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Elucidation of Thermal Hydraulic Mixing Mechanism in a Mixing Tee Area
with a 90-degree Bend Upstream and Development of Thermal-striping
Relaxation and Control Methods

Yoshimasa SUGAWARA®*, Kazuhisa YUKI*, Hidetoshi HASHIZUME¥,
Masa-aki TANAKA** Toshiharu MURAMATSU*#*

Abstract

In the region where two fluids with different temperatures mix, unstable fluid mixing
like thermal striping occurs accompanying with unsteady temperature fluctuation of fluid.
This temperature fluctuation is transported toward the surrounding area and becomes an
important factor that induces thermal fatigue of structural materials, which sometimes results
in crack generation of them. In fast breeder reactors that utilize liquid sodium as a coolant,
the fluid temperature fluctuation could be easier to conduct toward the structural materials due
to its high thermal conductivity, so that careful consideration for the thermal fatigue is
required. In particular, since the low frequency band of temperature fluctuation strongly
affects the thermal fatigue, evaluation and development of the relaxation and control methods
for it become important issues.

In this study, non-isothermal fluid mixing experiments in a T-junction area with a
90-degree bend upstream were carried out to estimate the fluid-temperature fluctuation in the
vicinity of wall. The temperature fluctuations for various flow mixing conditions were
measured, changing a velocity ratio and a pipe diameter ratio of a main pipe to a branch pipe
to quantitatively evaluate the effect of a secondary flow on the temperature fluctuation. In
addition, by analyzing both the visualization data taken by a PIV system and the temperature
fluctuation data, it was attempted to construct a prediction formula for the temperature
fluctuation. Our findings are summarized below.

(1) Classifying the flow mixing pattern of jet flow running out from the branch pipe makes it
possible to predict the maximum temperature fluctuation in the mixing area with higher
accuracy by using the flow velocity ratio(0.2<(v/V)<1.7) and the pipe diameter ratio
((d/D)<0.287)). The curvature ratio of 90-degree bend is 1.41.

Stratified Flow : Max(A Trms*) = 0.28(v/V) "% (d / D) **
Re-attachment Flow~deflecting Flow :
Max( Trms*) = 0.64(v/ V) "2 (d / D) "

(2) Prediction formulas for the maximum temperature fluctuation in the case of the curvature
ratio of 1.0 are also constructed as follows.

Stratified Flow :  Max(A Trms*) = 0.36(v/V) "% (d /D) **
Re-attachment Flow~deflecting Flow :
Max(AA Trms*) = 0.66(v/ V) "% (d / D) **

(3) Damping characteristics of the temperature fluctuation in the downstream direction are
also evaluated and it is clarified that the temperature fluctuation damps rapidly in comparison
with that in the case of no-bend system.

*  Department of Quantum Science & Energy Engineering, Tohoku University

**  Japan Nuclear Cycle Development Institute
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JNC TY9400 2004-027

IR BT —F ZREFIRLTWS,

Max(ATrms*)IIFEE /NS d=15[mmlIZHE_R &V, L ORERIZHED
FmmEENNRELEEZ OGNS, FHREESENT S &, 7[‘35(/!14 & EROBE LR
S K72 B, R, EITEENRTALRWE EEEIC THNb D, BE
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KEWTF—FIPEELEFEL, BEINTWBE EEELRY, EEEE O
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(a) C=1.41 (b) C=1.00
Fig. 4.26 d=15[mm] v=1.0[m/s] V=0.9[m/s]iz &} 3
1R BB A
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4. 4. 2 BEBEWRI LOERELETFRXOELE

WIZ C=1.41 OPA LFREIZ, C=1.00 ITBIT3EELB IO ORELEZAVWTES
Rz L OBREEFTFRAROBEL T, RERIZBIT2EREMITEIOF—F %
Fig. 4.30 1, EEFHTHEDOT —F % Fig. 4.31 12737, BAIEERD HRMAETKIC
B3 ERFROWETOF — & % Fig. 4.32 12, BERESTHRDOF — & % Fig. 4.33 125
T, £, EREFROMT L VE LN Max(ATrms*) & EELRB L OO R OBEZRE %
FREBRDOHEIZONWTHE.9), BNEEFR, SRAEEFKROZEIC OV TRE.10I1TR
7

BBV : Max(A Trms*)=036(v/V) "% (d/D)** (4.9)
BAEER~REAER @ Max Trms*) = 0.66(v/ V) ~%%(d / D) *** (4.10)

BT DS, ERIREMRD 20% DRBREFFHIZ 80% L EDT —F BN E > T3,
—7F . BEER» SREAEROEAIE 20% DBESFIC 50% DF — & LNILE -
TWRY, ZHIOEROHBEOEENHTNBE LEZ NS, ZHROFEEZ X Y IE
EEMENETZ L134.4.1 TRz, L L22RG, REBRIIELELZHND 2D E
MOFEEFEOZENZIFIZ VW EEZ LN, KEBHRE WO BAERIZASIZ W,
R, RBROBAFESL L 2EATRBITIBEELHIIR UEMEZ LY., EELETF
BTt 2BEIEDO L eEX OGNS, —F, BAEER? SRAMEKOBAE
FRBFIZ A, BRAEROFLFRICKE S ADHIEEFEEOEELZITOT,
ERICBITDHEBEEOEELZ T T ERIT, BAEERCRAER &V o T EED
FEREE L2 hoTLEY EEZLND, BR, BEROBEZHIIF CERNLEDS
T, BEEHTRERICHTIBEITIRE L RotELOND, BEE/NSLTS
W2, EROFBEOBERELEERATOERIZRVIALMLERD D, C2EAZER
RO EITOMERNDD EEZOND,

Wiz, C=1.41 2B ZBELEBTFRREOEEKEITH, 2T, BE C=141 1
BT HBRELESHTFRRNE =T, REBROEBE2RNEA.DIC, BAEFERD DIRAEKO
A EZRAITTT,

B Max(ATrms*) = 0.28(v/V)~*%(d / D) *? 4.7)

B EER~RBREER © Max(ATrms®) =0.64(v/ V)~ %2 (d /D)

(4.8)

RETICRIT 5546, BIERHRD LIRAERIZRIT 5 HBEWFIZ OV T Max(A
Trms*)iZxf LT, BEEBIOHORLIZEAEZIZFEAEA L2V, UL, EF
JREMR L DBEEN/NSVDIE C=141 ZBWTHEMEER? SRAEROERES THD
25, C=1.00 IZBWTIIEBM OB E TH D, C=1.00 THE C=1.41I121FAE L TV
FROKBEOTFERD DN G, ERRERE DBREOERERRIZCHAEEL WD EEX
bhb, iz, SBEREZELZEE LFBAROEBEATISNERHD LE2OND,
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ZD120FEE LT, 4.35 TEF LT 4 —VEERAVDIFEPEZ BN, 5%F
A=V BEROCTORERBTAROBESREETH DL LELbND, £z, C=1.00
BLU C=141 I L D IBE SN FRAIRZRIAET 272012, EHRITB T 2 RBESTFHE
LRV C>1.41 0 90 ERY FICRBWTEREIT O UEN DB LEXBND,



JNC TY9400 2004027

®q
®
EO'Z' ®e o e d/D=0.139 |
£ e d/D=0.194
= e d/D=0.287
4
%0.1+ .
>
|
% ] o,
v/V

Fig. 4.30 EEFOHTRTOMax(A Trms*) & & EE b 0 R (R B 7)

| | ®
@
;O.Z— P -
*CIJ
g
=~
f'go,l_ e d/D=0.139
= e d/D=0.194
> e d/D=0.287
(AR E AR
O L | | | ]
0 0.1 0.2
- 0.06
0.36 W/V)  (@D)"

Fig. 4.31 ERIFSH#% OMax(ATrms*) & HER R X O OB K OBERERER)



JNC TY9400 2004-027

0.3 : |
& e d/D=0.139
. * d/D=0.194
% e d/D=0.287
©().2+ ¢
£ o
g o
<
<0.1+ ° -
> s ..
|
00 1 2
v/IV
Fig. 4.33 EEFEHHr% OMax(A Trms*) & EE R X N O &L OBEF%R
(B 25 T8 3~ 1 1E P 97
03 T T ..
®
o020 e
= ®
: -
4 —
0.1 ® e d/D=0.139
=Rl o e d/D=0.194
p= e d/D=0.287
EAEID IR
] ] ] | ]
OO 0.1 0.2 0.3
-0.86 0.95
0.66 (v/V) (d/D)

Fig. 4.32 EEIFOHTRIDO Max(ATrms*) & 3 E O
(B & "~ 1 (A P 7))

_'48_



JNC TY9400 2004-027

4. 5 TURFFEBECA T 2 & KRELERFTEE

ZOEITE., TFEESHT TREMICEIT 3 B iEEELH OB G 2 51
5, TNETORFEL, FERELEOBMEZIET 57201, HAEELSMRE
ATrms*ZH0LE LI ZiT> TE 72, UL, FESEROLEEUG HITERE
EOERKBEEIERETIID, MIEEEDOR KL B/INDOBEZIZN L TERTLE
1T > e R KRR EEFHERE A Tp—p* 2 AW TEHET 5,

4. 5. 1 C=1411ZBIT2HKEBELEHIEE(ATp-pY)REEE

PEDITAELE d=15[mm]IB LN C=1.41 LEE L. BEHEE v BLOEHAEV
ZALSREBEITRIT D ATpp*BE LM 5, TiRFE V=0.9Im/s] L EE L. &
TR v B LS E B AICRBITS ATp-p*E3E % Fig. 4.34 12 . R HHEE v=0.2[m/s]
EEE LERMEZ B SR TEHAITBIT 5 ATpp*EESL Fig. 4.35 127+, 22
TT T 7R OWTHAT S, £, HEETLL S FRAR~DOEREY 7 LT3, Fig.
434 BXUFig. 4.35 128112 x Y, z 2 EMEAOERDICIVEXRTILLEZLDT
b5, yHIEFA—D 2 EIZBNT, &b ATpp"EBKEVVEZEWS, UEOATp
P WEEZRTHIZONWTHREETHS,

Fig. 4.34 XV T FEEESMIBERIZIEIT 5 ATp—p*id. FEHEEOBEAIZEE
D45, BRREDERIZLY, BHRAERFLFMICESBATIZDTHS, L
2> LBGRTEEDERIZEDL 53, ATpp*it zD>1.8 UK TIZIZIERIUES & 5,
AV FEEREREICRAET S 2 RIFEIIC X DIRESIEED ., BRI OB AL S Kk
HEOEME D bEERBRN D EEZ BND, £/ Fig. 4.35 1 0. ERHAEOR
KRICHENT FEESHRSSERICBIT 5 ATpp*id#EimL T3, BERE LT, 25k
EEKIC K D BERBAERPOLFEICESBATERIRY | BERERFND 2077 L
Ex2 065, UL, Fig. 4.34 LABICERBHICL ST 2/D>1.8 LETIZIER L
BZ LD, ZNIREREWEICRITS 2 RBNUNTET D20, BEREORTNAS
BRSNS ZERRREE X bN3E, £77 Fig. 4.34 3 L\ Fig. 4.35 X v . &7
B L EREIC L 57 2/D=3.8 fHETIEE—EEEZ S, ATp-p*DEFITEHER X
CERBELY &, FEEWEICHKAET D 2 RIFENIC L BEAVEAIC X 2 2883\
EEZDND, BREERS XOERAELZEE LIZAESICBWT, 2kiEhizE 3
BEEREZTZ LI2L ) ATp—p*iE, $94D FHTAY DBEZDK 10% £ TR
P3D,

RIT, BB AROBIZRBIT 5 ATp-p* B2 5ET 5., Fig. 4.36() 12 B
v=0.2[m/s], EFHFEHE V=0.9[m/sNZ R} 2 HEE ARDOEIIC L B ATp—p*EEEe
DELERT, FRIC Fig. 4.36(0)I12 v=0.6[m/s], V=0.9[m/sliz 3} 3154, Fig.
4.36(c) iz v=0.2[m/s], V=0.6lm/slicBiT 254D ATp—p*BEEREZ 7T, Fig.
4.36(a), (O LEEE NEOEIMC LY | T FREETEEEIZKIT 5 ATp-—p*EIE
REWPTREBICRIT D EEIIEEE 0F d=31mm]DFRNENZ L Rpn b, *
7z Fig. 4.36(0) XV, BFEEMIEENATp-p*DBEINEL 725 2 L iibn 5,
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THREERE OEOEIICHE REOEMBRR EZ L2 N5, (@), DFE.
b BERIE v=0.2[m/sHZ BV THROREHRIIRBIR Td 5 e DEEmLEIC
IEERETHAERBIFEELTWS, 207D, BHEEORIZE O TIRELE)I/)
EV, EERIEEIT/NS WD, EHREDRSIIEEINOTWVWEE 2L LIV, ATp
—P*OFFEEFTENEEZ BND, —FO)DFE, OF Y EFREIE v=0.6[m/s]IzRB W\ T
FRILRMERTH D, HEE DE d=15mmliZ B\ TIEIBRARENS /NS Wied, =
FHIZBWT 2 RN O EEL 1T CEBITIRE L, FTHRESIZBIT 2 ATp-p*id/h
SNl EZONS, LIRS OE =31 mmlic B THERRERZ Wiz, 2K
B X 28E2Z0T THLEREEROEBEAIIEEENIZ, ZORER, HEBS
BORRNEEEERICEL2 5 250I1C, FTREHITBWTATp—p* 28
d=15[mmlicltk R TkENWEEBEZOLND,

BERIEELEHIREATp-p* BT 2WEBBRICBWNTROZ LR E XD, KEED
BEBN/NENEE[A=15[mm]). BFFiE, EHREEICED b T EEEWEICHKEST D 2
KFINZ L DBEERZZIT 57D ATpp*RBHITHEE L, 2/D=3.8 fiLiZB\\ T
AV DEREZDOK 10%ETHEET D, —HFHBEERELERLIESEES. RERD X
SRR I EEENEEMTICETE L TWAEA 2R E . AR EENOSE L &
WTERWEZD TIREH THLAY DBEZEDR 30% DIBEENFEET D,

4, 5. 2 HRERNLCOBMBIVI0 EX FOFREIZBITS

B RIEELEHIRIE(ATpp*)BEERE
T ZCITHEEREEN C 2B ERTIEAITRBIT 2 ATpp* AR LU EFIZ 90
ERY RBFEELZRWY T FEREICRIT2HERE L OLEEZITHY, 90 EXV R3S LE
WICHEELZW T FEEIZBITAMMBBEEDOT —Z L. BELIZX > TR bivicts
B EZRHWEZE, 2oxXE2RNE.1DITRT,

AT, *=0.81exp{-0.45(z/ D +0.25)}+0.19 (4.11)

7277 L, RUADIIRBHE> SREERE CIZBWTHRIRTH S, EhEEE DR
d/D=0.500. FEFHAY O Re #5 2.2X 104, 0.5=v/V=2.0, 0.5=2z/D=8.0 2z T &
ERb D,

Bl 022 d=15[mm]. v=0.2[m/s]¥ X X V=0.9[m/s] & B E L7zFFIZRIT 5, #hZR
LEEOELB LY 90 X FBRERICHFELRZWGEIZRIT S ATpp*ERERZ
Fig. 4.3712, BEE OEDH d=31[mmIzE(L X ¥ 72HA % Fig. 4.38 [T T,

Fig. 4.37 L v, #hZ¥EL C 2B S8 TH ATpp*HEBREITIE & A LB
BN LR D, Fig. 4.38 IZBWTHRER T, HMEB¥EL CItL6TIRER—D
BEERETRT, B, BREEE C=1.00 128\ T 2 KRN DIEEEEIZERD
FIEEOEENNDLD Z L2k, FRITILVBRVEERE ZHFOCDRENEESIND
LEZ Tz, LM UERIE, #HZRPEEE C=141 LISERILEREZRL TR Y TR
R LTWS, REE LTEREOEEEEDOERICLDBEAIEROEENR/ NIWEE
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2B, 2FY C=141 1BV THAET D 2 KFENOIREGIER KRB LUEHR%E
KHIRBRELTWDEEZBILD, ZZI2 C=1.00 2B W THAET L EROFIEEIC X
BIEEEMEOERIZE S BEERSMb > T, 2L FESITEE SNRVIRET
bHbHEEZBND,

WIZ EFRIZ 90 BV FBFELRWER & DI Z1T 9, SEAWZ Bz~
RBFFELRWHEICBIT 527 —Z134R%ER (U/D<0.287) THW O & IXfED
H7p 3 (U/D=0.5) T=HEMABRLLEBIIITZ2WA, X MIED2EMZREELRD
e DITE % Tl E T o7z, EIRIZ 90 B RBEELRWEEITHR, 90 EX
RRFETLHIHAEICRITS T FEESGRTMMEREES 0L PMRERBEES BV AE
MizhdEEZOND, Fig. 427 BX U Fig. 4.38 X ¥ LRIz 90 BN RBFEET
HEFEITRB T, 2/D=4 FEIZBWTAY DIREZEDK 10~20%F TATp—p* 55
HLTWBOIZR LT, BRI 90 BV RBEE LRWES TIHA 30% £ T L
HLTWi, PIEX Y, ERIZ 90 EXRY KREFEETAHEDHF R RNFEEL
RV SITHAT, FIEEICRIT 5 ATp—p*BENE Y, D%V FiHfERICBITS
FEEEROLHEUS T ERHRIZ 90 EXY FREFEETIHRROFTBR/NE L, THE
BT BT ARG L SIERMT O TR D SED L EZ NG,

UL, B 90 EXY RBEEETIHEITRIT 5 ATp—p* FRIFITkD 6T
BOT, BUSHIC L SEEEREOERO S 2B ST, ZOATpp* FRIKZIZT
TWBERD D,
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EHEE BT

5. 1 & W

ERIZ 90 EX Y FEFT D T FEESHHBIESERMEESERLITV., ZERE
BEmITEICRIT A HREEELH 23R Lz, EELLBIOCORLEEENLSELZ LT
Ba BB BT PBELHLZAE L, BELEICH TS 2 KFNWOEELEE
BT 2R L7z, IBFEIEHR S I RIS & AR CRHAIZ 1T o TRIBESGFHAI T — 2 ©
TEIC R AT 21TV, BELHTFRRNOBE2HA L, O L VUTOMAES
B,

1. TFEESHETICBIT 2 EREEMBELHOEERN 2 KFENTHDLZ L ZFE
ENICBH LN LT,

2. T FEREASHBIIBITDEREBEHRDOIBEFEELNETAHAZ LITLD, LM
HOFE(0.2<v/V)<1.7)EB L O HEE(I/D)<0.287) % AV T, RKIBEZLER
B ATrms* D& KME Max(ATrms*) 2 FHIT 2 IBELE TR EZEE LI, X2 b
DEIRLEIL C=1.41 TH 5,

BB  : Max(ATrms*) = 0.28(v/V) *®(d/ D) ** (4.7)

EfIEEG~REAER . Max(ATrms*) = 0.64(v/ V) **(d/D)"" (4.

8)

3. Ny b oR¥EEE C 28L& E, Max(ATrms* )23 5 fiRPEE C DL
Z 3 L7z,

4. [z, WEE0.2<(v/V)<1.DB L O A &EE(d/D)<0.287) % AT, X b Dl
R C=1.00 IR AIEELE RN 2EE LT,

B  : Max(A Trms*) = 0.36(v/V) %% (d /D) ** (4.9)
BEER~RAEE © Max(A Trms*) =0.66(v/V) " (d /D) ** (4.10)

5. T FEEESWR TIRER T EBELBORRE 25720, BURFBEICKE <
BI53 2 ATp—p*ixt L TEEBRICFHE Z1T o/, £z, EIRIC 90 BNV RATF
ELRWGE LB RTo T, K VIBELEORRIT, LItz 90 BV P2
BOBAILBVWTHENEWFRER DS EEZ D,
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ROIOFEEEL LT, BELETFRRXOBRIIBVWTEEL/NSLSTOILERDD,
FOREDITITEERB I OO Z AW TR OBRICEFRET, EELORDY
WIRELRZ EERAVTRAFEI LI TRROBEZHL, BT OLEXRDD, £
et FEE LT, 2 RFNOZELRELE FRRITHEAALFER D D, 2 KR
YT ER Re $ & B REZ CITEBET I LB EDLNTRY ., EfiRe#k & C DO
BTHHT 4 —VEBEEALTFRAROFEELZRALDILELDHD EEZOBND, £z,
F =B EPRWTEE L FRIRE C=1.00 BLW C=1.41 THEELE I TFRIXE
BRIFTD72010, FRITBOCTHBEBESE U2 C>1.41 @ 90 BV FE2HAWTER
EITOMERD D,

Fir, BUEEMEIIRESBELE ATpp*ZFED/ T A —& L LT, EHHIT 90
ERXY RREETIHEICBITIEEOTRAREZBETLILERD D,
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