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1.1, AFEOMESIT LBME

JEZE/N LT 20 T 0 ORPEK DI, &%k 5
S, WMARDNERDBEEOWRAKFITEL TS L EICHET LML TTET
Byt L S O . MW OWRBENKREIX, W, BN, WARORME T
LI TERY, MRITARTA—FELTEEDNDEFIIOETERZIND
7 Vv— REFr = Wy/\/dg(p, — pw)/pw (Vo : it & O Wi F-2%) 3, d @ &
NEE, g: BEAIMKE, p, o RIEMEE, py, 0 SRS E), EMET) &R
PENDETERSINDS LA JIVAE Re=Wyd/v (v: BhESEE) TR S
5., L2 ERBLSALNDIWNETHY, Figl-1 177> b &EIED
KIBLZDEIE DO RATFICEH SN TWDIRETH D, Z DEFIIEF O
FRAEIZIB W T, FE O E W IR I8 O W IR N E ) & afim &
BT DL E, MAGICIEALERBEARNEET L5 L RERIN
TW5. ZHICERL TTROERBIRPSEREICENT D720, kX
DEFZEDORI G SN TE ., ZRICHOWVWTU FCTAT 5.

FOEEIE , AvhbEN%, LEoBiREEZRRET 208, L&
DIEHTEIRICERT 2. 7200, EBIIT7L—RFEE LA VA
ICIKEL, BBLA VA ZKET 7V —FEOKTE L BICE DTS
(Anwar 1972). ¥fi4L D Al Ak & BARR T FF T O M FHAI, B o [E
WK Z2E O TH DB & w2 72 BLIE ETH I 2> & ELIE 7 )8
DEFEEZR S CITHEBEEICHO VW THEHREISN T WA (EHS 1989,
1989b, Shabbir, George 1994). F 7=, FAMEFHKICH L, L —F—F v 7/
Tkt V=Y —FRECEEZHAGDEEFIICL Y, BIED 2 KT
RSy ERELG O RIREHIE 21TV, ZHE THRELE > =7 v — A5 4
FEE T O M E N A HE & 72 o 7= (Papanicolaou, List 1988). Z O 515
NIt T — 2 %52 b L0, HHICE - TRAELZEIRIC X it~
DB & TN — LAOBEUMEEHEERZH LIS ATVS., S5
2, BIORENFEFHICRKRE VKT L — RO DEEICR L, PIV
i )4 5 E FE 35 (Particle Image Velocimetry) , 2 4 LIF L — % —3
#2675 (Laser Induced Fluorescence) ZfHAa& bW 25 2 & THE - &
JED R FTRE & 772, — X Ar-ion L —% — L 1 HED D T —3-
CCOHATZDORGBZFAMHLEEFIETHD. BOFFHFR T 2 Ko E#
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I L, HEfEoO Red/Green L RE DR EHMBEGIRESZ, 2 K0
Blue O fE H & K fE 3 % 5Hilll T & % (Funatani et al. 2004) 513 H 5. 9
— DI X TNV ANEYAG L —HF—L 2H50DF /71 CCD I AT %
7= F15TH 5 (Watanabe et al. 2005). =D 2 DFEEFH L - #F%E
IRy, BBV ARSI W CEERER L R TEREGT RN /X
NWEFOFEBRTHR L TWAZ ERREINTEY, ZHIEEIEKRAN
BTN BE LD EEZ LN TS,

BEEORRDWENE —ZHNICH D &, BRIMIWOLEBIZL - T
MAEREICHAEERAREL, RAEROERENELD. ZHICE - TH
ETHRNEZZBRITEND. BEORRLIFETHIZ LS EZ KEDH
HVITEEORE T o 72 & SITHAET HHRFWIZONTIE, ERIZ
EDZDWMBOBER RN, ZTWROBAEFIMITOVTELEI LT
% (Brown 1962). FEEE 2T 5 LK ICEB W TIEL, TR O R &
FTEORIENBEOKDOEEZZ T LI ENHALNIRY, ZHED 7
Jb— REZ K » THE N 72 S 7= (Epstein 1988,1989). & H (2, HEH -
KEENOEI T 57 NI XD MR 2 x5 & L, i o ASHHI 7 28 )
DIFENZ DWW TR DO A AL ER P IT O T\ D, RNEE R A B
FETDHE, BIRICBWTHZEMA - FEMAICIEE ISR B A 72 i
DIETDHIENRRINTWND.

R DR AL, R FORERICBIT 2B W TCEERRE L 2
L7280, WMEXIDVZLOWERLINTEE. JRIFFABSNEHOKK L
NRDBERAEIN S AU D AT DO R AL OV TITHEAK & KEH 0
TR EBRPITONTWD, ZOMRETIHEEE & KEEDEAIZON
T, N—=UFHT 720D 72 5 &0k %2 7l L T\ % (Mercer,
Thompson 1975). T D%, FFHFOHmEAIKEEZ G L L, B S R Fi
DB T3 A T b O AZ WG O PEHNIZ D TR & BUE AR 2> & B
D 72T L7z (Fumizawa 1995). 70, R FFRA# & mERWIZBIT HKHE
BREKOITKOOE DL, KFLEEXOBEANRN O AT D BN
BHAZE D> TV D 2 ENBH LM STV 5 (Rigas, Sklavounos
2005). HE~DOIEHB E L TIL, BTHELTWDS —S>OfEEHEE
L, ThZthoiENrbomERAzBEL, HAKZHWEERZITY, —
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ODMWEBEOREE 2 LS D Z & CTHBICIKFET D ZBAENEAET D Z
&S 2T > TW A (LIN, LINDEN 2002). £72, B KN REA L
TCBRIZ, BOWNNMTBITLEROEEARIAELT T, KB LPFHAET D
Z & B #&EEL T B (Prahl, Emmons 1975).

BEOMMANCEE LICBEORRDIWENFET DL, BNICLHES
MAETD., BEOBEBAOREBIZOWTEHL, BEAREMBEIZL ST
FERAERAZEHELZHENMTDORA TS, BEENKEL, HERNDR
WEXWMEITIEA LS, BRADPDRKESSEEEN DRV L S IXZHIE
MBEELRNZ EBRHLMZSN TV H(Séonetal. 2004). £7-, ETF
WX LN THEIBRICB W TENENICERLIBEEORK LM Lz &
X, ALY FRICER T ZRBEORE S EEO LN BRI RIET RIS
WTHEBLEINA TS, MEOEI CEOKN 0.5, 1.0, 2.0 DEAIT
DONTDOYIalb—va P ThbhT, 05DLXIZHL-EBHFLLIAK
B A TEA L TWD Z LS I &7z (Sleiti 2008). E TFICEHE S
- ODEBICH - LIZREKERBEKRKRZHY, 2 O00EBIZORNS
BrERNTERT2LE, EOmuoH 0 n» s 7= #Eikic el 5w
B LZEALMEEATFET 2 2 ENERMICHL ISR TWVD
(Cholemari, Arakeri 2005).

THETIE, AX vy =27 LIF-PIVZHWTEIERD ) XViEFHED 3
WRICFHR 23T oI TV DL ARES BE AR 23 & 8 BE i AR T 72 S 72 ff LR 3R
Rz, EHLFMICHRE LCEEZ®Y, H LT m S IS,
BHOMECEHENCE S TARLERBEALMNEL D Z ERPLNICE
AL TUN % (Syuto et al. 2010). = o Ji PH 0 /& 5 BE JRAK > B ARE FE AR O &
HEN~DMAZERBFEARLE LN, BEAROEENZOBREOR
KTHD. ZOXIRRBITOREELEDFZEIEIREL T V— NS
RS L F e, WEZEICI Y RAE SR T L — N R TN R %
L, AF vy =27 LIFZHWTERERICBITO2MASZEZH LU
T % (Maeda et al. 2012).

UbED X2, THETIZE L OMFEEIT L o TE TG O IE 31T
B TWDER, ZOFEORNTIX, BHICERT L ALERGDOR LS
EY AL, BT ORAEICL > TRERNSELT~DER & £} 5 1834
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MNZRT 57720, BNICBITAREL & EHESIIFEEST (LT S
D, THHOFHMEN EORBESNH D, FIIE O R E O E I
DWTIE IR STV,

Fig.1-1 Buoyant jet (chimney smoke)

1.2. AL OB

KX OBHBIE, ZOoDMEKOEERAEIZIVIAET HFAERIZIE D
T, BMMIRORELMEEET VAL ) VX E TV — FEOBBRER L
L, BT, TOLZXBFTOMNMEE % PIV « LIF - POD [H A B 22 55 fig
(Proper. Orthogonal Decomposition) Z H W\ T# %9 5.

F1EIIES THY, ZHEGICET 5 EDOIIE & ZHFIZ DN T
DD THY, £z, AFFROMESIT L BNZIE L. B2 =L,
MEICBNTAKRE BEAKICEDREZAZ AW TIHRAE ST TIEIR O R
B ABG 2R & Le7eki R 2 FP L TV % (Maeda et al. 2016). 25
3FEIX, ESHRECKBITOIRAEMABGE LR L LIoger Rz ®mE T
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% (Maeda et al. 2017). 4 ETIdfm CdH D, Fio, TETIEL, KO
ErIEdTEEEZZAELIET, TNESFEENOFIIEREZRE ST
ol EOERIREHIZH DR OFFRBABRIZET 20782 HE L T
% (Maeda et al. 2012).



Captions of figures and Table

Fig.1-1 Buoyant jet (chimney smoke).
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21. &S

KPR BB IS E ) &3 m E S S D E R, BARR L
IZBWTHEEISHEICE AT ERNRBGTH B G D —>T, ZTHETIZ
FAENFSE & U C & 7= (List 1982, Rodi. Adrian et al. 1986, Ichimiya, Saiki
2005). FIMRITIELFEICB W TARLERBEEALOELELZZIT, B
MG & 72 5.

RRPE DR LG & & O R WPE D M < 70 D P SR 136 2 X4 N
DEim AN E TELCDENNRIBIRDOREIREBR &2 D7 DR T
JFIZBITDWEFR A IETELDRERE~DISEHNE 2 b, BGiR
WO IRV T EEREE 2 K72 LTV % (Leach, Thompson
1975). TN E TOERTREITDOE N ~DRANEBEIL 7 L — FE DR
MTENEIN L, BER TV — FEIZ LA L X ¥ Re=10" £ Tl L 1 /
NAFE EHITEML, ZRUBRITIZEAEEEELZZ TRV EXRRL
T S LT 5 (Mercer, Thompson 1975). 72, T E TIZiTbh TX
TEEAEDOMIETIEENODEB DR, BRI DOEBED I K DA
MaEXRE L TIThILTWD D, Eilo XS 2R FREE~DIHIZ
X, R EAELLBRICE Z 2 RMWIRICHOVWTELET HZ ENMLERARK
Thb.

BRI, BEHZE, REZEMSIEEEBEOMAGDLEIZBITSEM4T
DRI DOIREIZ DN TELE L, EN~OIRNLONRZ — I nEbs i
TV 2% (Brown 1962, Prahl, Emmons 1975, Epstein et al. 1988,1989,
Fumizawa 1995). F£7-, HHERICEBITDEN~DIRA L E I ~PEH 7
HEMEIZHONWTHELR I N TV 5 (Cooper 1995). T HE & 123 1T D AL #
DREEIZDOWTIX, RNEEREEABIZ L > TEN~OFRVELGE O FLE
LTWabZ ENmNoafibzHns Z & TH B2 - 7 (Cholemari,
Arakeri 2005). — 75, JEWEBICB W T, EHFEE NS OFEFETK I
WETHENSOMABROBEAEITEBRICL > THLNITS L, FRVEL
N fE D i o R ENBE LTV 5 (Syuto et al. 2010). IEFEEICE
T AEIIEGE R OWRABG DR LM IT VA v XE Re=2,900 £ TP
J& Wi BE IS B UV T B 2 72 o Tuy B (Maeda et al. 2012, Watanabe et al.
2015)7%, MEIZBIT DMABRDOENN G OHEHEIEIZ OV TIERE
ICRF STV,

AREO B, JBFEE2 S Re=7,000 £ TOARLE 75 A B O ¥
BIC K DM OR AR L E R 2 EBRAICHLNICT 2L TH
5.

10
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22. EREBROVOFE

Fig2-l ZREICKRESNIZHAENLORNERIEZREE THDH. K
BEEWRKROKEMENDLENCH S > THEEHOEEEOFIERE (M
K) FIZEHSES., HONCOHTHOX U Z7ICHELEREEDK
, R 7ICXoTF v o N—, ME~LED. AFBIREITE D O EH
L, WAKTHZINZ EFZ v 7 ~fthidTe. Fig.2-2 1ZEBRICH W
ME&EOFHEMXTH 5. HEIZINZ 40mm, BHJE 2mm, & F 1% 800mm
L. Fh, RBHROBAEICEHL TERESOEBIZOWTELET L
W, BRI 4AmMm OBVWHE CTORBERGIT). 26 0EBE T
IbZA4T 5 72O B AT THER L. B3R o K & S 1% 400mm X
400mm T &1L 760mm ThH 5. EBRPITEI~y Fx2—EIZhkD
O, fFEIEEITY 7 O EEICBRY ST RPN OHEHT 2. EARKDORE
IV T RETITEDREALTOVWDOKSEICERZRD DGR ENEET
L7120, WHREHEZAWCCHET LS. £, BEx@b FHMEILT ¥
ZOViiERFE A WTCHIE, BT 5. ABFZE CIXREOIEE 2 293K (2
b, WHBREZ 0~4% F TELSE, TNEHOKM CTHEE2RE
L. EHRAKCBTO2RERABRORAESRM EPHEMEEZH 6 NI
T5720, LIF VAT AKX DRELFINAZ1T > 72, Fig.2-3 1T LIF IZ X
LA b BB A T, EREEO THMHENICO R Oor —& I v
6G Z FUEYRE Co = 0.078ppm DIRE TIRAM L, 8W D fEt Nd:YAG L
—F =L HHENAES MmO L —F—— &, SHAO%@SE
IR ICE A 3 5. Fig.2-4,2-5 1N Z1 Nd:YAG L — ¥ —H DR
ER—F I 66GDHENMPEEDOHNBMIZEIDBEMTHL. 2D LD
2, WEYERERETAMKIT LR RIEETEERL, F
FHOYEOmEWNEKEIRAGT 0 LmEMEIRKRS D, ZAxFAL,
TR DORRESGF RN ATRE L 70D . THELHZ 7 h b fEEIKAE N~ 71 W i
ERAEITETND2, FHXEIREZ A WD Z & CHE WO RESO A
P EITS Z BNk D.

k5 3R FE 1,280 X1,024, PR 8bit @ &EE CMOS U A 7 & Hl v
L. KECHEFE SN EZEHEZRET D720, TAZEFLV—¥F——FMMHE
L0 LEWMEICEE S0, B END TIEHMEIRICE 2 KEORED

11
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XREORBEZTDL., 0D, BATETA My —FEMNDL 45 O
HAHATHRELL., Zokx, KEAKEOT 7 UV IVEIEM OFRIEIZIT 5
Pz e/ NRICIZ D729, KO /A 2 Fig.2-1 IR T X 21T U +
— X =Ty 7y FETD. BROENOIRE I N TZEGITEGLEIZ L -
TIEHRA~ERSE L. A LEBIREGEO DD A FI121%, FHE A=
540[nmIUL LD EEFERTHa L I ANRT 4 V2RO HIFT0D
IR AN EGLEBERE T L8, S AN DLO L —F — A5 n
BLOIAATLEI ZEZHE, B—X I 6C0HAEFER(E—I7HE
570nm)D A & A LT B 72 Th D . EEFHH CIXERZ RS L7-—#k
REBG CTHRE G L2 EHALET L2 LICXY, L= —EHLbHI
KORETIHMEOLLEZREL TWVWD. X HIZHFNIZHIAKME TRE R
E?@%ﬁ%ﬁb\ T OMRERRNOIRE EEELNFIERICH D Z &N
PND. = n‘*ﬁ'%z’w‘o B 2RI AW L.
BHOMTOEESOBEIZIZPIVAEHANS. PIVTIE, 9450
WMADHFITH N7 N —Y R FE2RBAL, L= —REDKFEE T — |
Wi TS, PL—PhR T EL—V—HE2XFTDEOIRATET
KGR T H LR TOBBERSGT L2 ENTES. (FEIRAED
HE BT DML —VRTFE2HNTWERED, b —WhFOHE X )
HBARKOENE ZMENICR D Z ERHKD. KED PIV TIX I 7 n) 3
EHUETHD, L—F—FEEIZ>— MRIZL, BEHAOCHEETS.
HAZF AVHAOERERUEIICES, L—F—v— MZEHEIZHIT T
3 5. Fig.2-6(a),(b)IC#Rkie L 7o hi - E & 2 7~ 9. (b)iX(a) D k5 FF >
OMWUNRE % (At=0.05ms) (I —#iH xR LIcbOTHDL. T D
W 7e 2 BEZl O B lekr T EG 23 LT, b L —HRi B ENT 5 A
EEMAAEMEBEETKRD, MEZEFHELED DN Fig2-7 THDH. 20D KX
212, PIV CRIEEMICL D L —WF —— NRHE N OEESH U Z 1T
YT ENRHKSL. W ERLGLLT AT, KR40 mDF A e b
—H(LLE 1.02)Z Wiz, —ERR T >0k LB G s ST 57
DI ATIEI NNV Aay ba—F—LREPIIEL. PIVETICITIY Y
e NEEEERAEMEBEEEHWD. BMAEFERO Y A XX 31X31 v 7
BT, 0% A — =T v T THENTT 5. PIVIZE > TH L7 BREH
FEG DG, B L E AT O REEL I DI T 5. Bk Y

12
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%, B TiX 058 Z &2 2,000 # R (4,000 #) , ELIETIX0.05 B2
& 1T 100 7P (2,000 o) EfG L7o. EHTOBED 2 DOBREEIZEH T 5 b
L—H R FOBIBEIINSE AL E LE. Z 0703 ERE DR
SIT WD 3% LT Thd EHRIND. Flo, =T —@HERT L
WEEED 1 %L TFTHD.

/High-spced camera

Water jacket m
s

CW laser

Cylindrical lens

A
Y

)/Sclling chamber
Tank
SW ”/ Pump /

‘low meter

800mm

Fig.2-1 Experimental apparatus and flow visualization system.
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Water
Fig.2-2 Details of test pipe. Fig.2-3 Visualization image by LIF
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Fig.2-4 Nd-YAG laser wavelength
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Fig.2-5 Fluorescence wavelength of Rhodamine6G

aF"!t 11=
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T Eow
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Fig.2-6 Tracer images Fig.2-7 Velocity vector by PIV
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23. EBRFERRVOEBLR
231 RE¥ROBE

Fig.2-8 I & & L=800mm ® & &, LIFIC LA A fi{fb CRIZ S nT-)E
it & LR BRIk D SR 0T D PR BB NSO WA BG O R A
SEE, ToODEDDHIEE 0.08%, 3.7%ICBWVWT, HiEEr A S
B EOTIN—FEE LA ) VABEOEALORE 2T . —EH DB
FEIZBWTIREEEBfbS X, Zv—F&E v A 7 VX Eo%RIET
EARANCEILT 5. FERELDEN~ORABRZITE I, ki bd
LPFEMETIERELRY., MEEXRAICHLEIEDL L, 71— N
LA JIVZERD L, MARMEOBERRZEBT D & ABSNREAE
T5. MABRRORBAELMIL, ZhE2EEOESBEETHRYKLITY
TR AR 0.08%, 3.7%ICBWT, ETRENORESFMEICR
S B Al AL 8 & Fig.2-9(a)-(h) & Fig.2-10(a)-(d)iZ 9. ZHiz X -
THLNTEETNTND 7L — R L LA VA OSEMEICBIT 5 A #i
DIRAEDHELZXFIZ Ty LT,

7000 : o)
O without exchange flow () Fig. 2-10
6000 @ Wwith exchange flow (b)\‘
5000
4000
~ (d)
3000 /,
Inflow boundary "
2000 +
a3 (h)
1000 © O ® = CFig2g
0 \ "f(‘é) L (®) (b) < (31)
0 0.5 I 1.5 2
Fr

Fig.2-8 Occurrence of exchange flow in buoyancy driven forced pipe flow.
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23.2. REHBFROTA LPEHORE

Fig.2-9(a)-(h)IZ ¥ 53 % £ 0.08% D J& Vit ¥ 1 "& it 0 & H 1 W i (2 5 T
LIFIZ X 2B ol ibBE&gop 2 =4 . Eif(a)l% Fr=1.47(Re=900)
DIRZHFE D IR WA AL E B Th 5. FH O Wrmlcs T 2% — g4 T
B, ZTEWENPFAE LRV LIFEB TH S, FEERICEB (D), ()Lt E
1 Fr=1.15(Re=700) & Fr=0.83(Re=510)IZ 8} 5 & 7 /L — K% T D #x 5 i
BThsd., IHITTN— REO/NE VO E#H(D)Fr=0.51(Re=310) TI%, &
NI O H AWmIZ T 2 — B ARG IS WHERZER L TS, Zh
FEHOEKRPHEOH AR ZEBY EHN~ORAZRELTND. Lo
TRBIIIHE ORI TRAEL TCVWDZ RIS, MAOHFED
MesBIL, ERIOERFEOREBEZ TR VWEIICT D720, EE2EL
EHTHE 200 BB L=%ICBZ2IT>o T 5.

—J, ZA— FEPEINT 556 OREMITILR 7 2 R 48> THRAE
T 5. (e)Fr=0.51 75 (f)Fr=0.83 £ CH LI oEAHESL, 70— N
rEMEELE, 70— FEERDVPIE TV bE A7 L— KT
HDHE)THAE LR Do RIIIE, MAOKRESII/NESLLDHDD,
EOMDOCERA LS. ZhFERERICE WO THEH SN &A%
ER —EEd, ZHWMTOTMARME LRI XT U ANV —=TDHF
HETDHZEHERBLTWDS. (QFr=1.15 ~7 /L — REREIN L TH KW
I FERICEEL, EWmE 7 o X Li7&E k45 £, 70— FR
BOBEIMIEY, REEBEARICBITA2FI0OEELZHD TS T
W, R OHEK TN D, BIc7v— R E#HnsEs L,
(NFr=1.47 IZ/R" 3 X 5 2E M O Wrim 2360 5 Al B L B 5 13 15 O — KRB
ZRL, MAZEN~—REND. ZNHOMEND, HABERIEH
D Ao T, BMEAOHEKPENSTA LKL &, JHERMTE
MOWm Az T, —ERELZHEANS ORADNEIS~T A THH S
NHEEOFMGEERTDH. R|MICB T Db Z>OE R % Fig.2-
QIR T. £, TOBERICOVTITHBEEZERL WD, HASME
EHEHSRMEO B ATV U ADRAIL, BHOWKLB T 282 >0
WIRFICERLTWD . oL, MEZHNSE 556130
AEFEW, HEZED T4, MAZEDRW.
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Fig.2-10(a)-(d)IZ &Ly E sk 12 381 2 [ A& o> HY 11 W7 i oD A8 # 3k 0 mT AR A b T
% % k3. (a)Fr=1.56(Re=6,360) TIXHi AT FAE L T,
(b)Fr=1.30(Re=5,360)~® 7 /b — RE O IZ LV, J& i o Fig.2-9 & [A]
BRICHE AT CMADBRAET D20, HATEEMLO /NS WEETO
BHFEEL TS, (C)Fr=1.04(Re=4,240)~H (2 7 /L — Rz S 5
&, WL ONDOWRANEREFFHICEKRND. £ L T(d)Fr=0.78(Re=3,180)~
DT N— FEEZEADSED EMABEROBIIEMNT 5. Z TR
MTH5-DTHDH.

SO SEIIZ BT DI ASRME & HEH SR FIE 7 v — R E28Hm, B s
HEIlEHbLT, ZOo0KtEDEIT/NESLS D, TNITEY, BRI
BT ORI OWMA L HHORERMEOE X7 Y ¥ A X ELTEE Tix 4
27 h. ZHIERBEORAEICEHL TEIROEEZZ T DD
tEZLRD.

(h)Fr=1.47(Re=900) (g)Fr=1.15(Re=700) (f)Fr=0.83(Re=510) (e)Fr=0.51(Re=310)

Fig.2-9 LIF visualization of exchange flow in laminar regime (C=0.08%)

((a)-(d):decreasing phase of flow rate, (e)-(h):increasing phase of flow rate)
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(a)Fr=1.56(Re=6,360) (b)1.30(5,360) (c)1.04(4,240) (d)0.78(3,180)

Fig.2-10 LIF visualization of exchange flow in turbulent regime (C=3.7%)

2.3.3. WASRMELHHSEMHEF
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UToEmEkics T, MAZHLEHEHSFMFIELL L LA 7 VXK
OEMTENEER 7V — REREMT 508, THIEe AT Y R X
STHRMIIRELS B R D, MABERIZESFEERIERICE VN TiEEIC
TNl EBREREEENIZ—FHLTWD., —F, LA LA
Re=4,000 LA LD @& L A 7 b X E D LY SE I CII R A S F & HEH Sk o &
TN EL 72, 72, LA VZEOKREEIZT/NSLS D, Zix, E
MAEI DO A7 U U ZADFEE, GLEEK TO v X7 U ¥ X6k O D
ZRIBLTWD,

RO EICEH L TERIDOEELEBERET L0, KO AS
e P S IEE S 40mm OB WE THLHIE ZITY, el L7z, Fig.2-
RICRTEIREHDICBT 2O REESM O EEZT, MAS
EEHEH AR 7 v — REEBE~E V7 VT2 608 EF-&E 0 Ebh
L. LoLl, TRENOEMEOE 2 ¥ 800mm O EWE DA & [FH
RICBIEREIND. ThOORENDL, ZHBmEICE T DAL & S
o EREHIT, EROBHRSCEHEO L 2 R OREIZL > Tk 5
NHZ ENRDND.
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Fig.2-11 Inflow and purging conditions of exchange flow in buoyancy driven

forced pipe flow.
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Fig.2-12 Exit velocity profiles of pipe flow with length 800 mm and 40 mm.
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Fig.2-13(a),(b) {2 J& it fE I\ F3 1 F 2 & M 1 ¥ ) WE i 0 - 20 3R Oy A & i
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IZ Fig.2-13 HIZRT . (@D FEHHE S D 70— FEO LI N
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maw&m&mwﬁ%%ﬁék,$ﬁLE%ﬁ@%¢%HﬁK%wﬁ
— 7 HBFFOD, RBWOEEEZZ T THLLIDPRDLND Z END)M
L. £, BOELBNICE T D2 EHEE ATV A )V AEOEEIC
LoTEFRIZBWVWTIEWE =2 2S5 nbnd. —FH, RHEIHED
NS (Fr=1.15,0.83) 2B T 2 FHEESAMAIL, FHELOLAIC
FEHITHWEZRLTWD., Znicky, &#i (Fr=1.15, 0.83,
0.51) ZfE 5 FHHE DAL E TR THREL, REBITITHEBEICERED
R Y, o, RBWELEDLR WG SITEIEL OFYHE S & —
BL, 2B NRNTHs THHiXHE#i< 2 enbrsd. Lo
T, Fr=115 £ 083 Dbt 257 U L A —FICHB W TEHHESHIL o
DR ST HEETRL, THILFig2-9 TOBEKEL —HT 5.

S EWV S BRI O PIV JlIEIZ L 2 EHICHE b 5T, Fr=1.15
DI HRENIERFR R DM E R L TWVWDERN, ZHiZe AT U 2D A
FESRAE ORI OMEE ~RAZIZEELTWDL 22 REBLTWNDS. &
eIk (Fig.2-13(2)) 2B T 2 ELH M TR OLEELZ T, L

MIIERLTWS., @7 — N (Fr=1.47) OEEEBHIXBIE DO =D
%K%wfﬁmém@kﬁé.%Lf:mmﬁ#v4/wfﬁmﬁwé
B LOMBRL -T2, b IE7Vv—FNEEHENISEREHE45D
Fr=1.15,0.83 I BT 2 XML Z L2 WENER THRETH DH. —H,
K7 v — RED Fr=051 IZBW TN AT D & &, HEZH) L
4 5. ¥£7, Fr=0.51,0.83,1.15 ORI DOFER TR LN DL L D12, 7v
— RE DMLY, BH#HoRKRE S Thx B9 5. £ L CHEBERE
MOBENSORATENORNADOEASZMRESIT LN, OB T7 L
v—rf§&0>ﬂﬁbn WS < 72 D . FERE R E A B I3 bR ANBE S AT O Fr=1.15

BUL2OMICIE-&0 EHRLNDMN, Fig.2-13 OFEHHE/SAA TR
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(b) fluctuating velocity
Fig.2-13 Mean and fluctuating velocity distributions in laminar
regime(L=800mm).
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235 ELEBERICBIT LI EHEESA L EELE HM

Fig.2-14(a),(b)IZ ELIEE S WE I O H DT 3 1T 5 Xl FE oy A & s A
B3 & 3. JHE X Fig.2-10 (278 L 72 ELE E Ik o (a) ~ (d) D & T1T
S, FLTENL O R % Fig.2-14 O CTRTEIE L FNOREFE L&
LEe 5. RO HEE A (@)IIFA EDOFRERN LA 2V XEICE b
HPELT IR O RN 22 B A, Fig.2-10 o Al AL 5 TH 5 232 A3 R IR
DAL TWVDHR BN T/ — R (Fr=0.78) T A 23 B A3 #E N
LTW5. £/, @7 — FEICB T 20O 53 I3 ) o 8
MADEE LFIE—FH L TWD. EGLtEEkIC T 5 FYEE S AHICE L
TR DOBIT/ NS NEB XN, —JF, B0 O®EE L5 (b) LA
AT ERWCENELRENLEIFEAE L, SLMERICEIT 5 E
EENCH L CRBHEOEEN NSV ERnbrb. L, HELHO
WRITEZ Lb— FEICB W CEEE A THEZE S . BELiREkICR T 5
LTI, WA /N Wi, EEEMITORNORA & ERICE
HLTWD. BLEo X 5 I kiiEEk O AZ Wi, @R & h~, BEm
i chon, mALHHITIEEANEDS.
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Fig.2-14 Mean and fluctuating velocity distributions in turbulent
regime(L=800).
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FIEFRIZHB T DA OFEAEIZHONT LIFIC L B Ak & PIV HIE
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N— Rt v A ) VB a4 B ST LIFIZ L DA b 2470,
WiE LTz, I OWMASM &P RIITEmEk Tl —8E 7, K#
MOFEIZEALTEAT Y VARFELTWD. BIREKTIEZLAL 2L
X OEIMIZE, AR 70— RN 5 2%, &L 3E IR Tt A S
fEEBEHSGMITIERICEI L, VA VA BOEBELZ TR b. =
AT ELIR A MG DR A L CTELIRIRN DR EZZ T L E2xbND.
R DB DN TR E AR &L A0 DB LIRER,
JERAEE T, RO EICL > THADEASNE Y, BEmHMETD
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Captions of figures and Table

Fig.2-1 Experimental apparatus and flow visualization system.

Fig.2-2 Details of test pipe.

Fig.2-3 Visualization image by LIF

Fig.2-4 Nd-YAG laser wavelength

Fig.2-5 Fluorescence wavelength of Rhodamine6G

Fig.2-6 Tracer images

Fig.2-7 Velocity vector by PIV

Fig.2-8 Occurrence of exchange flow in buoyancy driven forced pipe flow.
Fig.2-9 LIF visualization of exchange flow in laminar regime (C=0.08%) ((a)-
(d):decreasing phase of flow rate, (e)-(h):increasing phase of flow rate)
Fig.2-10 LIF visualization of exchange flow in turbulent regime (C=3.7%)
Fig.2-11 Inflow and purging conditions of exchange flow in buoyancy driven
forced pipe flow.

Fig.2-12 Exit velocity profiles of pipe flow with length 800 mm and 40 mm.
Fig.2-13 Mean and fluctuating velocity distributions in laminar regime.
Fig.2-14 Mean and fluctuating velocity distributions in turbulent regime.
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3.1. #EE

R ClX, REERBEENAENSAE L DZENERICB VT, ZHIEN
FAETLHZ LD, FAMO&EEERKR OIREERIK~DWH, T80
L, JANVHAE~OMABRZBAT 52 L0k, £/, 2O X9
RUWWMBRZR WA ZPEHIEI & FES, 2 E TR FIE A& &R
IR DEEAR)BAEC HWIEFRZRET D780, REEREE AR
HEUDLENICTE 2 ZMEICE T 5 EZBRUFE 23T i T X 7= (Mercer,
Thompson 1975, Leach, Thompson 1975). & 5 O S8k T & % FE i ik o
WK EARBERAEDKEHNTALERBEARZHFH L, EHHFMIC
L, BEH - KPFICREINTEEZHWTITOR, MAZEITDH7ZOHIC
MENPOZBTOPEHEMHEZFTML CWVD. ZOHBICHEHT H /37 A —
2L LTCEMEAERE DD THD 7L— K (Fr=W,/
Jagloy —pw)/pw ) & LA 7V RE (Re=Wod/v ) B 2. BLEMAF
HIZBWTEREZEICL ORI OHHIREITER, I —va v
RV BLIN., 220, RFFAGEmERG TRAEL - DKFIE
HEWTIIKFZEEBROBEANRNSAE LI BBENEROERNTH D
&%z b b (Fumizawa et al. 1995, Tanaka et al. 2002). A3 #2 5t D @ 424
~OIGABE L TIE, BLDLOZBROBKNH T SIS (Rigas,
Sklavounos 2005). £ 7, ZEX O EEEARITKEIEAERIZBITL2=EN
S DR E 7T 349 5 (Prahl, Emmons 1975). 28 #a it o 15 Mt 72 i L & i
NI 5720, EREICBIT DKM EFE DT 570 OB IKEE &
FEE T{TH TV 5 (Brown, Solvason 1962). & 52, EEMHEICKT
HRBIMOER T, RBRMOWENEOR IS LEROKIZEL - TR
L2 ENH BN STV S (Epstein et al. 1988,1989). HE S L EED
ER/NEL ol IR EITRKRICR 72, N6 OWFE TR
RN 7 — RIS L TEBORELH 2 Z BB LN TY
L. RO R BB OIRK Z T 2720, |EEFIZKIT DR
2 K BRI B 3 % FEEBR L 1T T % (Jaluria et al. 1998, Tan, Jaluria
2001, Cholemari, Arakeri 2005). #fEi> X = L — < 2 T K DAL O Al 4
fbbiToi, BEEREICI T DF TGO A HHE O FALEEIZ DV T
DFE LN ST 5 (Sleiti 2008). Z b OHFFE TIXAZHTE N EEEIZE
FABWIENICEBNTS, RLEERBEEARIZ L - T, ZEMPy, FREMH
AR CHMERTENLZER L TWDLZEZHLNILTWS.

FEHEOXHBIHEOBAESFEICHOWTIL, BEICKE L-ZESFEEHA
BT IR VA NV ABR IER RS e L, V-V —FEE ks
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W CAT D7 (Syuto et al. 2010). 1E & O A EIZ W TR PHTRIA > 5
BN~OWRBALEDHEAL, MENREAGT S LETTFIRTORSYE O
EBBMEEINDZERHLNIZIN TS, SHIZ, TUHLDOERT
(XIEF B S O I 2 xt 5 & L T Particle Image Velocimetry (PI1V)
2 & B 3 kot E 5 EHHI<° Proper Orthogonal Decomposition (POD) 2 &
% 1t AU D FH A & o B AT A3 1T o AL 7= (Gono et al. 2012, Watanabe et al.
2015). T, AR L2 ZBmICEL T, EEAEPOKL A
A B W T, RO AESME EPEHEMICE AT U 2 ANRE
ETHZENHL NI EN TV S (Maeda et al. 2012). EiifEEIC BT 5
REGEDFFHIZ DN T, NEERBFEEARZ AT HMAICBNTHIE &
1E J5 % Wr i o> e B 1S K D R O A AT o T

AREOHIZIREEICDIE 2 70— e LA 2 LV XICBWT, R
BERBEAR O ETIZH HME L IEHIBE O REE IZEIT D KR
ETA, EHEMFICOWTZEOHEEEZHLNICTHZETHD.

32. EREBERVGIE

Fig.3-1 2@ & L O JE P 0§ 1L Ji iR (HEoK) H~ K& E ok (K)
FREENOENCH O > THEHSELIEREBELT A7 v a vk
AT ZOFEBREEIL, RMEEFERTIES 2, RERTEBENIM L
EFBROEEZRH VD, THOXZ U Z7ICTFTOHEBELEREDKIIR ST
WX TTF v o N—Z@VERBEEI T A ML T~ELND. (E
B IZ A T D & EEY 7 DK ANIEN D . EOFEM%E
Fig.3-2 [Z/R3. AL EAIT O =0 EITT 7 VLM B CIERR L=, &
AT ONRBREEFENAA 7O 1IIOEIIZELL S 40mm, E A X
2mm & L7z, ARAFFETIHERITE X 800mm O TITH. T, KR
DEFEHIEHDICBT2FHENMOEELEZRT D20, £ 40mm D
HWE TOHBERBITY. 727 UABIETTE TV DR Ao~k
I% 400mm X 400mm X760mm ToH 5. [ESj~v K& —EIZR27= 0D, 1F
B i AR ITKAE EE O R B ~PEN T 5. K OREITE SR EC X
STEFHAIL, KEBOREREBNOFHM LI ABERELIZIEF—HLTWND.
BILBT 2R BEREITT X A EH CRIET 2. (EBIE O 7R E
X 0~3.7% 25 E L, WMWIREIZIFEERMA & HHOKIEOREZEIZ XD
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FH~DR B /NI D720, AR IZE O & D% %2 £0.5K
UNTREREZIT O . RELO AL Fig.3-1 12773 X o1, Eito
Nd:YAG L —# — (532mm, 8W) & &m#E CMOS 7 £ 7 (1280 X
1024, 8hit) 75k % Laser-Induced Fluorescence (LIF) & 257 A% H W
TIT9. BAZWEVv—P—— W& 45° OAFICETEL THREE
ITole. W OBRIL, 727 UVABEMEKRRELDICERD REITEIT 5
JEHT & B /NRICEN 2 572, Fig.3-1 @ X o ik o e o + —
=%y FEBRD AT CTiTo 72, RFEICIEFEES Imm oL —H%F—
—FEHWS., ZOVAT ALK VIRESGOEE AR ATREE 2D .
LIF I X 2 T bixE O Wrimics i) 2 8K OmA & HEH B R ET 5
TN— NIV A ) NVZEOREDIZHIZIT - 7.

LIFIZ XD A b Z24T 5 728, (FEmAFICiTm e itie—4 I 606
ZAHRL T <. \mEREROREIL lppm & L, Z 0L X QbR E
CHEENRIEEBRICH D Z EEERLTVD.

High-speed camera

) Test tank
Water jacket

Cylindrical lens
CW laser

o Settling chamber

/ Tank

= Pump

B Flow meter

Fig.3-1 Experimental apparatus and flow visualization system.
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d=40 mm
? Circular pipe Square pipe
Water p,, A-A A-A

Fig.3-2 Details of test pipe.

33. EBRHERRUVOEE
331 EEEFHDIIBT2RBEOHLE

Fig.3-3 ICRNLEH FE AR T O ME THRAT 515 1M H o A Bt O i A St
EHEH SRR T, BRI, LA/ VX% Re=0~6,000, HE/KIRE 0~
37%DHFIPH TEAL S, IR OWRASIE & PEHSIRE, LIF 2 X 2 Wi AT
BBENDFM L. MEORKEIZ I ELFRUMERTHLN, mLA VX
SEI VBT 72 7 R 2 A & 7.

MEDMELZHEE S ERN S LIF L BIE L, RN ET LT
N— R LA VA ERD . K7 v — REGEIBCTIE, WA oE
X BIBMEAICK L, BADOKEBRNRELI D0, SHBRESBEN
TN, w7 — REME TIX LA 2 VXU b & A W O A A
BT L LT TE o, REEILE H O Wi Tlc BT 5 REE R
BEARICE > TRAET D, 22T, KBFEOMASZLELEHEEOE
2TV VA, RV A VA BOBHRCHRAETH. —EOESIRESME
IZBWT, bmEmWITL— RENL 7 — R & LA v ZEREAT
LDl REPITE R IMAREL Y IRV T L — FETHEAT D, FERIS,
KOHBBENT L — RN 70— R E LA 2V XEBREINT % & PR
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AEFMFELVEEWVWT L — FETRBRAIHELT S, 20 XT Y 28
LOFLEIIZRTE O NSO ENCER TS0 THDL EEZ LN

%. Fig.3-3 [Zixto=d, EZ 40mm oEWEORER LR L. &

WETIE, MO#EESMOEET, BMALHBREHFIZEVENT L—R
B~ BETDHZEB N5,

Fig.3-4 |21, & & &£ 800mm & 40mm O R 5 —H>DIEFIBEICBIT
DRI DOWANGI E BN SN2 RT. ME LRI, LA VX E
Re=0~6000 £ T, H/KEEZ 0~3.7%DHH TLIL & THEREZIT-
. THDHDORERNSG, WA AW R T R A & PR B R S TE o
mEROKEEZZ T T, HELXVLE IV —FE~BE# LI &b
5. Flo, BRARBBEFMITEOBEBIRICE > TEML, ZHIFXES
BEOAEBSRBROEAICL D bDOEEEZLND. ZHITHOWD
TIX 326 L 33HiTHRAET 5. EIRER IR EMICe AT Y &
ZANFEET AN, ELWEE I 27U RIINEL D T
Fig.3-3 DMETHRETH S, AL EMITRE S 40mm O E W
BTHRIKIZIKZ V=R~ 7 ML=, ERFEEICRBIT 2L
MEOCZEIV b EEW I L — RETHAEAL, FLERAEFHLEROEZE
Lo TEm7 NV — RETHRERTES.
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Fig.3-4 Onset of exchange flow in square pipes
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332 HELEFEEICKIT DD AIHAL

Fig.3-5(a)-(d)i% LIF 1T & % M4 % i o 72 1% 1 i oo ) 1 i o AT AL {5 oo
—FTH D, AIHELEGIL Fig.3-3 FDORE 3 7% DT A ETHEEO 7 v— K
BE LA NZEOMAEDESRNTiREY L. ISUEEGR@IEEZE ST
DJE Pt Re=500(Fr=0.12)|Z35 17 5 AR DBF AV E Ch 5. ME OWri .0
IZBWT, EWNICEMER Y — D FET D ERNbnd. LA J IV RENR
1,000(b), 2,000(c), 4,000(d)& N5 &, hx ’W%@ffﬁf%i w72, BEm
(OB OEIIIS S 7o > TR Y, ZHULEIRICH D - THEBEH L EN~O
ADD & —ET 5. Wi Z— OBV A VRO, FRE
T DIEE X 77—V ORWITRE LTV D, 2 b OFESIZELRTO LIF 7]
UL OHE THRKICA LS.

Fig.3-6(a)-(d) XA U3 IR EE 3.7% D /KICE T 5 EHE TOE e
WO Ok o LIF AiIf bEGR TH 5. TE OB O BRE ST
Fig.3-5(a)-(b) & [FI £k T & 5 . 5 O ¥ £ O EE I mE W id ik o A o X 95 7z
RHIE D T 7R R Fig.3-5 OFED S —ALRILCEIC T — Kk
LA JVRBOBIZENEND. L, EFEFICEIT DB
X VBHEIC, BOMAELEBER R RAMAE CBEIND. T IVIEA B &
WCBWTLHLEWHREROZENR NS Z & 2T,

0.5

yld
(e

-0.5

-0.5 0 0.5-0.5 0 0.5-0.5
x/d x/d

(a) Re=500 (Fr=0.12) (b) 1,000 (0.25) (c) 2,000 (0.49) (d) 4,000 (0.98)
Fig.3-5 Flow visualization of exchange flow in a circular pipe (C=3.7%)
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(a) Re=500 (Fr=0.12) (b) 1,000 (0.25)  (c) 2,000 (0.49) (d) 4,000 (0.98)
Fig.3-6 Flow visualization of exchange flow in a square pipe (C=3.7%)
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A NVAE s TV —FEPREL RDIEEFHREITEHLS D, BEE
IS o TWD, EFBEOREIT Fig.3-10~12 12 L7=. W<
OMNDTN—FRELE LA ) NVZEOMBEDLERBWT, HOKE THO 7
V— REOEEITEY, AERRIZCBITH2RENEMLTND. oF
D, Fig.3-9 DHEENA TIL-oZ D Lbnd L ole, FHREESIIEH
TmEm <, BEmEAE TRy, ZHRIEHE I ku%wv—%éﬁzk LA
VRO, BEREEESBERTOFEKICELTBY, &7
N— R L VA I NVAEOMABEDLEICEB T 5RO IR Z R L
TWb. —F, BEE&BNI 7 LV—FKEE LA 7 VXEOBEIMZHEY, B
EEHTERRTHEA L, KVEBERMIICEEE>TWNDZ &R
L. TR ORAITE VA IV XN I T B BE AT O fE I
WHIRSN D Z EZ2ERLTBEY, REIOEHELRE S NEPLTHS
A6NDHZEERLTND. T LTE LA VRER IO EE [ {F3E O
WTEWIRNDOEEN RO D.

ERFEEICB T DRES OIS LR Z NN Fig.3-10,3-11 1T 7R
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BN A2 RT. T—FEE LA 7 ZBOEMICEEY, BN OEYE
BRI 5. Fig.3-7,3-8 THEOHEAICE LA / LV AITE W TE
HOL TR EZ B O 2 LS v A3, _nimﬁ%@@%é\f‘%ﬁﬁ%fv
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Fig.3-7 Mean concentration of exchange flow in a circular pipe
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Fig.3-9 Line profile of mean and RMS concentration in circular pipe (y/d = 0)
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Fig.3-12 Line profile of mean and RMS concentration in square pipe (y/d = 0)
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Fig.3-15 POD modes of exchange flow through square pipe (Re=1000)
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Fig.3-16 POD modes of exchange flow through square pipe (Re=4000)

Table 3-1 Fluctuating energy level of each POD mode

Re mode 1 mode 2 mode 3 mode 4
Circular 1000 25.8% 20.2% 6.2% 5.2%
pipe 4000 14.1% 9.6% 7.4% 5.7%
Square 1000 23.9% 20.5% 6.7% 5.4%
pipe 4000 9.2% 6.0% 5.6% 4.8%
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Captions of figures and Table

Fig.3-1 Experimental apparatus and flow visualization

Fig.3-2 Details of test pipe

Fig.3-3 Onset of exchange flow in circular pipe

Fig.3-4 Onset of exchange flow in square pipe

Fig.3-5 Flow visualization of exchange flow in a circular pipe

Fig.3-6 Flow visualization of exchange flow in a square pipe

Fig.3-7 Mean concentration field of exchange flow in a circular pipe
Fig.3-8 Fluctuating concentration field of exchange flow in a circular pipe
Fig.3-9 Mean concentration field of exchange flow in a circular pipe
Fig.3-10 Horizontal distribution of concentration in a circular pipe (y/d = 0)
Fig.3-11 Fluctuating concentration field of exchange flow in a circular pipe
Fig.3-12 Horizontal distribution of concentration in square pipe (y/d = 0)
Fig.3-13 POD modes of exchange flow through circular pipe (Re=1000)
Fig.3-14 POD modes of exchange flow through circular pipe (Re=4000)
Fig.3-15 POD modes of exchange flow through square pipe (Re=1000)
Fig.3-16 POD modes of exchange flow through square pipe (Re=4000)

Table 3-1 Fluctuating energy level of each POD mode.

43



TAE iR

44

Rl

il



H
o
11

BEERERTICRBERERZEH S & EBEORRZEMED D ER
IEMER NS EE BT H. FCH, BEICKEINLEZENDL O L
DO IEFHARPT ~DOFZNIERICB O TIEENSREEZEE LT TV aIC
L nb o, FAEBENLEN~DWIRER TH D Hr R ABL RN
BT L. ZOBRBIIRFNIREFTICHBIT AEEFERKAKKRICBIT H=
NAND BN G E BEICER L TBY, L 0MERROIZDBERD
PR N ML E L STV D.

KR TITEBEEORLENEZEIFENERER G L L, LA VA
E TN — R EZAL S TMEIRIC PIVICE 2EESFHAE LIFIC K DA
FbZ@EH L, BRBARBLEZOREADI =X LIONVTEREIT-
oo FRIFBEEEONEBRAME - EAREICELESE, TnENLE
BOBERESTITY. £, TNZTNOEICBVW T2 DDOMEOEEHEL
EREEZ B SEDLZETLA VNV E 7V — PR L ICEL S
.

1. BTOERMIZ LIFIZ XD b Z21TV, RO A S & £ DO
AN RS EEZHA SN L. BRERTIZILA 2 L K
DI, JEA - FEHAER TE 70— R T Rb bR~
J— REHIEINT 5. Loy UELIR s TIE i A Sk & HEH S 133
HICHWEZRL, VA VAR OREEZZ T TIC—EDMHE L 7
5.

2. TNOLOFRITIMNELEFBEOELLOBIKRTHEN S 73,

WTHOEELHAEOLA LY b ELARE OSSO TN &R~

N— KR e EEHOMNI L. ZHNIZEFEEOMAE %218 -

TR DB Z T TCNDEDTHD.

Jog Vi AR CIE AR B IC K » TN DOIRE BN A L, BEm Aoy

HWE N 2720 EAE T RE BINT 5. GLRIC W TIXEE

AP T O/ S WHEI CTHRAET 2 72 DB BEAT T O A B O 8 KX

<78 %.

4. WREL O POD ENTIZ L » TR L A / VXEIT BT 2 Lt o £ e —
R F —F— NIE N O W T om0 KRB ZREARHIC XK > T
ME, EFREELLORAMERT. KBMIKOREIL T L— N

45



H
o
11

ELA I NVABOEIMIZEWED L, @LA 0 ZEERIZB W T
BEEAHTICHIBRE N D, —F, @b A VABICBITDIEFBED
AR NLE Wi R O BB & FBE T ICHIR S 5 .

46



B & U

Adrian RJ, Ferreira RTDS, Boberg T, Turbulent thermal convection in wide
horizontal fluid layers, Exp. Fluids 4 (1986) 121-141.

Anwar HO, Appearance of unstable buoyant jet. J Hydraulics Division HY7
(1972), pp. 1143-1156

Berkooz G, Holmes P, Lumley JL, The proper orthogonal decomposition in
the analysis of turbulent flows, Annu. Rev. Fluid Mech. 25 (1993) 539-575.

Brown WG, Solvason KR, Natural convection through rectangular openings
in partitions (vertical partitions), Int. J. Heat Mass Transf. 5 (1962) 859-868.

Chen CJ, Rodi W, Vertical Turbulent Buoyant Jets: A Review of
Experimental Data, Pergamon Press, Oxford, 1980.

List EJ, Turbulent jets and plumes, Annu. Rev. Fluid Mech. 14 (1982) 189
212.

Cooper LY, Combined buoyancy and pressure-driven flow through a
shallow, horizontal, circular vent, J. Heat Transf. 117 (1995) 293-312.

Epstein M, Buoyancy-driven exchange flow through small openings in
horizontal partitions. J. Heat Transfer 110 (1988), pp. 885-893.

Epstein M, Kenton MA, Combined natural convection and forced floww
through small openings in a horizontal partition, with special reference to flows
in multicompartment enclosures. J. Heat Transfer 111 (1989), pp. 980-987.

Fujisawa N, Matsumoto Y, Yamagata T, Influence of co-flow on flickering
diffusion flame, Flow Turbul. Combust. 95 (2016) 1-20.

Fumizawa M, Experimental study on flow-rate measurement of buoyancy-
driven exchange flow, Nucl. Technol. 109 (1995) pp. 236-245

Fumizawa M, Kunugi T, Hishida M, Akamatsu M, Fujii S, lIgarashi M,
Numerical analysis of buoyancy-driven exchange flow with regard to an
HTTR air ingress accident, Nucl. Technol. 110 (1995) 263-272.

Funatani S, Fujisawa N, lkeda H, Simultaneous measurement of temperature
and velocity using two-color LIF combined with PIV with a color CCD camera
and its application to the turbulent buoyant plume, Meas. Sci. Technol. 15
(2004) , pp. 983- 990.

47



Gono T, Syuto T, Yamagata T, Fujisawa N, Time-resolved scanning stereo
PIV measurement of three-dimensional velocity field of highly buoyant jet, J.
Vis. 14 (2012) 231-240.

Ichimiya K, Saiki H, Behavior of thermal plumes fromtwo-heat sources in
an enclosure, Int. J. Heat Mass Transf. 48 (2005) 3461-3468.

Jaluria Y, Lee SHK, Mercier GP, Tan Q, Transport process across a
horizontal vent due to density and pressure differences, Exp. Ther. Fluid Sci.
16 (1998) 260-273.

Kiuchi M, Fujisawa N, Tomimatsu S, Performance of PIV system for
combusting flow and its application to spray combustor model, J. Vis. 8
(2005) 269-276.

Leach SJ, Thompson H, An investigation of some aspects of flowinto gas
cooled nuclear reactors following an accidental depressurization, J. Br. Nucl.
Energy Soc. 14 (1975) 243-250.

LIN YJP, LINDEN PF, Buoyancy-driven ventilation between two chambers.
J. Fluid Mech. 463 (2002), pp. 293-312.

Liu Z, Adrian RJ, Hanratty TJ, Large-scale modes of turbulent channel
flow: transport and structure, J. Fluid Mech. 448 (2001) 53-80.

Maeda A, Fujisawa N, Syuto T, Yamagata T, Experimental and numerical
study on onset of inflow in near field of buoyant jet at low Froude number. J.
Vis 15 (2012), pp. 67-75.

Maeda A, Yamagata T, Fujisawa N, Onset of exchange flow in combined
buoyancy and forced pipe flow in unstable density gradient, Int. Commun.
Heat Mass Transf. 70 (2016) 9-14.

Maeda A, Fujisawa N, Muramatsu H, Characterization of exchange flow
structure in vertical pipes of circular and square cross-sections under unstable
density gradient. Int. Commun. Heat Mass Transf. 11 (2017), pp. 81-88

Mercer A, Thompson H, An investigation of some further aspects of the
buoyancydriven exchange flow between carbon dioxide and air following a
depressurization accident in a Magnox reactor, Part 1 and 2, J. Br. Nucl.
Energy Soc. 14 (1975) 327-334 335-340.

48



Murali R. Cholemari, Jaywant H. Arakeri, Experiments and model of
turbulent exchange flow in a vertical pipe. Int. J. Heat Mass Transfer 48 (2005),
pp. 4467-4473.

=H K, it ET, B BR SRV A — A T — ADOELITE
WEICET 2 EBRMZE LTS ICE 5 405 5 (1989), pp. 79-87.

=EH W, i EFD, B BE SRV — AN TN LDFEEHE
BB I T 2 MRS & E AT ICB T e AR SRR F
405 5 (1989) , pp. 165-174.

Pamps N. Papanicolaou, List EJ, Investigations of round vertical turbulent
buoyant jets, J.Fluid Mech 195(1988), pp. 341-391.

Pham MV, Plourde F, Kim SD, Three-dimensional characterization of a
pure thermal plume, J. Heat Transf. 127 (2005) 624-636.

Prahl J, Emmons H, Fire induced flow through an opening. Combustion and
flame 25 (1975), pp. 369-385.

Prourde F, Pham MV, Kim SD, Balachandar S, Direct numerical
simulations of a rapidly expanding thermal plume: structure and entrainment
interaction, J. Fluid Mech. 604 (2008) 99-123.

Rigas F, Sklavounos S, Evaluation of hazards associated with hydrogen
storage facilities, Int. J. Hydrog. Energy 30 (2005) 1501-1510.

Shabbir A, George WK, Experiments on a round turbulent buoyant plume,
J.Fluid Mech 275 (1994) , pp. 1-32.

Sharp DB, Shawcross A, Greated CA, LIFmeasurement of the diluting
effect of surface waves on turbulent buoyant plumes, J. Flow Control Meas.
Vis. 2 (2014) 77-93.

Sirovich L, Turbulence and the dynamics of coherent structures; part 1
coherent structures, Q. Appl. Math. 45 (1987) 561-571.

Sleiti AK, Effect of vent aspect ratio on unsteady laminar buoyant flow
through rectangular vents in large enclosures. Int. J. Heat Mass Transfer 51
(2008), pp. 4850-4861.

49



Subbarao ET, Cantwell BJ, Investigation of a co-flowing buoyant jet:
experiments on the effect of Reynolds number and Richardson number, J.
Fluid Mech. 245 (1992) 69-90.

Tan Q, Jaluria Y, Mass flow through a horizontal vent in an enclosure due
to pressure and density differences, Int. J. Heat Mass Transf. 44 (2001) 1543-
1553.

Tanaka G, Zhang B, Hishida M, Effects of gas properties and inclination
angle on exchange flow through a rectangular channel, JSME Int. J. 45 (2002)
901-909.

Watanabe R, Yamagata T, Fujisawa N, Three-dimensional flow structure in
highly buoyant jet by scanning stereo PIV combined with POD analysis, Int. J.
Heat Fluid Flow 52 (2015) 98-110.

Séon T, Hulin JP, Salin D, Buoyant mixing of miscible fluids in tilted tubes.
Phys. Fluids, 16 (2004), pp.L103-L106.

Syuto T, Fujisawa N, Takasugi T, Yamagata T. Flow visualization and
scanning PIV measurement of three-dimensional structure in near field of
strongly buoyant jet. J. Vis 13 (2010), pp. 203-211.

Tian X, Roberts PJW, A 3D LIF system for turbulent buoyant jet flows,
Exp. Fluids 35 (2003) 636-647.

Watanabe Y, Hashizume Y, Fujisawa N, Simultaneous flow visualization and
PIV measurement of turbulent buoyant plume. J. Visualization 8 (2005) , pp.
293-294.

Zhou X, Hitt DL, Proper orthogonal decomposition analysis of coherent

structures in a transient buoyant jet, J. Turbul. 5 (2004) 1-21.

50



A

A SCIE, IR R RSB H AR 2O IE R« MOBHERE & X 7 L A Bk
FBIEAT AR ISR E EZHEDOEEOL LICELDOONTE LD TH
L. FETOTHRBLR LI LT, WSEHLBILHBE L LT X
7.
F7o, WMXORIAEZHY L TV W 2B B e & ISR R 3210
BBz, M-, MRABEHERICIE, EREHH LBILHR L ET =
ER

RERHELREZE T LeaBRlc A, BEEREEET L aEEMN
Sh, BEZELE, aEESA, &FFHE, LMz 2RE LA
R, TOMBEOERICIE TBILB L BIFET.

51



4k

N

fH&& A BEZAEFIR L ZBREORASMICRE T 5 &5

52



4k

Al fES

IRE AR DS ® B EOF LR~ b E )& i & I
HE, REERBEARIZELYD ) ANVNET~ODRANREAET S, ZOR
22 E BB IE FL AR BF 4T (Brown and Solvason 1962; Brown 1962) ® A Tl
<, LEMMABIZBWTHLHETHIZY, ERLPIIBITL2E LA

%k ge & JE B IR FE 2212 K J 5 it 4L (Prahl and Emmons 1975)<° 51 )

FEEATIZ I T 2 747 OWJE S O FR & 72 2 m J I ECE o k& (Leach
and Thompson 1975) 72 E OO R L SN TE 2. £ D%, KL BIE
KIZEDEBRNPO R OPWHIZEA L T, / ANVDOE I X DR E

DFAHRLFNL D /R E — 2 DI OV TR & T 5 (Epstein 1988,
1989). ZALLLK, S D SR IR R 2 BRI 2 72 D DM FE T O
AU T & 7= (Tsuru et al. 1998, Cholemari and Arakeri 2005)723, £ D3 & AL
IR EDOERLIZERZY T TWVWD., LERn-> T, MABRORAE
WX T D W E O AT+ I STV g,

FHERITFENC L > TRAET IHOBBEORNATHY, / Ahb
HERLBEOREKER~EA) LM IZHAEZEL LERICRETD.
ORI RWNHEEITREZIZ L > CTARALERBEAR LRI 57
W, BEONSE CTHEE ISR TWS. I OO AN 22 F %
\Z 2V T X Chen and Rodi (1980)<> List (1982)iIC L > TE & H LTV
5. D%, B OELT R & F OREE IOV TIE Papanicolaou
and List (1988), Murota et al. (1989), Subbarao and Cantwell (1992), Tian and
Roberts (2003), Funatani et al. (2004), Pham et al. (2005), Watanabe et al.
(2005) , Prourde et al. (2008)72 &£ < OMFZE N SN TW 5. AL DOHFZE T
X, BHEROBEREEAD =X LDV TEMFET 5 ECEERESE
ERETEO, BHEROEE LIRE - RBEORKFHMICERNHTH
nTwn5b

ML/ A B E ) L) & 1 JE B ORI IRAE T ICIEN D &,
RLETE TR FEAFRAZ X o TR T/ AV A~DRABFEAT S 7
W, WAKZELHmMEITHAKTICEHSE2E R TTOATZ. ZhiZ
£V 7 — FE Fr=0.58 (235 \F % 7% S MG it e 05 O W EE 55 7> & it A D FE R
DHER I, ZOBRIZES>T /) ZAVHNIZBWTERN S ELIE~DER

53



fHiR

AL, ELME ISR AAE T D Z & BB S 2T 7% - 72 (Syuto et al.
2010). ZOBBICHOVWTIT LA IV AENREIEROEBL A /LK
kv LK< THRAET D (Anwar 1973, Ungate et al. 1975).
AREDHWNIR 7 Vv — FEF IEREF ISR T D 2 ZVNE~D A
REREOBAZHEZERBLOCEME I I 21— a3 VITKOVBHALMNC
TLHLZLETHD. EFBRTIIMASZMEITIAF Y= LIFICE>T3RE
RESZMNEST L. £, EFBRERZER T L2202/ A0 Tolt
NOGBEZ L > TIMABELDZ LIRS L THMEY I 2L —va v
AT o T

A2, ERFEBRVUFGE

Fig.A-1(a), (b)ITIE 7 /v — FEHIIZ I 1T 2 V% T W D it N LR & 78
A XD EBREEZ RS, EBRITHEHIE L KB TICE ) L
EFEENG @SIBRAZEH S ETIT Y. EEREICEKkEHANS. K
EOBHBAKTREE= Fr—J10 Ko TG L2, &IEAKIE 20mm X
20mm DO Wi T 420mm O R SO IEFEENOKE~ELNLDL. /S AL
DESIFBICK L THDICELSERE LD XA TIEHoic B
LW e 2%, BIRMAIT/AKTHRZ L7725 S 460mm, 400mm X
400mm OFT A RZ 7 RIZIEN D . FEBROT A NEy IO AT AL
DT 7 VAVBIEMEHZ L > TERH LR TWD., Z0LEELFEE
MEBEICB T DRIBREZR/NCIMZADZDRIBAT 7 — LI k> THiE &
fToTW5.

TANZ U TIEEBRPIC—EDIE N~y REFROTD, KD
420mm ICHEH O 23T TW A . miREAEOREIXESFEE D TR
KWL THET D, KOWEEIZT A XL 7 OEICHE LI OE
LS THET D, /AVHOICBTA2MEOREBEFH LD, L
A VA% Re=100~1700 I b S 7. NHEIED 7 v — U
Fr=0.6~2.7 £ TEfL 7. RWETIIMAKDIRE % 288K (ZH — L,
K& 291.6~302K IZ A L S TEBRAZIT 72, - T, MAVOIREE =
1% 3.6~14K D& TEALT 5. WABGE DR LT EE CMOS U A T

54



4k

ETTNN) AFX T HZNNVAY 2 XL —FTHIEL, AF v =7 LIF
VAT LML THET D

Ao AT lppm I FA R L7ze—4% I 6G &# AV, 5W D Nd:
YAG L —H—D>— "EMKFNTHZ L TITolz. 3Ltz AF v =
VI LIF VAT Ao Tt AXF v U T HMmE &2 IZIEEATICT S
72K 5 600mm DAL EICEKE L., L—F—— FDEZITK
1mm T, Y~ FORKAEIIE2ETHD. MHEEHOBEITIZT L —
A =)L D 1280 X 1024 O 4y fRfE, 1000 7 L — A O & EE CMOS 4
AZ7%H0WDH., = FD1AF ¥ L3lms TLH T LIZITo 72
FIQA2 ICAX Y=V 7 LIFOX A I 7 F ¥ —bFZ&2xT. 3lms DA F
¥R KDOEBFE LA A—VE Ims TEI/REL, arEa—X
~NMEET S, 22T, 1 AXR Y DM 3Ims TR E LTV D
BRI L, +oRERLHRTETNS.

55



4k

Test tank

V|Z cw Iaser

X ’

.71 600mm 0<—-~0ylindrical lens
Eod
o=t Galvano scanner
Long pass Filter__~ 3 | Pulse generator
3
s N Flow meter  Pump
7
High-speed camera Tank
| [
Setting chamber

(a)Experimental setup

i Plume
:(d|rect|on@

CW laser

Cylindrical lens

fagthe

Nozzle

<<
<«

Y

820 mm
Galvano scanner

/
Target area Ao _
(20X10X20mm) y o «— Long pass filter

_ﬂ High-speed
camera

(b)Top view of scanning LIF system

Fig. A-1 Experimental apparatus and scanning LIF system
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Fig. A-2 Time chart for scanning LIF measurement

z [mm]
|
|

A3 FfEvI=a=v—va &

IR Z ELFBE PO BT ICEE S Ee &L IR ET H1RT)
EHICOWTHEMY I 21—y a2V TEET S, FigA3I1cv 3
2 —var THWEHEK T (48Xx128X48) # xd . FHHEMEIKO K
X XX 5d(x) 16d(y) 5d(z) & L, y FmHLE s Avfine Lz, i
XL T HFEXI3IR ST A =27 XA FREATHS.

apu + (u-V)pu=-Vp+uViu+f (1)

FIEyYy HHDHFRRDILT f=gqb(T-T), THOHHLEIND. —F, =*F
NE—FEAE (2) Kckanbd.

2L+ (u-V)pT = KV2T (2)

b oFRERATEBGME TR EMASDE TREMICMHLS. 2oL &
WMRDOBEE ERENEEORMEK ELTWD. 2 XV A OOEEREMIE

FERICFHE LT IEFEE Ol (Knudsen and Katz 1979) O 3 & 43 4 43 T
o THELGN, BEZXZ-TEELTWS., BEHERASMEZTIT XL E
L, AHOEEOEEIZTNEOLE LTS, HEYIa2L—va D
HHMEIZ L DM WEHERK T (60X190X60) THERL TWDS. LK
E D 2813 8000 IR D% IZWA T 5. A Y 7 MiZid CFD2000 % H

VY, FEHTRE R IX TECPLOT IZ L » THFEA L L7z, TIEAFZEIC L b, W
OB IGRIT 7 AV H DIZ BT D WAL OB A b L7z

57



4k

y/d

Fig. A-3 Computational grids
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(a)z/d=-0.47 (b)z/d=-0.4 (c)z/d=-0.2 (d)z/d=0 (e)z/d=0.2 (f)z/d=0.4 (g)z/d=0.47
Fig. A-4 Scanning LIF visualization of buoyant jet in x—y plane (Fr = 0.6, Re = 200)

(@)Fr=2.5(Re=830) (b)Fr=1.8(Re=600) (c)Fr=1.2(Re=400) (d)Fr=0.6(Re=200)
Fig. A-5 Three-dimensional concentration contour in near field of buoyant jet
(instantaneous snapshot)
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Fig. A-6 Cross-sectional concentration field at nozzle exit (instantaneous snapshot)
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(@)Fr=2.5(Re=830) (b)Fr=1.8(Re=600) (c)Fr=1.2(Re=400) (d)Fr=0.6(Re=200)
Fig. A-7 Three-dimensional temperature contour in near field of buoyant jet

(instantaneous snapshot by numerical simulation)
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(@)Fr=2.5(Re=830) (b)Fr=1.8(Re=600) (c)Fr=1.2(Re=400) (d)Fr=0.6(Re=200)
Fig. A-8 Cross-sectional temperature contour at nozzle exit (instantaneous

snapshot by numerical simulation)
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Fig. A-9 Stability diagram for onset of inflow in buoyant jet
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Captions of figures and Table

Fig. A-1 Experimental apparatus and scanning LIF system

Fig. A-2 Time chart for scanning LIF measurement

Fig. A-3 Computational grids

Fig. A-4 Scanning LIF visualization of buoyant jet in x—y plane (Fr = 0.6, Re = 200)
Fig. A-5 Three-dimensional concentration contour in near field of buoyant jet
(instantaneous snapshot)

Fig. A-6 Cross-sectional concentration field at nozzle exit (instantaneous snapshot)
Fig. A-7 Three-dimensional temperature contour in near field of buoyant jet
(instantaneous snapshot by numerical simulation)

Fig. A-8 Cross-sectional temperature contour at nozzle exit (instantaneous
snapshot by numerical simulation)

Fig. A-9 Stability diagram for onset of inflow in buoyant jet
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