with

combined measurement techniques, Applied
Thermal Engineering 150, 237-249.

Orea, D., Vaghetto, R., Nguyen, T., Hassan
Y. (2020).

flow mixing in cold leg of a pressurized

Experimental measurements of

water reactor, Annals of Nuclear Energy

140, 107137

Moriya, S., Ogura, K., Shiina, K.,
Tanimoto, K., Fukuda, T., Minami, Y.
(2003). Prediction method of surface
temperature fluctuation  for thermal

striping evaluation, Proceedings of 11th

International Conference on Nuclear
Engineering (ICONE-11), Paper No. 36207
Dittus, F.W. L.M. K. (1930).

Heat transfer in automobile radiators of

and Boelter,
tubular tube, University of California
Publications in Engineering, Vol.2, No. 13,
443-461.

Miyoshi, K., Kamaya, M., Utanohara, Y.,
(2016).

stress

An investigation of
by wall

Nakamura, A.

thermal characteristics

(28)

(29)

temperature measurements at a mixing tee
Nuclear Engineering and Design 298, 109-—
120.

Miyoshi, K., Nakamura, A., Utanohara, Y.
Takenaka, N. (2014).

wall temperature

An investigation of
characteristics to

evaluate thermal fatigue at a T-junction

pipe, Mechanical Engineering Journal,
Vol.1, No.5, https://doi.org/10.1299/me].
2014tep0050

ZhF BLTL RAY &, RREFIR B (2014) LT
FREEOFAIREL D b &1 & 2 BUS /) Rk
OfH] INSS JOURNAL, 21, 86-98.



