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Study on Thermalhydraulics in Thermal Striping Phenomena
- Experimental Analysis of Sodium Parallel Triple-Jet using DNS -
! (Research Report)

Nobuyuki KIMURA", Kazuyoshi NAGASAWA?, Hiroyuki MIYAKOSHI"
Yasuhiro MIYAKE®, Minoru IGARASHI" and Hideki KAMIDE"

ABSTRACT

A quantitative evaluation on thermal striping, in which temperature fluctuation due
to convective mixing causes high cycle thermal fatigue in structural components, is of
importance for reactor safety.

The reasonable and safety design could be approved by taking account of decay of
temperature fluctuation in fluid, during heat transfer from fluid to structural surface and
thermal conduction in the structure.

Temperature fluctuation characteristics due to convective mixing will be influenced
by the velocity/temperature boundary layers near the structure. In this study, an
experimental analysis was performed using DNS in order to separate influence of heat
capacity of the structure and to evaluate an attenuation due to the boundary layer near
the wall surface for a sodium experiment of parallel triple jets configuration. In the
experiment, a cold jet on center and hot jets on both sides flowed vertically and along
the wall, and the discharged velocities of triple jets were 0.5m/s equally.

The calculated temperature field was in good agreement with the experimental result
at further position from the wall surface, including the power spectrum density of the
temperature fluctuation. On the other hand, at near position from the wall surface,
calculated temperature fluctuation intensity was not attenuated whereas the
experimental intensity was decreased. This means that the intensity of temperature
fluctuation is not decreased by the boundary layer. Thermal interaction between fluid
and the wall will decrease the temperature fluctuation intensity in the fluid near the wall.

The effect of wall friction on second moments of turbulence was evaluated

1) Japan Nuclear Cycle development Institute, O-arai Engineering Center, Advanced
Technology Division, New Technology Development Group

2) Nuclear Energy System Incorporation

3)NDD

i



JNC TN9400 2003-003

Bk
1. -gﬁ ........................ 1
2 = 2
21 ;"’::%%»iz:gl_ .................... 2
2.2 FEERLEME o ¢ v e e v e e e e e e e e e e e 3
23 FEEBRFHIE « ¢« ¢« o o o v e v i s 0t e e e e e 4
S. BUBFRAT « + » o o v 0 0 e e e e et et e e e e e e e 6
3.1 AT — ROME ¢ v e v e e e e e e e e 6
3.2 FEMTIER 0 e e e e e et e e e e e e e e e 6
3.3 BEELME e e e e e e e e e e e e e e e 6
3.4 FEATFINE o e e e e e e e e e e e e e 7
4. FEMTHREER ¢ o o v e e e e e i s e s b e e e e e e e e 8
41 FERIEHIEESICIIT S DNS OB « - - - - - 8
4.2 BELTEEICHIT S DNS OfEE - - - - - - . 9
5., FZBEL o e e e e e e s e e s e e s e e e e e e e e e 11
5.1 ER2IWE—AY MIXTHEEHRDOEE - + « « « - & 11
5.2 BLIMBRIRICHT DBEmOEE 0 - - e e e e 12
6 jpﬁ(—ﬁ ........................ 14
= T 15
21 N S S 16

iii



JNC TN9400 2003-003

i
Wt

D: 2w Mg (=0.02m)

g: BEAMEE  (=9.81m/s%)

N: RERFIT — 54K

Pe:  Peclet £
Prandt] #{
Reynolds %X
EREHEE  (C0)

D BELEHE  (°0)
BELE (°C)
KEFBEFRERDOEEIFKS (m/s)
HHEE (o)
BATE HFRFTEDEEIAST (m/s)
SNEFMTDEOEERKS  (m/s)
KEFAME (m)
BATEHMAME  (m)
SEFAME (m)
BEGER  (mYs)
ERHHEEE (PO

v B ELRER (m2s)

TETRT

[

<4 < &

-

RN < X «

>
- ..

+THRF

T MRS (AT £7213 V) THEL
TERT

we ' EERIEH

¢t IR MEGTE

b EiRMERT

space : pﬁ(ﬁ&tﬂﬁfgwgﬁﬂﬁ i}:’:iéj

iv



JNC TN9400 2003-003

. Table 3.1
Table 3.2

Fig. 2.1.1
Fig. 2.1.2
Fig. 2.1.3
Fig. 2.1.4
Fig. 2.1.5
Fig. 3.1

Fig. 3.2

Fig. 4.1.1
Fig. 4.1.2

Fig. 4.1.3

Fig. 4.1.4

Fig. 4.1.5

Fig. 4.1.6

Fig. 4.1.7

Fig. 4.1.8

KU A b

Numerical Methods used in Experimental Analysis.
Number of Calculated Meshes in Analysis.

XY= b

Experimental Loop.

Test Plenum.

Discharged Nozzles of Triple Jets.

Arrangement of Thermocouples in Test Plate for Thermal
Response.

Movable Thermocouples Tree.

Mesh Arrangement of DNS.

Boundary Conditions.

Comparisons of Contours of Time-Averaged Temperature
between Experimental and Numerical Results.

Comparisons of Contours of Temperature Fluctuation Intensity
between Experimental and Numerical Results.

Comparisons of Time-Averaged Temperature Distributions in
Horizontal Direction between Experimental and Numerical
Results. (y/D=0.5)

Comparisons of Time-Averaged Temperature Distributions in
Horizontal Direction between Experimental and Numerical
Results. (y/D=0.025)

Comparisons of Temperature Fluctuation Intensity
Distributions in Horizontal Direction between Experimental
and Numerical Results. (y/D=0.5)

Comparisons of Temperature Fluctuation Intensity
Distributions in Horizontal Direction between Experimental
and Numerical Results. (y/D=0.025)

Comparisons of Effect of Wall of Time-Averaged Temperature
Fields between Experimental and Numerical Results.
(x/D=-0.75)

Comparisons of Effect of Wall of Time-Averaged Temperature
Fields between Experimental and Numerical Results. (x/D=0.5)



JNC TN9400 2003-003

Fig. 4.1.9

Fig. 4.1.10

Fig. 4.2.1

Fig. 4.2.2

Fig. 4.2.3

Fig. 5.1.1
Fig. 5.1.2

Fig. 5.1.3

Fig. 5.1.4

Fig. 5.1.5

Fig. 5.1.6

Fig. 5.1.7

Fig. 5.1.8

Fig. 5.1.9

Fig. 5.1.10
Fig. 5.2.1
Fig. 5.2.2

Comparisons of Effect of Wall of Time-Averaged Temperature
Fields between Experimental and Numerical Results. (x/D=2.0)
Comparisons of Effect of Wall of Time-Averaged Temperature
Fields between Experimental and Numerical Results. (x/D=3.0)
Comparisons of Contours of Peak-to-Peak Values based on
Rain-flow Method between Experimental and Numerical
Results.

Comparisons of Temperature Trends between Experimental
and Numerical Results.

Comparisons of Power Spectrum Density of Temperature
Fluctuation between Experimental and Numerical Results.
Effect of Wall on Time-Averaged Velocity Vectors.

Effect of Wall on Contours of Normal Components of Second
Moments in Turbulence.

Effect of Wall on Contours of Shear Components of Second
Moments in Turbulence.

Effect of Wall on Horizontal Distributions of Horizontal Normal
Components of Second Moments in Turbulence.

Effect of Wall on Horizontal Distributions of Depth Normal
Components of Second Moments in Turbulence.

Effect of Wall on Horizontal Distributions of Vertical Normal
Components of Second Moments in Turbulence.

Effect of Wall on Horizontal Distributions of Shear Components
of Second Moments in between Horizontal and Depth
Directions in Turbulence.

Effect of Wall on Horizontal Distributions of Shear Components
of Second Moments in between Depth and Vertical Directions in
Turbulence.

Effect of Wall on Horizontal Distributions of Shear Components
of Second Moments in between Vertical and Horizontal
Directions in Turbulence.

Effect of Wall on Second Moments in Turbulence.

Effect of Wall on Contours of Turbulent Heat Fluxes.

Effect of Wall on Horizontal Distributions of Horizontal
Turbulent Heat Fluxes.



JNC TN9400 2003-003

Fig. 5.2.3  Effect of Wall on Horizontal Distributions of Depth Turbulent
Heat Fluxes.

Fig. 5.2.4  Effect of Wall on Horizontal Distributions of Vertical Turbulent
Heat Fluxes.

Fig .5.2.56  Effect of Wall on Turbulent Heat Fluxes.

vii



JNC TN9400 2003-003

1. FE

EFFEIZBWT, IREDRRDFENMEEST 2P0 OEPEE A TEh T,
FREEZICERTARELSENRA L, HEMITEY R LAESHIMS L,
BYA 7 NVERICIABENELIEERDSE (P—vLVA TV THE,
DIT. A4 HO ks BARERF CIX. BEM OBYRERNBKIZHEH~,
#0100 fEREVWZ LD, RSP CRALFBEELENDEEMREE TEEL
RLTNEWVWIFEEER LTV,

AT CRAET HEETEZEE T, RWEDREER, 7u—1F—r, BE
BIOMESICHEIND, BEHICEELHNIET 2BE T, MEPRICED
FIEELEIL. BEMEEOERENT, BELSOFEESCEESELTS
YEZLND, I, BELHNRENOCEBEMREMEET 2BETIE,. B
BEEES ORI - IBIEN. MEEHE, #BEM ot (BVRER, i, #drE
K2 E) OEBRSITC. BT, &HITEEMRNTICED 2B TIE, &
EM OIS LV IBETESENET D, TORR., BEMTORESMN
RIS LT A2 L Ic LV, BEMITBRVRLEEINEAET D, BEMN
OESENL., MAETORELTHOHIBEHEIZBWNT, BRERDEEZLR
AU BEM OBUS IRE D H A IRELSORKREIL. HEM OBILBELA
BEITIRET 5, BEMREOEELTENEMTHE LT 5L, mNICEEST
NRVESIIREFRO—RITHEFEEEFEBX, 3RITOBRELFAIL FEM
FEAT TR O I-EBEM N OBRENF 2 EIL, BEMOBUS 12 RDBZEMNT
X5, LHLARES, k) oEBEM ~BEELBN R IHE. kL HEEN
DIEARE T OEEEEREZ T LM TELERD B,

BB A 7 VAR T, ARBIIR LT, MELLBEET—ELT
ST AT RE 22 JEE B MU IS B B DB MM S R T A DL E AT o T B
T, KRB~OERMHRT Fu—F L LT, EHMOEESRE2EE LK
HKBEPEMRLTEBY., BEORELE AT A—FE LEET7a—/F —DFEW,
BLOEESHORESEEICHOVTHLNMILTWAMBL x5z K Es)
WL LEFETRY v 50 3ARMERMARBRER (WAJECO) AW, B
HMEFAER (WAJECO-D) B8 X OB OIS M & YATICRER 2 5% ) /- BEE iR
% (WAJECO-I) 2k AR DMKIRSEEFLE LT T AP F7
WAJECO-II ¢ FERZATHT MU U ARBRER (PLAJEST) ZRAW. JER
SINCHEEM DEER MR LTS, FORER. WA SEBEM ~DIE
Eﬁﬁ@%é@%%ﬁ%K—E@%ﬁ%%%ﬁwfﬂﬁf%5:&%%me
L7z o

AR$Tix. PLAJEST HERICKT LT, HBEM ORAFEIZ L HEELHORERD
BLEE/BESERBICIIBELEHOREDR L 2 NEET D - DITHEEMR
HEEERERE LT C EEREY I 2 L— 3 »a— F DINUS-3P1% A
- BIRTTERENMENT 2 £ L. BEMEEORE BREERBIZL 2WEFD
BELEBZEHOFMEITIZ LB E L,



JNC TN9400 2003-003

2. £
2.1 EREE

Fig. 211 IZEBRNV—T OB ZRT, ERL—-T1I. ZR2HHR, EKE—
ZIZ K DMEREz (R RKHEA 300kW), BN (BXT P T ARE
1600Vmin) . VEEFREF. ERIREST. BLUHRRESR L VFEREN S, ERE
Ry EVHEENZT M) U AT, RETAVERBEBETA VITHIEL, &
BIAVDODHEBERE—FIZLVMBEIND, BETA ITESIZ2RFEICS
L., BRIRZ A 1HRHFEE EBICHBRERIMATS, 3RRITITFNFNER
MEF. MERGAIPIBREINTEY, RBEBRHEATI T M) TAKE
FTEMBICRET DI LN TEE.RBL—TOEERIZIIB HBWI4B TH A,
BT, TUFNFBERIEC AT ALV EF L P r— L AR TIN5,
Fig. 2.1.2 IZFRBRAZOEK 2~ 7, REBARFIIIME 1400mm., B & 2900mm
DPHEIREZTHY, RBREBRIZHEALEZET M) Y AZEBRE LTHEIES-
DOEFREY ) XV, FREFOREZFEIT 2 ZOICEHORE AT Y (17
LN ETRIFREEBX Y U —, BEM PR OBEELZFEIT A - DICEEX 218
DIAATEBUREHFR L VR S D, BEBREROEMIC O W TIdERT 5,
REBRAERICTMA LT MY v A d, BUSEHRRE SUS316 B-EIiRizHE
NIZFEFRHE  AVIC L) SROERERE 2V, BRREBNICHHT S, 3
AOEFERITIFRNMEE, EANFEOER L 2o T35, 3AKOMERITE
JISEEERICIR - TERE LR E FRICHEIL., BREOHKEES £ L%, R
REZFLENBEOREALZTRL, 2 FPICRITEHARE LV iRHET 3,

Fig. 2.1.3 {ZM&fitHtH / ANV O %R T, / ANid, BEER RINT 3725
IR TR ) AV RN L THRBABICHEA SNERECERS LTV,
BEEMND ) ANMIZIMA LT MY O AT, Ny T7F v o8, Ry 7 EE
D, oM TRONEEREE ALED, HBRERICHEATSR, J ALOF
WIZ, 20mm X 180mm TH Y, KAEMEERIL 36mm THB, S AANEHH
H U7, BUSB MR & R Tt - B2 0 E E Flcmnsg,
ANVOHEAZMSHATRAZ &Y, RBREBZFICITIZE—FERETHRAZ
BDHZENTED, 2. Ny 77 F v U /NIZIFRARAERNREBINLTEY,
WRIEE FL—HE LTRIAT S Z &Ik Y, BERIES OBEANS R
BELRoTWS, 3AEOERIEE  XLOEIL, RBARKARTNICERED
BEZENNSLS 2620 E512, SUS #oY—< LS54 F 3BT THB, L
L6, ERTIE ANVIZAZRIORE /REBEOREZN, BIOERESY
WZBWT/ ANVBTREIETTAZLBHRENT-, FI T, EEntEH4
DERIDOMBIZRITZAERMZ LY, RRERICHEHET 2 KB OEE % 5+
L., ZhEEREOTHEEZE L,

Fig. 2.1.4 [ZBUSBEHEIRICE DA A RRER OEE 2 =1, BUsZHsRiL,
B8 500mm X 5 & 600mm @ SUS316 MTH Y. HEIT 12mm ThHd, Bunk
HERFICE DA AT E T, K 2RO L —ZX4E 0.5mm THY, +—
AMEIZ SUS316 Th 5, MERHH /) X & BUSEHERIT—o> DB IR Y



JNC TN9400 2003-003

FFTHY ., BRENRET(LLZNE L TWnE E &b, Bt/ X
CEUSEHERR OB E BICEENE LRV E I LTS, KRE (WAJECO)
TELNF-ERHORBEENER CTHIERZEIZL TAENOEBZRE
LT-, BEXNT. WREFEICEFREOR (R) &Y 0.25mm ESDOMEIZ 26
5. 1.5mm OMEIZ 14 /&, 2mm DOMEIIZ 5 &, 11.75mm (EE L Y 0.25mm)
DOALEIZ 5 RDE 50 JEkE L7,

EESTOR Y T HFEIILLTOEY TH5, RE 14mm (REICERERRZE
2mm HI5%) OBYSEHRRIC, 45° OAETE®L (B 0.6mm) ZHIT 5,
FORIZ, HERONEICREBE T HEES (RERELY 1.5mm BX T 2mm)
LTI, EBLORLRHBITAMNELZBE TS LIICT S, RERELY
0.25mm DOFERNEI L CiE, FHAMIB L Y 2mm BET S LEIBICE&LE
75, AEXNCE LT, BE O EEHARENL, BRIV —R RS
TiH05~1mm BETHDIMN, I THRHEERLY > —REMHETE 2~3mm
BREOAEHEZEEL, ERNCV—RAEHEPOBEERE TOMEL X REZIZ
IBEET S, RERLY 1.5mm BE O 2mm NEOEX 1T, BABESONE
M EDH B BIIRBIND LI — R EMPRER LV EESETCEE
L. BRICES R —XEME L HICREKREZ 2mm HIS, RERE - E@LY
0.25mm DNMBOEREXIL, PV —AARLEFAZEOELNITL, TOFEZREIC
Who¥, RUFTHVATEET D, REBEELY 0.25mm REIOMEIL, > —
ZAOHL (FOMBIZEMESNH D) ITHYT 5, E@FL (0.6mm) & EEXS
T— 24 %E (0.5mm) DORERIZIET MY T ARBEAL, RERBEBBEL
WSS LT,

45° DOAE CHERTICEER 2 B 1) FBEFHBENEOREF MIZIZE
B EOMBERERAEIEIERZHERTAIZLIZEY ., FER—KTOR
ESFmOIBEFHEINFIRE & 725,

Fig. 2.1.5 IZAAEXY V — O 2~ T, BUSBEHRBEREKRED R OERT W
(BATXH5M) 12 0.5mm. 10mm. 40mm. 90mm DIEIZE 25 KT HOEE
SR HT 5N TWD, FRITEHEOET X, BRMEOMEIRE IER
RS = AFHEE Smm RFE. FHLAMNT 10mm BB CRE I TWD, BAEN
3. KEGESHZ 4 7 ¢, — 242 0.3mm BLX O 0.5mm TH 5D, BEXMHT
FREEIORT A LY EE 55mm, #%F Ilmm @ SUS &MREZFOTZ@ED |, Ll
? bmm DHFAEFIZEIN TN D, BAEXNDV—RIIATA, XEELZED
RBRARIS~RY HEN B,

BMENVY —iI, LTIEBETAZ LN TE, FEOMNETT —Z 2INET D
CEIC RV REPOEELZEETAIENTED, ETRHFICEENY U —
EEUREMBIROBIEEZ —EIEOUERH DI b, BAESY UV —D0 L E
IREAMRIRICEIOBEE SN ZEHAHL, / AVEiERe b 5 —KOR ((EEIR)
BNZERZ S RDOOW-ERREZF L OIT5EEL L,

2.2 EBREM

UTICEREHEZTT, AERIL, 3 RDOEROMHTELERE (0.5m/s) &



JNC TN9400 2003-003

L. Ml OEIRER & FROEBEROTHIEEZESL 40CE LELETIT- 7,

D (SiR) &t

M- H e :0.5m/s

R R :350°C
F.l (KIR) &R

M- iR : 0.5m/s

R :310°C

KERIZE T BHEFEH 0 TO Reynolds £, Peclet £ FTOEZIZESL,

V,D
Re, =—"—=28x10* (2.1)
\4
V.D
Re, =——=2.6x10* (2.2)
v
IID 2
Pe, = Re, Pr, = =1.6x10 (2.3)

D
Pe, = Re Pr. = VD _ L6x10° (2.9

a

ZIT, RREE DITEFREEDOORY v Mg (20mm) & Lz, £72. w
a3 7 AV O HIRE TOEE Az,

2.3 EBRFIE

BEFHRIZ, EXNODOREENEE2EHAMERICEL, ERT > FICL
D 200 FIZHEIE L, EIR/ A X% %ﬁf#ét&@4%ﬁ@u—ﬂx74wa
ZiE L72RIT, 16bit © AD i H—IZ L W N &2 1T 7=, FOMoOWEE (57
B, NaiR{Igt. I AA—HRER) TEEe H—~8k LT L=,
FREREMITEF. BX U3 AROERICHIS T 3RS ICEE SN EBRGE
. BBRERNLOE TR VR IELTT -7,

BERY Y — 8 L ORISR O K5 DEEXF T, 250°C. 300°C. 350°C.,
400CIZRWNT, &/ ZAVIZERY £+ biiz 3 ADORERM OEEHEHIFEREOE
Y BITHESRIEEZ T o7, £ 3AROEBRNIOWTIL, EBICERY 1T 5
ANZEE ) OHESRIEEIT> TV 5,

EBRIL, FTEDORE - IREICHRE L%, LRARETERESREL, 2AES
/)—kiuﬁmﬁﬁﬁﬁ@ﬁﬁ$ﬂmﬁ IZEEDRNT & R R LI RICT
—ZINgERIE LT,

FHANZ, BVEXY U —%2 KT CBHEHEO LY 5mm) IZ T =REN ST
W, F0%, BHREED S X 10mm., 20mm. . .. . 500mm (W_t“‘m_[.%) & 10mm
VY FTHRERNY ) —% ERIE, FMNEBETAERNY ) —, BUSKHRKR, g
MHEEOEE, BXOTe bt XEZRELE, FMBETOTF—FiX, 10ms



JNC TN9400 2003-003

(=100Hz %7V > 7)) [T 20000 &= (=200s) &L 7=,



JNC TN9400 2003-003

3. BUEMET

Y= NVANTA VL THREZFFMTD7-D120F, M SE% COREL
X ETEENICHEETIERNMLETH S,

BELBZEE L ETICRO D, HAEYEREETLVE2ERTR L, ik
EIIRFHEHINZ LD ERY, MBALEIZERT 2 RBEREDOEELTERK
DIZOWTIHEHEBERDD I ENTE AN, ELRICERT A BEEEDORE
RNV DIIRFFEHOREHE S UTHHEI ., BRRISCEHIREBEERD 5
ZEIETERY,

ZZ T, BELHORYCREELZ EEMICINET S -0, ELRETARE
ALZ2VWEEY I 21V — 3 V(DNS)ZHAWTESRTEREREIT 2 EM L 7=, A&
EMTIX. YA 7NV CRBEINZBERE Y I =2 L—3 32— K DINUS-36
ZRAWTER L=,

3.1 f#tr=— FOME

DINUS-3 i, ZRICE L T3 RBELZF R LESEEZ AV EEEY I o
L—Yaa—RFTdHDH, DINUS-3 =— FOHEFIE% Table3. 1 1Z7RY,

3.2 FEATIER

Table 8.2, Fig. .1 IZfBfT A v L 2 DPERB IO R v 2% 7T,

FEATEEEIE, KFETT 410mm, $RE S A 401mm & L, BITE FAZBUSE
HEREKRE LY 14mm & L7z, KEFEOMBEIERIZ. RBRETEHD 4 205
oy 7B8L07 0y OEFHENTDTILICHREL, Aviatdg
RIZB LTk, FLEROER =80mm Z/KEFAENZ Imm, & 5IZFDHMAlZ
2mm, 3mm, 4mm & BEMICERE % L7, $hE L, / AL X U FTE (85mm)
Z 3mm & 2mm, / X/ EENADS 50mm ¥ T% 2mm, 50mm~150mm ¥ T
% 1mm, 150mm~250mm ¥ T% 2mm. THLL L% Smm & L7, BITxH
M. BUSEHER LY 2mm £ T% 0.5mm, 2mm~4mm ¥ T% 1mm, 4mm
~14mm FT% 2mm & L7z, B X006 ELFEEE R E D AR IZ I
STHETLHHE, ERVOBEONEHRERADERICIRETS ) ANVEESH
5 100mm DN ETIL, HERERBE I dmm 5RIZRDZ b, T0OFHEY
6 Ay aBEIZHEILT,

KIRNTET N OEEERE ST A v 3 28003, 230X 11X226 (xXyXz)
THY, REHRA YTV 28T Imm X 0.5mm X 1lmm & Th 3,

3.3 BEREH
Fig. 3.2 ([ZiiA, MHEI L OBEOEREHEZRT, MHEERT, BEREOE

By L B ERFRINRI T 254 Lz,
S EIDOFENT S RITHENT R O LB L OMIE OIFIE SRS HER L R 57



JNC TN9400 2003-003

H, HOBERTORENELRLTV, £FZ T, MHEEHOA Yy 23, A FL—
F—DEEELZEDLIOICHOERBOERFMIZ 1 A v rafOFEBEE
(Permeability) ¥ o & L-EEEBRICEREL., MENZ MABEFIZHL
TEEIIRAILIICRE L. £/, HOEROREZX 1 EAZH LTI ED
LAREZ2 =, FETIER ESEOERDOAIZITE I —B LV EHRE LT,
BEEERICEALTIX, J ANVEERTS 4 SOERTay 70 biEE ) R
o TER, BERICET AL LEZEFEZ 7 ) —R Y v PERICERE L, #
SRR OBETICE L T, BEREOBBILLI I EEERBOEELERET
Bl-DITBERERE ) VAR v TR, BEMOREEOEREZIRT 72D
BRI R A WIEME TR E LT,

3.4 fEATFIE

KIEHTTII. BIRFAELIEERENREE T I, MEBREZEN LA L 5 B
ENERICTONAZ LR TFRIEND, £010H, sTtEEZETTHITH-T
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D EEOHRENEY 1 KA LESICTEL,
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@ FEZE., BEEEEBE LRSS 1 KB EZSITTHESL,
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vIal—a R :2650.0 (s)
@ BRESIZE VI THRNEZEL,
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® BRENTLHBEFHEDET
SHERER R T v 7IE :0.0002 (s)
vIialb—a UG :5.00 (9
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BEREIREIRE 0.01(s) T 1024 S DORFRIIT — & #INEKT 5,
FERRART v TR 10.0002 (s)
vIalb—va VR 11024 (s)
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4. FENTRER
4.1 FFRIEHENEERIZRIT 5 DNS O

Fig. 41.1~412 KEBRBIOENICL > TEON-RITX FREME
y/D=0.025 (BE@EH>5 0.5mm DAZE). y/D=0.5 (BEE 25 10mm D{IE) <D
B EE D —B LU FEELEBE 2 F— D& %R,

EROIREFHANL. 200 #H. DNS OfEtrid, 10.24 BEOEHTH B,
FRid, EEEROFL ORKEFR :x), BERE (BITEHMA y). BWitH
AmS (BREFM 1 2) &Lz, FEE, EHREEHOO . ZLiE (D=20mm)
THBEE LT,

Fo, BAEC L DFHAG R & BT 2 72 OICAENTRE BT U CIEREH o
0.5mm DOEEX DREERBOms)NIZFHY 32 —REBNZMZ TEHE L7,

FERITEIREIL, TR TR CERT(EEITo 7=,

T _-T
T _%8 "¢ (4_]_
e AT )

RFREIFENEEICBI L. DNS 0273, 84T & SR E y/D=0.025, y/D=0.5
&b, KR, BIEERO S0 DK (BEMOE) . BLOTIRROIBESIE
REBRBRL-TL TN D,

REXBREX. BELBO _RTY (BERFRE) L LT, kKORXTREh
Do

I_—JV— (4.2)

N
YT -1,)
Trs =\~

EXICEORD ONBERERE L. UTORITRT L 5 (2t KR E

=TERTb LT,
Tous = Lo .
AT (4.3)

B IR B R BN 5R 12 B L C . DNS OFEMT 1L, BT X H L y/D=0.025.
y/D=0.5 &b, ERFERLUE_NTEELEOREVEEOEN Y BRAEL 2o
TWD, RSB RII—HE L TWAZ LB bnd, =F L. EBRCi, B
EEfF y/D=0.025 DALE T, / AVOBEEOEE THEFRMHIREENR/ S
K-> TW5E, BEORAEIZL Y BELEREBHREOEEEN/NS BEL
EIREEDS y/D=0.5 IZHA_TENI/NEL BoTNADIZR L, BF Ik, /X
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A b—EEERE T, BEROERSBIIME L LTWAED, BEMOBRE
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Fig. 4.1.3~4.1.6 258 L OSEHTIC & o TR B I BT & B TOATS
FIRE D & OV iR B S EIRR 437 O bl & R
KEHRESIZE LT, DNS OfEHTIE, y/D=0.025, y/D=0.5 DIHEH
BETHMET, MheEEoSmHRITI—HLTVD I LBDr 5,
KEHFIRELEBREICE LT, DNS Of#Hit, y/D=0.025, y/D=0.5 O
EFAMEE b, 2EOHHMIZIERBRHERE —HLTNDH I LB3bn D,

Fig. 4.1.7~Fig. 4 1.10ICERB LU X o> THON-RERFHEER &
VIEELEREORITE FASAOLKEZ T, BITEFMLEX. y/D=0.0
NEEFEmTH Y. BEmHN DS 10mm DLED y/D=0.5 TH 5,

R EHNE IR LT ER TIXy/D=0.5 £ 0.025 TIXIZIER—EETH Y |
I, 7T v P RSFERLTBY ERERLE—HLTWLHZ EBbnd,

BELEFREIZE LT, DNS OfETIX, SAEFRNLE z/D=1.0 TiX, EBHE
BLESHBRNB—FH L TWB, ShEFFRAE 2/D=3.5,5.0,10 23T ST HER
b, BIROE Y BEmWEE CEELESRECENEFEEL TV RN 2D
D (EMNZEM, —F, ERTIE, BELFRERENENIEEL TV,

AT € BEMRE BT DAL D BIEM ~DBRELEOREXEL,
BRI —EDRRERICIVFMTE A B R LT, £, ZOERER
PHAOWCHEREMRE CORBOBRMERZ RO Z LIZX D, [TiEd HEEM]
& TBEMDLORE] ODBOBEBRBEL TND I EBRHELNITRSTNS,
DF Y, BEM L ZTOREORER CIIEWHEEERESBLELTRY, FhiZ
& o THEEMEEOHRBFOBRELHNBEL TND EEBEXIONDZ Lk,
Y=< VA NTA L THEBRMET D L TEOEREZERTAZLIIEET
HD,

4.2 BETEESNCEIT S DNS OfEHE

Fig. 4.2.1 IZEBRE XL O TR ONT-BITE FR{ALE y/D=0.025, y/D=0.5
T® Peak-to-Peak (LA »7u—igiiE) la & —%7R3, Peak-to-Peak
DEE, LA v 7 a—iETHIH L7z Peak-to-Peak DEDHZKRIER R LTz,

BATRERIL, ERER LR, 2EOSHBRZIZIEBER L TCWAZ D
Nd, £l-, BETEBEE 27— LRERIC, ERTIE, BEErbBEn-E

(y/D=0.5) IZtb~, BEEEE (y/D=0.025) T® Peak-to-Peak fHA/NXL 725
TWD DK L BT TIXEEEmIZITEFIZ BV T S Peak-to-Peak fER/NE L 2o
TWRWZ ERbrd,

Fig. 4.2.2 ([ZFEFEOFREEES NER LM E TCOERB XU TH LR
EDREBELD B % R, DNS OfENT TiX, M5 DALE (Measured Position
D. @) &Y, BEETHORHL LOEIEL. ERER L IZIERKITR > T
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5T EHBbND,

Fig. 4.2.3 IZERB XU THE O = BITE FRANE y/D=0.025,. y/D=0.5
DIBREEFH T —ART NEE (PSD) OBAZR$, HBABIIETEEO
MERENERRMNEL L, BELENNU -7 NVBEIX, S5#H7—) T
ZE#: (FFT) 2V TRDIZ, A7 MAOEEOFELE LT, ZOIE 512
R (5.128) DAV ABEHREL, ZOEBEL2ET—FIZRU T, BELTHOD
BB — UV —2EHT5, ZOBE, oAU —ICEBEKICEVIETLE
BEDOMEEZITY, ZORBEHE 0.1s BICBE XY, FROLERERVIEL.
BoNE_AT—DT oY T ANERETIZLICE Y RT—R Ry W LEES
RDiz, &7 7 OEENIEEERS. MHEIERTHIEEZE TR L L&
WRT/NU—Th B,

DNS 2 & 22471, y/D=0.025, y/D=0.5 OfrE & b, Bl L7 BiEEES
BEFELTWDZ &b, 2.3Hz (T CTEBEEEE L, E8 Lk
RONT =AY "NEEIIESRAERERSZ2EDTEIL—HE LTSI &
DNRD, o, BEENPLOMBIZEIOTREDART ML ER-TEY . BEH
O DEEBEIZ XA ERTFEEN/ NSV ¥ bis,
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5. BZ
51 EE2WE—AY MR HEROEE

Fig. 5.1.1 I x-z EHEIZB T AR FEHRENR Y M RETRT, REFESIRE
ayF—TrRLELIIC, BEERMEEERIICEV TR TN Z &b
M5B, BEmERE (y/D=0.025) Ti. BEEDLEENLEIZEAT, FEED/
Lo TRY, BEOBEBEOEELRZITTWNWHEEZ NS, /2, EEH,
b OEEEIC L BT, SEEROKEERA~OEEFIL, EERETHE L
yir¥ oYLV

Fig. 5.1.2 B LU Fig. 5.1.3 IZ xz FENZEBIT DEIM 2 RE—A > b &Y,
Fig. 5.1.2 IXTESA (wu'. vv'. ww'), Fig. 5.1.3 3B A (uv', vw',
wu') Th3, BESIICELTE, KEFAKS (b)) 13, BEELY 4mm
(y/D=0.2) fHiE TR ER>TNBEZ BN LNnD, TOME XLV EERIZIT-S<
b K EFROBERNTETLTWS, £, REFEOEERS (w'w')
X, (RIERER & SIEEmMOM CEmmIZIE S IZONTHRAIENKRELS - T
WA ZERNbnD, BITEFAOBRERS (ww') X, BT IR T
INEL 2B T L B2 B, .

BIBUE B LT, BATEFIICEET 2w viwid, BEEICEO L
HESHER A LT3, —F, MEOEENZER TS wa'id, y/D=0.2 118 T
BIEMEN KRE L RoTEY, TOME XV EFmISES R4 IZHSHENME
TLTWAZ LRl bh5,

Fig. 5.1.4~Fig. 5.1.6 |[ZBEE@ M b DHEEEIC L 2 BEISSTDOKE (x) DFADE
WETRT, HEENIKEFRALE., B rE T H s TR L UL 2 IRE
— AV NTHDB, KEFRESE L OHREF DI, y/D=0.1 2»% y/D=0.05
FTCIELTNETIAERZAELTHALODIFER UomBREZRLTE
D EEE D Z L i (y/D=0.025) TOHDAETIRBELR>TWNWDLZ LR35,
BEEIREALE (y/D=0.025) TiL. BEEM GEENZIBIZHA, SRR EE
2o TNBZERNbhd, BERRICRLE X DI, BREOESIX., ERD
BRI RIEE 2> TRET D, EMROEST, KEER & BEEROBICKE
RENDKEELRRFOBBESREICHEE /FREBRVIRTIEICEIVAEDL
%, EEMOHENAETIE., AHNLEROESICL Y, KIEERE BRE
FROMOFERTER 2IRE— AV bR REREEZRTH, EROZ L TFETI,
BET DEHEIZ X 0 REEBIBEEOARSIE SN D720, /MEEOIBIZIER L,
AE2RE—A Y NOKEFRAODHRNEEETEEELX LN D, Fiz,
RATEHRASIE, BEIGESICONT, HaCERNS{BoTE, =
i, BEICL )V EELTEHOBBENNSS RoTVWA I LIZL D EEZ DN
Do

Fig. 5.1.7~Fig. 5.1.9 |{ZBEMm /> b D FEBEIC X 2SS I DOKESADBENE
TR, HEED L HEEIRTIR E R U Th 5, IKIEETE & EIRFEIRA S 005 z/D=3.5,
5.0 TELIR 2IRE—A Y OB I REREEZRLTND I EBbM5b, ¥
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7o, BEENEEE COATWIS I OMIEIZ. /INEVW, ZDZ Exb, BEETET
i, KEERIBEBEICL 2R MER L., NEEOBREEL 2o TNBE EEL
HLd,

Fig. 5.1.10 IZELi 2 IRE— A FOEROEE L RT, HENIRITX FEAL
&, MEEIERE R TR LKA 2 RE— AV MEZ TS, KEF
M & EREFRAIE X, x/D=-0.75, z/D=5.0 TH VY . EREDESHERIZRAE
LTWANEICHY T35, BEGAICEL T, KEFHES & SAE F AR H
BATEXFMRD L VERRELS R2-oTEY, BEEICEIT U2 RITHR XS5
LTWDZ & 0»%, KELFRAESREFROER 2IKE—RA > FOEEGS
i BEENZT O S RAIZENEBMNT S (y/D=0.6—0.2 i) 25, & HIZEEME
WZIES< &L ER/NESLS 2B b5, Zhix, BERNR EOIKES
RNXF—DHIBRENFFL L TE Y, FITERIZBWTHEEOHERA & 725
ZEERLTWS, BIBUSHICE LT, o v IZBEEICIES < IS oM THERHESS
BETLTWAER, vw', wald—BE#EHENKE < o TWB, BROREET
FETIRIS ) DMEIHMEITET LTS, 202 b, BEOEELZ T, —
HIELEFH 2N B8 250, SHIZEMIZIES LBOMEEIC L v EFH
RENICEBRTHI LN RERIND,

5.2 FELIMEAMREIZXT HREm D EER

Fig. 5.2. 1 ICEFMIZHBIT A EIMBIEHK 2 > ¥ —DBRIT X FAME DEVET
o BEMBVERMEIL, B HTE &SR HIEEE THERA L, SR
BRI OMERHMEIL. FIRER & EEERASONBEBRMETRE S 2o T
DI LEBDND, o, BEWHEOFELRBEGER DS/ F — 0%, EHEIZR
25 bDDOREE L OEREIC L 7, IZIERKTH B, KEFH & LEFED
SLMBRRIL, BEED SEEN-AIE (y/D=0.5) MHEEREIE-SL &, —Bifaxt
ERRELRY, TOBI DIZETIZIT O EEMEN/NES L AR ERT,
—77, BATZHMOELRERKIL. BEEIZE SISO TR LIS 25T
WhH, TNHDOEMIT, B2 IRE—A L FOELERCTHB Z &R bnd,

Fig. 5.2.2~Fig. 5.2.4 \ZBEm D> 6 DEEREIZ L A ELIRER R DK EF 4346 D
BWEITRY, HENIKFES AR, HtEIiR b LBV Th B, KE
HROEFRBGERIT, BITEFAE I OREF M OELREGRE & b, HExHE
MREL2->TRY, BREOTRERAIIREDEEL TS EEZ NS, K
FH R OEMBATRIL, KIBRET & BRSO OFEE THRES KX <,
x/D<0 TIEE, x/D>0 TAREZRLTWS, ZOZ MbRERAICEYHBE
VD DIRIBFER A~ o TWA Z EWNbhb, T, BEIZESIZ
DT, HR&IZERBGEROMIHER /NS o TWBZ & RNb5b, BT
FMAELOREFROELRBAERITBN TS, BEERIZES 2 oN THHEN
NEL 2> TEY, BEOEEIZL VRERAICLIBEECH—LRME Eh
DT EBDOND, B 2IWE—AL "vb, BEERO Z L TETITERO BRI
& o TRFELRIBES/NREOIRIBEE~BBTHZ L 2R LR, REDOR
(& B LICREOH—(Rizx LCTiE, KIEMET L BIEEEAA D IB U 5 AR
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RIBEENTEMTHY . NMNEERIEBERIRESFS LT RN & 3HEA
N3, DFEV, BEREAWERE LEARBITICE O T, BEEAETOREE
BOREN LW LD, BEEOZGOETIE, EREE TRERS IR S
N-ELTH, MEORREIZLY, BEEMHGENIBEN-UE THELLIR
ELENETIEE TREET DI ENTRIND,

Fig. 5.2.5 \ZELBVRRIC T 2 BEm OEE %2~ T, Fig. 5.1.10 & RHRIZEN
R D FRIEIR S BIER BB TH B x/D=-0.75, z/D=5.0 DT —F &#HEH L1, &
B IEEE A O DFERE y/D. fthiIrE R H S TR L L 2 BLIRER R 2 7
BATE FRAOIBEMFRIZIZIEIE e TH Y, BEEDERFROBOTILIZIZ S
AERNZ b, KEER E BIEEROM TRETIEEDH—(LITKFES
MEENE S E DR 2 RTRIREE THD Z EBbh b, KEFWESREFRD
LRI, B 2 kT —A > b EFEERIZ, BEmEISE-S < IZ o T— Bkt
ERKREL Y, EHIZEMITESL EEMEN/NES L 2R3 HEREZRLTWNS
ZEBhnb, '
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L2WZ &b, BEEO I TEORELZEEMEICH L TiL, MEDESIZ
LV RETIHRELZHUNOER., FIzidT M) Y 20F W RER|IZ LD,
BEMPLEWVWE TORELEHN, BEMIGEVIBOREKICED S L
DEEPREL 2o TWVWBIENBALMNE T,



JNC TN9400 2003-003

eI

KFEEITHICHED . BAFRAEFTERBIFMERTOTFEE—EHEHEER.
RELFE L —ERFIMARTREHELFEIS N — T ONRER EEMER
IZERK2TBE - ZHRESBBOELE, ZIIWTEHVWELET, REREITD
Wi, BEBEE BR) OFAIZERBBAZWELEEE L, Z ZICEH
W= LET,



JNC TN9400 2003-003

BER

[1]Wood, Proposal for Design against Thermal Striping, Nuclear Energy, Vol. 19, No. 6,
433-437, 1908.

[2]Brunings, LMFBR Thermal-Striping Evaluation, Interim Report, EPRI-NP-2672,
Research Project 1704-11, prepared by Rockwell International Energy Systems
Group, 8900 De Soto Avenue, Canoga Park, CA, USA, 91304, October 1982.,
Prepared for EPRI. EPRI Project Manager: J. Matte III.

[3]C. Bett, C. Bourman, et al., Thermal Striping in Liquid Metal Cooled Fast Breeder
Reactors, 2™ International Topical Mtg. on Nuclear Reactor Thermal Hydaulics,
NURETH-2, Santa Barbara, CA, USA, Vol. 2, 1292-1301, 1983.

[4]S. Moriya, S. Ushijima, et al., Prediction of Thermal Striping in Reactors,
International Conference Fast Reactors and Related Fuel Cycles, Oct. 28 ~ Nov. 1,
Kyoto, Japan, Vol. 1, 10.6.1-10.6.10, 1991.

[5]D. Tenchine and H. Y. Nam, Thermal Hydraulics of Co-axial Sodium Jets, AM. Inst.
Chem. Engrs. Symp. Ser., Vol. 83, No. 257, 151-156, 1987.

[6]D. Tenchine and J. P. Moro, Experimental and Numerical Study of Coaxial Jets,
NURETH-8, Kyoto, Japan, Vol. 3, pp.1381~1387, 1997.

[71ER EAERED D ST/ 5 BREED O B BT S B, #mEs.
FTEAFEES. 301, 2000.

[BIARERE., LREAM, V—<AL R NFA Y FICEBTAFEDOBLL & 4%
DFFFEBEFE. INC TN9400 2000-010, 2000.

[9]T. Muramatsu, Frequency Evaluation of Temperature Fluctuations Related to
Thermal Striping Phenomena Using a Direct Numerical Simulation Code DINUS-3,
ASM PVP-C, Vol. 253, pp.111-121, 1993.

[101F AR, WAMHEE W b EREOMITHFMTFIEOBRRXD) —iiik—#
EIEE T BRUSE BT R D 2 FHMEFIEDRIE— . PNC TN9410 97-039, 1997.

[11]T. Muramatsu, Numerical Analysis of Nonstationary Thermal Response
Characteristics for a Fluid-Structure Interaction System, Journal of Pressure Vessel
Technology, Vol. 121, pp.276-282, 1999."

[12]E+EE. EPEBE, AH_. RAB, LHXEH, EESMITORSHREIC
B9 HHFE  —AIRLEBREER & FRIARHT —. INC TN9400 2001-024, 2000.

[13]M. Igarashi, M. Tanaka, S. Kawashima and H. Kamide, Experimental study on fluid
mixing for evaluation of thermal striping in T-pipe junction, ICONE-10,
ICONE10-22255, 2002.

[14]ARHM 852, A. Tokuhiro, EEiiEsE, FT=MEHOV—<L A S FH
RICETOERRIFE —EROMHEEZE S HHEEESHRESICRIET
FE— . PNC TN9410 96-296, 1996.

[15]A. Tokuhiro and N. Kimura, An experimental investigation on thermal striping.
Mixing phenomena of a vertical non-buoyant jet with two adjacent buoyant jets as
measured by ultrasound Doppler velocimetry, Nucl. Eng. Design, 188, pp.49-73,
1999.

[16]AR4#32. A. Tokuhiro, EHZEH, Y —</L X T4 L TRHBIZBIT 35
HENREICET 2 ERMA —FTEREORASBRE L hHEEDEE—
JNC TN9400 2000-027, 2000.



JNC TN9400 2003-003

N7AMGz., RE—F. A+EE, EHES, yY—~AL XN TS B T
BT DRENESICET A2EBRME —BEEIETOREHEEZLDEN—.INC
TN9400 2001-030. 2000.

[187 KB, =ZFEFE, BN TE, LHES, yF—<AV X7 A BV THERIZ
BIFAHRENEBEESICET A9 — FTZERMIRS BB OEIERNT & FIk
D H#r— . INC TN9400 2000-099, 2000.

[19JARFIES . E+EE, EHER, b—<L X T4 U 7REITKBIT DK
WNIEEIZEET 2828 —~DNS # AVWEREOREIRESHE O —, INC
TN9400 2000-108. 2000.

ROIAFGZ., ZERE, RE—Z. IHEZE. LHFES, EZHA—, V—~
A NTA U TRBIIBIT2RENIBESICET 238 — SRS O LI
PEIZXT3 5 DNS OEEMEFEMN —. JINC TN9400 2001-132, 2002.

RIAAGZ, BERiER, Z=FBE¥E, T+HEZE. EHES, f—<A X 50
VT B ERME - EITZER T U U ABRER—. INC TN9400 2001-063,
2001.

[221 KAz, ZEEE, BliEE, BE—F, AHAE, EHER, y—<
ANTA U TICETAERAR —RE—BERICB T 2 RELEHDORES
B OFEM—. INC TN9400 2002-059, 2002.

[23]Endo, T,, et al., Proc. 1974 Symp. on Mech. Behav. Mat., 371, 1974.

[24) B A FEESR. FREALZOERE 2E, EEE. 1995.



JNC TN9400 2003-003

Table 3.1 Numerical Methods used in Experimental Analysis.

Analytical code DINUS-3
Turbulence Model None (DNS)
Coordinate Cartesian
Descretization FDM

Time Integration

2nd-order Euler

Convection Term 3nd-order Upwind
Diffusion Term 2nd-order Central
Solution algorithm Leap-Frog
Matrix Solver ICCG

Table 3.2 Number of Calculated Meshes in Analysis.

DNS
x-mesh Number (Typical Mesh Size) 230 (1.0mm)
y-mesh Number (Typical Mesh Size) 11 (0.5mm)
z-mesh Number (Typical Mesh Size) 226 (1.0mm)
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T/Cs are lost.
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Fig. 4.1.1 Comparisons of Contours of Time-Averaged Temperature
between Experimental and Numerical Results.
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Fig. 4.1.2 Comparisons of Contours of Temperature Fluctuation Intensity
between Experimental and Numerical Results.
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Fig. 4.2.1 Comparisons of Contours of Peak-to-Peak Values based on
Rain-flow Method between Experimental and Numerical Results.
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Fig. 5.1.4 Effect of Wall on Horizontal Distributions of Horizontal
Normal Components of Second Moments in Turbulence.
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Fig. 5.1.5 Effect of Wall on Horizontal Distributions of Depth Normal
Components of Second Moments in Turbulence.
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Fig. 5.1.6 Effect of Wall on Horizontal Distributions of Vertical
Normal Components of Second Moments in Turbulence.
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Fig. 5.1.7 Effect of Wall on Horizontal Distributions of Shear Components of
Second Moments in between Horizontal and Depth Directions
in Turbulence.
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Fig. 5.1.8 Effect of Wall on Horizontal Distributions of Shear Components of
Second Moments in between Depth and Vertical Directions
in Turbulence.
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Fig. 5.1.9 Effect of Wall on Horizontal Distributions of Shear Components of
Second Moments in between Vertical and Horizontal Directions
in Turbulence.
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Fig. 5.1.10 Effect of Wall on Second Moments in Turbulence.
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Fig. 5.2.2 Effect of Wall on Horizontal Distributions of Horizontal
Turbulent Heat Fluxes.
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Fig. 5.2.3 Effect of Wall on Horizontal Distributions of Depth Turbulent
Heat Fluxes.
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Fig. 5.2.4 Effect of Wall on Horizontal Distributions of Vertical
Turbulent Heat Fluxes.
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