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Several heat transfer correlations have been reported related to single-phase
opposing flow; however, these correlations are based on experiments conducted in various
channel geometries, working fluids, and thermal flow parameter ranges. Therefore,
establishing a guideline for deciding which correlation should be selected based on its range
of applicability and extrapolation performance is important. This study reviewed the
existing heat transfer correlations for turbulent opposing-flow mixed convection.
Furthermore, the authors evaluated the predictive performance of each correlation by
comparing them with the experimental data obtained under various experimental
conditions. The Jackson and Fewster, Churchill, and Swanson and Catton correlations can
accurately predict all the experimental data. The authors confirmed that heat transfer
correlations using the hydraulic-equivalent diameter as a characteristic length can be used
for predictions regardless of channel-geometry differences. Furthermore, correlations
described based on nondimensional dominant parameters can be used for predictions

regardless of the differences in working fluids.
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[2]) #HEH LIRS AT LfifHr 22— K TH 2% TRACE (TRAC/RELAP Advanced
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EERMBASAE T DL A Null 2L 72, Jackson and Fewster #HEBI=IXEIRMNEGER (2%t L
THHEHAMRETH D Z ENERPICHBE SN TS (e.g. [24]), BERFMFOBERVWHBEREIZE
2D HWEENT2 L T2 DRep LGy I AT L, Joye [25)IC XD ERe, UL TFTOXTHZOLNAELY
RE T IVUTINESE S A DiE DB I L7220,

W=

O.36{Grb (%)3} |

Pr,

(18)

Reb =

S win

2.1.3 Aicher and Martin #HEI =

Aicher and Martin [1]11% Churchill #HB:. (Equation (7)) & [REE727 7 v —F T, Fhililxf
AR MBI & BRI BMR RO NS E W, BE OERFE R LV 2 0EHE vk
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E LTz, EREEICEMABEE L R-oTEY, 77X M7 v a ViIZWIOMENT, Sl
MR TR SR S 2 5 2 2 7o O @R TP TV D, BRERGE 2 #R9~5 NI O ~Hk
X, TNENNED & E XL, (D,1L)=(27,2000), (D,L)=(37,2000), (D,L)=(37,920) mm @ 3
M CTH D, RERIKRIIAKTH S, Reynolds B OMMEME I, A0 H MIEEORR Y & LTE
FINDFEE L7 I Rayleigh 2O NS I ZBE R FE & ¥V 7 JWEORMEETH 5
PR 2 N e, st & il b 97 2 BV EM B E L TR 2B LT,

Nu, = ’Nu}%t_b + NuZ, . (19)

SRS L2 ek 3 2 VAT B AN wpy p | I ELIE DY D BRI E il 7THE T % Gnielinski
K [26]% V7=, Gnielinski O TlZRe, > 1.0 x 10* D 52 &R ETLFTIC KT L TLL F O X% v
%

3
1+127 [ PP -1

f = (1.8logRe, — 1.5)72. (20b)

L Re, P 5
Ny, = B ;b ( rbz >{1 + (%)3} (20a)

7% Equation (20)1Z1Xcx MVEEDIREKRFNED 7 7 7 X —(Pry [Pr, )" E 415 73,
Aicher and Martin [ZH Y BRWTW 5 [1], ZAUTIREZEN K E < 2o BRI ZEM M 7R EE AR
K= REMIET2HTHLTED, BEENPKES RWERETITEHATE S, BB (23X
103 < Re, < 1.0 x 10%) {368 it 588 1) o 3t AF B AN wy & ELIE SR e i AH B AN g, @ Nusselt 2
ZLUTOXIICHIFET 5,

Nugep, = (1 - y)Nufl'blRebzzsoo +yNugep Rep=10000’ (21a)
Re, — 2300
_ _ 21
¥ = 10000 — 2300° (21b)
Nuyy i3 Graetz # (Gz, = Re, Pry, D/L) ZJHWT [27],
1
, 5 , 1 373
— 3 3 3 _

Nug,p = |3.66% +0.73 + <1.615sz 0.7> + (1 " 22Prb) Jezmb |, (22)

ELE B SRRIE O FH B Nuy, p (2% L Tl Churchill and Chu [17]0 % HiZ, Aicher and
Martin H & 28 NHE G B R OBEEMF 8 O BT — % [18,28-32] 7> & B #A %t it 3 fid
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(Rag***/Rey® Pry* > 0.2) Tdh % b D2l L TREZ FIRE LI TRz vz,

16

9\ 27
0.492\16
Numﬁ=0122m#3“[1+( ) } . (23)

Prb

2.2 EEFBFE
2.2.1 Swanson and Catton (JHT)#HBI=

ARETIE, ERERBHEOENFOUORSZX Yy v 7, RVWFTOLOR S 2 EKiE L 0T
5. Swanson and Catton (JHT) [11]i% 108 cm X 4.445 cm X43.2 cm  (E & X X+ v 7 X1i§)
DEBZ 7 SOz 7 4 /b bt — 2 TEHEBGRAMEL L 7t i &b Zia £ L, LT
T ZIRE L7, Figure 20013 2 B E ORBREE 277 LT 5, RBRIIKIC
Freon-113 Z# MW /o, fRER SITITK I FANER, KRR FI26r/Re?Z& HIV Tz,

N 1.39

Nu—1o+09@(cr+1» (24)
Nag 0T Re ’

NuylZiX. Petukhov and Kirillov B85 (Equation (16)) % A\ 7=, AW HEEILZ S 7 FF
PR EE 22 O TRl & 4172 [83], BRI Pric B3 2k FE % & £ 7. Freon-113 LIS RBRT
RIZK 2 2 41X Swanson and Catton |2 & » THERR S LT 7y, EFE Table 2 O #iH
CTHEBRANCZGMEDPBREE S Lo, FEBRAVICZ Y PEMERR A3 72 S 40T 2 SRR - o i I

09 < Gr <30 (25)
' Re? '

Equation (24) ® EEAHBIR T % K9 % L 912 RELAP5. TRACE 123517 % ELi#EA 5t i D 24
MR E LTERES TS (2.3 i),

2.2.2 Swanson and Catton TJHMT)#H BE =

Swanson and Catton [34]133% i 57 B 56 4 % A2 A XIS H L CEVRER O #4258
L. HO2%EM L7 Freon-113 Z W AETEENEROM R (2.2.1 ) 2 AW THGHAO
R % FIRET D 2 & TR ARE Lz, Figure 20)1 X8I 72 FEI S O R BREEE 2 /R L
TV, BEEITEIGTRER S Ch 5, K EHTEEMIL Danckwerts [35]723 %R A 1235 1)
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HURAR~D H AW BIEIZ % L THID THEZE L7285 C. T & Hanratty [36]5° Thomas [37—
39] & DSBEELGRIT KT U CH A - F8 IR S W70, Kb BB BEGR CIIMBEE T 5 2 3\ T KRS fE
N OWNRTRIRSE DA BRI RN SV 7 Otk e AhED L (Rmo R & TSRS
D2 EDPREINDALEORZNT BT, BEEFIHAIE L TV 5% < OWIRSLIZ oA
TEREH) ZFF O L RESIND, HEv, JENP, IRETREOYEELZRTEHY = (v,P,T)EE
AL, U TFOXTHREEEYE ERT D,

1/7=f Y(t,y)p(t)de, (26)
0

Z I CyldBEE A U TR G A, IR, pOIRIMARBE N EEmICEH L T 6 0k
BEREICET A 0B TH D, Danckwerts DT o F AEAMEFRSA DS —FICHW 6 5,

1 ¢
o) = ;e_i (27)

TR LM ER Ch 5, 2 2T, MMM —E., IEEMIL, Sl Eii, R
B, 7R AR, =R XXMM TR A~OBEOEEIT/NI W EIRET 5, BEH
W CRNL T DB B & =2 X O LR TR Z T, 0 HooTHESTHE. LT E
5,

oP Gr - 1 9%

S G PR oL et (282)
1 - _ 1 0°T
F 7T = 5oy @se)

2T THI AR IR CH D IR E X X 7 N EIRE 2 VR S vz [33],
Pe(= Re Pr)lZ Péclet 28 Ch 5., K HFE (Equation (28)) XU 2 BE R &0 FCTif =
EMTE, UTOMPELND,

Gr

0.5
Nu = 0.0115 Re®® Pro5 |1 + 11 — 696 + 7561 (29)
' Re08 Re26 (Pro5+1)) |

RRT — 2 LR L TREEFRET 52 L T Uro¥HGmALRE L,

039
Nu = 0.0115 Re®8 Pr05 |1 + 11 —ﬁ+8300 Gr (30)
) Re08 Re26 (Pr95 +1) ’

,10,
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SRR BN TR, R AHEPEHETE 50T,

696 \*°
Nuo=:&0115Re°8Pr°5{1-+(1——EZE§) }. (31)

Re > 10000 CiX696/Re®8 )3 M4 ¢ X T, Dittus and Boelter JX . (#7835 Equation (45))
\ZWiiT4 %, Equation (31)% i\ T Equation (30) & #ikk{k92% Lk & 7%,

696 Gr 039
Nu I+ {1 ~Reos T 830075 (Pr5 + 1)}
1+ (1= zgos)

B2 Swanson and Catton (2 K V) SEERAYIZ 2 4 MEHERR S AL 7-%iH X Table 2 O#iH T
&%, Swanson and Catton (L[F] UAIZ oD R 2 HBEXZIRE L7272, Equation (24) &
Equation (30)% Swanson and Catton (JHT) & Swanson and Catton (IJHMT) & L CX B9
Do

2.2.3 Poskas and Poskas #HE§=

Pogkas and Poskas [40]i3 7l D & S BT R S CTHIEA L 72 BB RO SR | EhR

MR ZRR L7, FEBREE S L THWZEEEIL 6260X40.8x400 mm  (EEI XXy v 7' X
) T, RERGIAKITIZEA TH 5, Figure 2IFFERE A @B ORBRIFIRDOKTH 5,

0.8
Nub GTq

=14+165(———— . 33
Nug (Relf's Prl?'8> (33)

HER IO FFPERITIE, ARV ENERS, SV 7 W2 D PRI SV 7 IR TR L 7=,
T 2 CGr i 3REm AR R g, & FVY Equation () TEFRIN D, EBRNEH S ER O
PAIX Table 2 TH X LD, IREZED/N S WRHIVPEME O ZEMBI 22T/ S < G Ty
PEIZ—ELRETE D, Ll BEEDNKRELSRD L REICK2WMHEEOZER AL —
ZEELTAHBEXO T PREER PRITE 2, i@z BT 2 2@ Nuy , (21X, ¥k
EORERFMEZBET 5729012, Vilemaset al. [41]2348R L7z “EAEFICB T 2 MHEXZH
A/

Nuo'b
Nug,

=1—0.744[1 — exp{—K;(0.26F + 0.70K;)}], (34a)

F =1—exp(—0.1%), (34b)

,11,
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1.25(0.01%)2
T 1+ (00182 (34¢)
X
=7-, (34d)
h
qw Dh
Kp=—2 1 (34e)
Tk T Nuy-,

T 2 TxlTE I & OFRBE. Nu, ITIREED /NS SPPEEDR ) — & 77208 5556 O Nusselt
Hchv, UToXEHWD

Nug, = 0.01935 Re® Pr®(0.86 + 0.8%04), (35)

¥, PR A BN U AIMA 2 T R U 7o EE AR PN EL I R RO OO N gnugar &« F3E PRELIE D
Nulpype PN IE . Nu|gnuiar /Nl supe = 0.86(d;/d,) O DR NH 5 [42], = 2 Td; & d, i3
BRENERTHD, REESIEID,=d, —d; TH D, WITERIZHK L Td/d, = 1THDHT=D, =
DALY FAR o BE T ASINER S A 7 SRR R L i 58 1) ek 0 5 ) el U B ZE 3R Nt g pes & FIE D TR
HI5RE W R TE RN U rype D BT IENU prgres = 0.86 Nuu|pyype PBIR B 5,

2.3 BAKIIV AT Lha— N2 2 HHABREMRB o5

Bk AT ha— RIZREENTEZFRICH L TREFPFEEERO S AT L2682 FHIL, #v
VI 2B D RPV BEDIS RN ~EE SRR 2T 5, REICIIREHREBK T > AT A
o2 — R THAHIZ TRACE., RELAP5. TRAC-PF1 |2 FEE I N TW A BRIV EZMER A L
E=z—195,

2.3.1 TRACE

B 5 CHRFTRL T 5 TRACE V5.0/P6 [4lic BT B EERBYRER O 2 EH 3 5
TRACE TILEIR SN EMTIRITIS U TEMEER OV RN R D, Yoo~k
D EVREMBRICR LT, HE., BREOBREMBEALZRINTE 5, TRACE CTIEftEE
SRSV EMERED, Z W5, £7-. Grashof O THW LN D BEDHBEIEE., L
SO IL L 7 B E TR SN 5,

Tube geometry (M i AIR)

MR RIRS N D & EIRIRHEIE by SLUTTREIRIGE hee R E AR Ry L

,12,
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AR hpy DEMRERZZNENHEAEL, b REWVWLONREA SN D, GLITEHE A L
fGEEMERITFEEIN TR, FEYRERIINuOAEX L V& 615, B it x4
% MR EAA B AN upe | I T B R SE TINBA S M- B (238 1T 5 e 8 1B JE T\ k9 2 AT i
[43]3FHVHR TN D

Nufl,b = 4.36. (36)

ELFR AR H 67l L CiZ Gnielinski 22388 & 5 [44],

C
-~ (Re, — 1000) Pry,

Nuft,b = Cf 2 ) (373)
1+127 \/; <Prb3 - 1)
¢s = (1.58InRe;, — 3.28)72. (37b)
ZOROEHEEHIZLL FTO®@mY Th D,
23%x103 < Rep, <5 X 109, (38a)
0.5 < Pr, < 2.0 x 10, (38b)

REZNDRKE VR, HEEORE 2 BB L FPBE L PRI TE 5, TRACE TliX
Hufschmidt and Burck [45] ORI L » THWIMHEOARE —EEZHIET 5,

0.11

Pry Pry
Nugyp, = Nug, (Pr ) for 0.05 < Pr < 20, (39)
w w

Z 2 CTWMEEY — & B e D 5B O Nusselt BNug, (3 Equation BN &V EtHR LD, Z0

KZnEEERE (T, > Tp,) (S L THWON D, HARTRICET 2 BB AL, JEiNu,,
& LN Uy p = AL E N EEHICS T 2 X s s [156],

1
Nunl’b = 059(Grf Prb)4, (403)

1
Ny, = 0.13(Gry Py, )3, (40Db)

::fcrf (TR A BRI, Z LS OWIENE A 3L 7 iR TR L 72 Grashof 8 ThH %,
EEAR OFHBRIT R O F S A FR R & L350, TRACE TIIARERRE SR EMERE
M5, Equation (40b)IZH W\ THER T Z R T 5 & BMRERIIARR S DMWY H KSR
L2RNZ EDRE D 7o KRN FEREREZ VTR Y (2.1.1 i),

,13,
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Rectangular duct (JEFEE I AR)
A ST CILELITEAE A X BVR M B R h, N EE ST 5, MERIR &[RRI, 3t
Ui sRb R i hey ELURIREDS IR hees JEHTE ARG hpy SLIE AT Ayy) &
CICEMAREREZHE L, RO RERBMRERNPERAIN D,

h = max(hsy, hye, g, Bt )- (41)

Je& e B SRk BV 2 D FH BAENuy,; , 121X Elenbaas DX [46,47]03 VWb 5,

3
Ry Ra L 2
Nunl’b = 24Ler Il — exp {—24 <W> }“ ) (42)

ZITCRUIHEBEDX ¥ v 7 Th Do NuypERap 3TN ENR, ELERER S E LTS,
TRACE ClENuy ,Dp /Ry & L TKIJEARERD, I F S < Nusselt HUZEH L THN D, 7 A
7 MBS KR ERBERE OB AIEID, /Ry~ 2Th 5, ERITZERICTH L TRENBRE SN,
Elenbaas (Z X U 204038 S L7 #PHIZLL T 0 Y Th 5,

R
107" < —* Rag, s < 105, (43)

Rag, 3R, 2 fA#E K & & L7z Rayleigh ¥UTH %, J& it 5 il x5t O B A7 BI ANwgy p, (2 55 AT
M S VTR BRI RT3 D fRAT iR 2 N 20 FRATRRIZIRIE 7 A2 ML DB TH 5 A3,
A—27 U v PENATEFT (ORNL) (24 %5 Advanced Neutron Source (ANS)(Z %t L TRHHE i
72 7.63 NFEES LTS [48],

Nufl,b = 7.63. (44)
ELU SR 6 N gy p (26 LTI Petukhov and Kirillov #HB0 (Equation (16)) 23\ Hh
%o HLIEHE G X NUy, p1Z. Petukhov and Kirillov 4B (Equation (16))IZ Swanson and

Catton OFHEI. (Equation (24)) Z#F &b 252 L CTHE SN D, LA S xHiEFE B =X
0.1 < Gr,/ReZ7»>Rey, > 3000 RFIZiHEH X5,

,14,



JAEA-Review 2024-039

2.3.2 RELAP5

RELAP5/MOD3.3 [2]H TRACE & [AldRIZ, BN S A7 B AR IS U T H 72 5 BLAHEL
GEMERXNEREND, ZZTIRF Yo I~<I2BF%5 PTS BN CHEM iR T 7 4 /L M il
() &OPAT PRI IC O W TR T D, FFICEEEA 2R WIRY . RER STk S MEsE
D% IV, WML L 7 B TR 5,

Default geometry (7 7+ /L hi&EIR)

T7AN PR TIEMNERICBT 2R ERNOMERMEEAXNLEMBEL LT D,
TRACE DOME R & FARIC, BLIRIREDS TENup o JE TR N U,y . B ARTE (FLTE. BT
ZE L) Nuyp® Nusselt O KA Z BT 25, SLIE G BV Z BRI RE S TuvR
Vo JE BRI R L 9 2 BMA A BNy 13 TRACE & RIERIC . S ERHUMBAS A IC )T %
T2 VT % (Equation (36)), ELURIRMHI I %3 5 BUmzH BN uy, , 1213 Dittus
and Boelter & H\ 5,

Nug.p, = 0.023Rep® Prj, (45)

Prandtl BIZ722 2 4E813n = 04%2 V2, BRI AT 2 BV EZME BN, , 13, TEET
BN AR NS U T SAAFHBARBE R D, XU ~0O X 5 ICEERE I LT
1%, MEECEHIZXT LT 54072 Churchill and Chu o= [17]83HWH S, ZOoRITEIRE» O
SR E THRIAWSRAFICE A FTRETH 5,

1

0.387Ral

Nuy,, = |0.825 + .
927

0.492\16

{1 + ( PTb ) }

(46)

Parallel plate geometry (AT AT )
AT AR TS N AR S VT 56 T T ) et It D B iz #H B Ny p (2 5 BT OB S A 72

TR et DT A v s (Equation (44)), ELUEFRHIRHE D Nusselt 20 (Nug, )
FEBEZUZIZLL T @ Petukhov fAHEIZ [49]23 VB 5,

,15,
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f Re, Pr, (&)0.11

Nugep, = i Hw . (472)
2
1+34f+<117+ 18>\E<Prb3—1)
Prb3
Ry,
1.0875 — 0.1125 (T)
f= (47b)

(1.82 log,o Rep, — 1.64)2’

I TSITHEIBE OWMBEIE T 5, JEi H R R EBMR EN,, , O FHEFITIT TRACE & FERIC
Elenbaas ®=. (Equation (42)) BHWHI 5, AT FARIEE CILELIEE G T EZ BB L T
%, Petukhov #HREI= Equation (47) % &Lt fil %t fHEI= & L. Swanson and Catton #H B =

(Equation (24)) Z#MF &b 25 Z & TEHIHE G XEN Uy, D FHR SN D,

2.3.3 TRAC

TRAC (ZIZW K DD R D 23— RPFET 28, 22 TIEPTS NEEL 72 5 PWR X4
L L7m=— K& LT, TRAC-PF1/MOD1 [9Ji2 3} 5 BB EGEN ik 2 %83 5, TRAC-
PF1/MOD1 IZB W TERERIT— AL L2 ISR 6/ 6D moice ¥y 7 F ¥ — T
EOSNWT, MEEERXZHET 5, WMANSEAMMREHE S NTZHE. Gry/Ref < 1D RETRHIxHR
Gry/Ref > 1DIF IRt & 7T S D, ELIRAE G SHIRIZ B STV R, SRR BVR i
VI B IR e & LIRS D BMEIE RO R X WH R S b, Biigslxiic st LT
TROK[BOIAHNEN D,

Nufl,b =4.0. (48)

ELIE B il % (2 % LTI Dittus and Boelter #1B7( (Equation (45)) 23\ 5415, Prandtl
BUTH D HEEITIEn = 040 H W BTz, BARRHRBVRE=RIZ & RERIC, B B AR & ELt
HARMMOBPURIZER O KX WHENEH L2, Bt B ARRHIC I Equatlon (402)% 5, L
It B SRR IZ 1L Equation (40b) 2 W 5 23, #2412 0.18 Tix72< 0.1 V5, REE XTI
KAVEMEREZ WD, 2 TOWMEMIZ IV 7 5E CREHEid % 23, Grashof iﬂlﬁﬁépf&ﬁOD
ML T, (235 1F 5 Taylor BB A2 W TLL T O X 5 ICEHE T 2 [9],

dpp
pr=pp+ o (Tr = Tp), (49a)
apb 1

,16,
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3. FBRT — & & M - BEAFAH B oD KR GiE

BEAESCHRIC 8B S TV 2 R T — 213, BRTTE K I O AE DE TH S 5 XA
FICE - TEAIN TS, A7 IRECEmILEZIIC O & T 2EREMT — 7 OFEMN L
TR bbb, ERT —7 LA OERLBER TER20WEER8H 5, LT
DFMEZ LY | FRx 2RISR ETR TR SN2 RBRT — 4~ L 2.1 fiL 2.2 HiC©i
it L7245 BE NI K 2 TRMEO MR 72 b 217 5 Z & T, MO FRITEEZ i 5,

Step 1 : HEARNER DTN 72 5 T2 FHEBRDOF N DT —H RX— R %28 INT 5, 703, Axcell and
Hall J28r [32]iXHE 1 EBR CEQ LRI & Lo D, Takeishiet al. [5111X T EERE
FEERCHmMNEL, WEMEAZERM L7 O THY KRG L LTHEHETH LD, T —FX—
2 a1 =y

Step 2: FEER Fhi SN 7= TR GTCHE O LV T — X RXR—2AOBERFHFOHPERET 5,

Step 3 : 7 — # N— 2 DO FHEEEREM - REFBEHEITK LT, Step 2 THIE L 74l
FANNG 7 o X LY 7 ) o I L DR e R 2 R ET 5,

Step 4 : Step 3 TEIINFEBRSLMICKH LT, EHEER EZHE L., BEFEOMHBEXH L
Nu/Nuy %R 5,

Step 5 : Step 4 TaHHE L 7= Nu/Nu, THIE % FE8R & [7) USCECR 7 CHREBR 5 2 & T, FEBRT
— & LT E T D,

HEYR TTEL D 1E O W MEE O FEAM 715 1T 3R SCOFEHEGE U 12T o 72, ARER SITIIK I EMER
Z A5, Churchill #H: (Equation (7)) Tl Herbert and Sterns EBR[18]iZ it 4T D
WAl 2 R EE CREA L7z, FEBRT — 2 DERTTH T LITRTEZX BN TV DS TS, Jackson
and Fewster O BLK 1% W CHERT — & CHHBEARA i L7z, 8 3 ECIXEIERREZ R~ L,
TEROEmIL 4.1 B CTERET D,

3.1 ME [ FHR
3.1.1 Herbert and Sterns F5

Herbert and Sterns 328 [18] & Y EDH72/3T A — X [l & Table 312 F L 5, PryAs 1.75—
2.09 OHFIPHTH D72, Prpe Z ORGP THEAEZ IR LT, 28 E T& %, Table3
HIPHCGry 2 EAE 2 T 2 SIREEBAT 2RO D Z LN TED, T EATOEERE &N L7 |
JENEE D, EBRIZIIT DRe, OHREPAIL 6.105% 103-6.684x 10* Tdh V) | Rey & MAFE AL T 5
ERBAEARDSH Z LN TESH, Z 2 Tld Jackson and Fewster O XELK - & [A] UHs 5 & F
DEERITCE DI G DO THERL L 72Gry / (Ref S Pr®) 2 BRI IV /2, Figure 3 (ZEHTHE R %
NG RN

,17,
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3.1.2 Jackson and Fewster &z

Jackson and Fewster 8 [13] X W EDH7-/37 A — X #ifl % Table4 I LD 5, EBRIZE
5P, OFEPAIX 2.5-7 TH Y . ZOFIFHN S Pr, & BAELMH X, SV 7 IRET, R ET
x5, EBRIZBIT 5G6r, OFPHIZS x 10°-1 x 108 TH VY . Z OFiPH TG, 2 \IEAME T 25 & X
WRHREIZ X » CBEEIRET, 21k 5H Z LN TX 5, 2 ZT6r, 1% Equation (1b) & B2 5 EFHK D
Grashof L TH VY . Gr, = (pp —pw) Ppb g D3 /Ui TH D, EBRIZET D Re, DHEIFHILL X 103-4 X
10*TH U | Rey & Z OHIFAN O EMERBIH T 2 EREHEL RO D Z LN TE S, Figured IZ
fl AT i R 2 R,

3.1.3 Aicher and Martin 5

Aicher and Martin £ [1]1%2 552k 7237 A — X §iPH % Table 5 I F & ¥ 5, Pr,O#i
PRIZFm L LY 35 THDH, P BEEZIME TNV ZIRET, NRETE D, BRI
Re,=4,500, 7,500, 11,500 %} 15,500 TITHOILTIE Y . Z DOH B Re, & B~ XEHE % 5
"I 22 LN TED, Rapldam XHPIZFRIER D H 5108 — 10° D #iFH 7 & MAEL L AU, R
FEERRETE D, 1272 LIREEAT % 3R 3 2 BRICHRIRE CRAE S e MM EEIX S 0 D e Wiz o
SOV RECHAM SN - MEEZ TG L7z, 2 ORISR E S BB LRV 2 & AR
Wiz &L » CTHERR L T\ 5, Figure 5 [ZFENTHRE R 2”97,

3.1.4 Axcell and Hall FE&k

Axcell and Hall [32[13 K&JE D25 & RBRGEAR & U, SRR N EA R 5 & PNt ) A e it o 24
kB 2 S50 L7-, FEBREEITEZ 0.613m, REBTOE S 0.667Tm ThbHH, RO L
VANZHRBRE L R CIREICNEAENT-4 m OB > a B H 5, Axcell and Hall E a2 5%
WCRDT=/NT A — &% Table 6 (ZF & O 5, BEmIELE., /L7 EEOFFHILHRCH DR
ROz, BEmMEE L V7 IRE S BIEAE T2 EIREENRE D, MXORICTEHODH 5
#iH CRe, & AE A TV FHENFHE TE 2, WHEEIZEE IZHE S % E (Equation (6))
RV, EALAME L TR TR L7z, Figure 6 IZfEMTHE R 2~
3.2 [ (A NI B AR A SE B

3.2.1 Swanson and Catton FHr

Swanson and Catton £ [33,34] %2 F |2k 7-/8F A — X &ilfl% Table 7TICF &0 5,

,18,
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Pry, = 6.5% i 723 )V V7 IRET, 2 KAERTHEIZ L - TRE LTz, FEBRIZIK IS D Rey & Gry OHIPHIX
Table 7 D@ Y TéH 5 [33], Re, & Gry, 2 &iPH I & BAE L H T VIZ AT E & AR EREE %2R
ETE %, Figure TIZEIEMEELRT,

3.3 F i MNEAE L A SR
3.3.1 Poskas and Poskas B

Table 8 IZ Poskas and Poskas Bt [40] LV IRE L7/ T A —Z OfiHAE =T, AR
ZERTHY , HRMEO R OB S N, RBRT — 2 138 2T K q,, 2 V72 Grashof
Gr, TRSIN TV S A Equation (4) X Y Gr, & BT 2 Z £ 3 T& 2, Pt L Y Poskas
and Poskas O EB#EIF T, Gr/Gr, ~ 0.45,Gry/Gry = 0.7 LTI TE 5 2 & il LTz, 72385,
EERATICE D ZoEBEAMHBARIC LD FRNCREREEL G220V L 2R L TWD,
Gr, = GryNuy, ~ GryNu,, /0.7 =~ GrNu, /045D UT Ll & KM BUARAT D & | Gy, Gry. Gra 3
/\7% 2L LT A Gr 2 X7 A—42 L LIMBERICEE TE 5, Re, & Gr, & HE1E 2
L, ZnooXEHVIE, KEHEICXZ YN Z5ET 252 LN T& %, Figure 8 IZf#
Brif R & =3,

3.3.2 Takeishi et al. EHr

Takeishi et al. [511Z% RANENTE B AETEE N & it OB B 4 . A e | i
IO 1% LTI L7z, SRR IT R KUESRME DR TH 5, FEREE IFRKE R S 4m,
G 0.6 m, ¥ v v 7L 0-26em THATHD, ZITET—FORMHEHL TS 10ecm D
A EMATRIR &5, Table 9 IZFHREFMEZE L 0D, 1. WEZE, KIVFEMELD,., H
FEDFEPITFR SIS B D, BEFIRE & i L 7 IREICE L TGRS oM E2 25|
Table 9 |ZFC# L7=&iH & L7z, IBEZEAT. NV IRET, % Table 9 OFFHA O MAELH T
% L BEEIRET, DN EE 5, RFHEIT 0-15 m/s OFPFHN LA L7, Figure 9 (ZFENTHE R %2
AT, RHENEL & Wi ANE DO D ERT — 2 ZXm LTV b,
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4.1 FHBEXOKEE

MBEER S DFE  Jackson and Fewster fHEI5 (Equation (15)) X° Swanson and Catton
FBI (Equation (24) and (30)) 72 & DEEE R ERR D7 — Z 12K & Bl g S 7o HBRIL,
Herbert and Sterns (Figure 3)<X° Axcell and Hall (Figure 6)73 & 2855 R4 CEfs S h /- &
Bt 2 B < TIC & 72, #1Z Churchill # B (Equation (7)) X° Aicher and Martin(Equation
(1978 EOFREBR DT — H IS & FIF S 7o HBIAA Jackson and Fewster(Figure 4)72
EOEBIRRER M CEm SN ERERZ R FHITE 72, 2 L0 ELTTRH] 5Lk
B oA & [RRR[15,17], ELRE O kA A RIS 35 ) T b BVRE R B AU X BV RS 1Tk &
THEHAWETH D Z LRI,

TEIROFE  MENKEARFERRIZK T 2 Jackson and Fewster FARIA L, RFERE I
RIVEMERZ NS Z LI L0 HERE N Freon-113 BRI %9 % Swanson and Catton 5k

(Figure 7) RCHIENZEXEERIZXT 5 Takeishi et al. 325y (Figure 9) # B BB TE T
W%, F72, Swanson and Catton FHEAR & K NEMMERZ MWD Z LIZ XD HEZERE XIS
&9 % Axcell and Hall 328 (Figure 6) OfERZ HE TE TW5, 1o T, AKNEMERZ R
KESICHOWTEBRIEBETR KO TEBHERZ THT 22 LN TE S5, ZHIEINu/Nug?
RERSOREICK T LEENERNZ ERERE L THET LD, iz Jackson and
Fewster HHZ T3 L ALIN F 23Gr/Re2 25 Pr{-5~DY375Cd» 1 . Jackson and Fewster (2 & ¥ #H
R D S22 ME S BRI SRR S AUT- i PH TIED, Y 2 f51272 > T H Nu/Nuyg~D 8% 8.3 %k
WcTh s,

RBRFEEOFE MHENITRBRIEEROENC L6 FERMEREL PRI TE, ZTMEBERICHE
NDERITTH M OZ DMHBEDEREITH L Z L2 BW®RT 5,

MBE D Churchill #HEI: (Equation (7)), Jackson and Fewster fAE3. Swanson
and Catton (IJHMT)#HBIH(Equation (30))iZ Poskas and Poskas (Figure 8) & Takeishi et
al. (Figure 9233 L 7= F EIMBAEBR OBYREREZ B P LTz, 5> CEELERHA S % i A
BTk, FEnsl, mEnoEVCRLTHHT 2 2 ENARETH D,

FEXTRAEE 2 TOMBETEREROBEM 2 EMHMNICESBEET S 00, Jackson

and Fewster A=, Churchill #HE8=,. Swanson and Catton (IJHMTAERIZIT & D FEBrks
BOLRFICEWHEETTHITAZ N TS,
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4.2 FEBrT — X W O Lk

B 21X Grashof D X 5 IR EDOWEIRIER Z AT 2RI TH->TH, HEA T LITHR
ROLEFRMPHANOLN TS, FEBRT —ZMOWKREREG T H120, B2 PRIERERL
7z Jackson and Fewster fHBIZND B K+ & BEHEICH Y | RO E %R E H T 2% Oftho
MO XK 7 & OB ZRET L2, Figure 10 1%, & 3 mCTHAERICK L TRt =Y
YTV T T2 LT, FEBR TR SN SKELR 1 (fitfh) & Jackson and Fewster fH
FAXDZEA 1 (Bidh) MoOBEFREZRLERTH L, MRS TWSHiEY Jackson and
Fewster 2. FELK 7 & & Dl O FH B D SBLK T 1T IZFRVFEBEI S A b v 5, Z DO FHBIBISR (4
DER) ZHNT, ZRENDOFmSETHW LN ELR %, BGOSR~ & A Hd
52 LT, ERT—FRILOEHEEBN AL 8D, R, T4 v T 4 T A—TFEHERS R
7o SCRE R A I AH B BAER SRR S T #iPHN T A %,

Figure 11 I% Figure 10 T/r L7 AN FRIOBEFRE FH T, S Bt L7-EBRT — X
% Jackson and Fewster O XK - ~EH LI L2 b D TH 5, EEIEERIKSO T A —X
i, MBI ENETNE RO T, R TOERERIT 2O Mh#E LIZih > THfh
LTWb, LT, 2O7—ZIFZKFOFEHH T/ L7z Jackson and Fewster FARIA & B < —F
LTCW5DZ EnbxtmEa st 2 Jackson and Fewster O XN 72 AW THE ST
XHZEERLTWD, ZHEE 3 2 T Jackson and Fewster fHEAN 2 TOERERZ R <
THITEZ b RYRMERTH D,

4.3 SREDS TN & B R~ DS

F 1042 G e it B 22 AH BE AU S IR et Wit SR SR E 2~ & B SR i SR S 1 & Tl I < a8 ©
EH T L. OFE VBB BLARIED S BRI BRI E THMFRTRE CTH D Z L3 RD 5
Mo, SRR EMHE B O AR L, sREHR VR ZME B & B o it Bvm 213 BN
SOWHEMEIZ XV iR T & 5, Figure 12 (IAFHBARXSHEAX OB A 512 L 0 EBR T2 4%
Zffesd S A7z dtiPH (Table 2) K VMRS WSAFIT) L CHER GCHZAN T2 2 & CTHEXZ o
THME 2 FH A L, xS ki VR A B o s il e i 421 (Figure 12a) & H SR%HE S 1

(Figure 12b) (2B 2R ERO TFRIMEZFHAE L2 b DO TH D, MBI LITHW S HK
TR D EFKN IR D 1=, Pr = Pr, ~ Pry, Re = Re, ~ Res, and Gr = Gy, ~ Gry ~ 2Gr &3l L
Teo TOWPNTIREZEDNNIS W ERWIELLE 2D | PTSFHEICRK T X4 v o h~mA 7 etk
A D HATBEWL S NV 7 R ENZITE DWW TR LR 8 TRNET 5, 1 2 I XRBR AR 3 KT T, = 300
K. AT, — Ty = 20 K O, Pr, = 1.25P1;. Re, = 0.82Res. Gr, = 0.53Gry, Gr, = 1.70Gr &
2%, Nup~Re%BPro*  Nup ~Gro33pr0333Toh 5 Z Linh . IT X 2 Nu~D 522 3 5m i) )
T 9%, HERIRIZH LT 9-16%& BfHS 2 2 LN TE 2, Wit EVERICFHm T 2 By
WZBWT ERLOREILZZY TH 5, MR ILEE Table 10 O HEPHA & L 7=, £{#H 2 1% Jackson
and Fewster O FLR 7% V7=, #i¢HiliE Figure 12(a) TNu/Nug,, Figure 12(b)iXNu/Nu,, T
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& %o NuglZiE Gnielinski fHBIA (Equation (37)). Nuy,!Zi& Churchill and Chu B

(Equation (9)) Z#H L7z, T o OFBERIZ/ T A — X i %17 > 7= Table 10 O #iPH T
MTTHE Td % [15], Figure 12(a)iZF\ N TGr/Re®6?Pr®® < 107*TldNu = Nuy, Th 5 72 O ELI
S Il eH i 2Bl & 72 > TS, Figure 12(b)I23 ) TGr/Re?%?5Pr%> > 1072 CiX, Nu = Nu,, TH
L HRHIREE Tdh D, 107% < Gr/Re?®2°Pr0S < 1023 A5t sctth & v o Z &tk b,
Figure 12(a)iZ3\\ T4A T OMBA TRt sttt To BWFHIPERE A fERE S vz, £ < ot
)5 kAR BE 08 B et i S C . SRR BB M BIRUCHWNE 32 K o ICET vk Eah T
WAHZ END ZORRITRYTH D, Figure 12(b)H37r79 X 912, Aicher and Martin FHEH= &
Churchill fHEIAUINIFATH 5 720 B AR5 S A ~DAF I B TV 5, Jackson and
Fewster FHBZUITNHEX TRV O D HRKHR KA ~DOENTSMEEEL AL TV D, ZHUTHE
RS T Jackson and Fewster FHBART B A& BVRZEFBERX L W BEEIEIC 2 5720
Thd (fTek 4, Zh b DOAITHERXDOHIEE HIC LV EBR TR YMENPHER SN ALY b
JRWVGRAFTHMEMED & D, Swanson and Catton (JHTFHBAXUIPrik it % €7 AL L T2
Wi, oMK L R TIE S 2& A RKE VW, F£7-. Swanson and Catton (JHT)FHBI &
Swanson and Catton (IJHMTFHBIZIFNIFR TIZR W02, XER 723K E < 2> THNund
Nt (WL L7 WMER 2 RE T2 2 e b 2 OMMAHEMICITRE T 2 LER D 5,

4.4 {A8H72 LBLOCA S&FIZ 317 2 A B o0 F 1

4.3 HiCITIER T A RS VELPE 2 DR 32 2 & THERX o E K, B RS E~0
SMEMEZ R Lo, 2 TIE AP —fF & L CTRER LOCA (LBLOCA) O ZEMHMH Y &1
KL T, of AR G e i Bz AH B 2 o0 R RH i SCAL SR, B SRSk It S St~ oD i 1 % S AR
T 5, RELTAFNRT A —FOHiH % Table 11 1277, JiikiL LBLOCA & CTHESND
REEDKT, 7V ZIREITFER (300 K) &A0E L7z, HARGZ x5 &3 2 x5 m 4Gt it f8 B
A SN2 DOIFBEEIRE N 378 KLL T LR 2 &iH TH D & B x| BERIL Table 11 O il
& L7z, (AR E S DI %2 FE-T B O L 72 UPTF EBi([52] 2 258 1250E Lz, BIEAH
HIZ K » TE L IIREZEAT ) B A S 7z Grashof 2403 Table 11 O#iH TH - 72, Rep Ll
A TOF53IZIRWGEI & LT Table 11 O#HZMEE Lz, Z OHiPH TRey & #E T 4LIEA
RKIEEZRETE D, Table 12 [ZH K MEARBYRZMHBEARX L Y B 572Ny, 2. (FC) &L
Ui g ) et e B 22 AH P N ws, (Gmielinski #H B (Equation (37))) & (NC) &L H 2 i BV
EM B Nu,, (Churchill and Chu Bz (Equation (9))) & bl L7-BROREER (¢,) D
e (6) LAEMERZAE(o). FHHERIRRAER (6,) 2L TW\D,

_ Ny = Nugreine

€; (50a)
l Nureine)
N
_ 1
€=y ' €, (50b)
=1
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(50¢)

(50d)

Z 2 CNugpepne T HEESE 5 Td D Nupy £ 72 13Ny, Th %, Jackson and Fewster B,
Aicher and Martin #HEIZ, Churchill #HBES X 5@ St Bl S (FC) & B ARKRHiE S AL S 1
(NC) oiFicxt LT, YHMRFRESR (6) 1% 15 %AW TH Y FelTEIL 78 M R
S,
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5. fim

AWFFETIR, ELE ARG O et [ & i Ve i 2 RIS B L. BEfF O£ 7 /PR
P LD FRITF RN T2 2 L2 AR E Lic, ARITmEE I RAVSEMBERL L e 2
— L Bx 22 BB T — % LA E O AT 5 2 & THBEX O AL S MEME 2 57 L7z,
RIp DR TSN D XE 1 L TiRIES NI FZRT — #7026 FBERBUK )T A =5
ZHH L, ARx RERT — 21Ok L CTHBRZ T 5 720 0 ikim A M Lz, MBERE %
BT — 2Tk LTI 9% 2 & THBIROR R, ERRAM NGRS, MEER, B
TR BN D 5288) (63 2 5B O Tkl L 72, 1A B e it B 22 BE 20 oD sl et it
H RSBV IE A B XA~ DSMBIERE 2 HERE L7z, £ OfER, LU Ofiim 3 5 b iz,

e Jackson and Fewster fHE4=., Churchill #HB§z{, Swanson and Catton (IJHMT)+H 4
KT Table 3-9 ICE L O OLNTENT A —FHAOEAFERT —F 2L LI FHITES Z
L xR LT,

o ELURIREIRI PR, ELIE B IRKIE & [FARIZ ELIE O K A A el 36 1 2 BVR R I3 B2
ARG FIRME, BW—BURdUmEy) OEWVICEEEZZ T2V L 2R LT,

o RBRIASE AR OB WTK N EMERIC L 0 | SRBRE IR OB W T U) e R ooz v
HZLlC ik —ifb &, MEBREERR, BRI AROENTK S T, BEFOMBIRIZ L v 2
RERO TN AIEETH D Z & 2R LT,

o [ EANENGRA: & B i INEASR A O SR et [ A R OBV R IT—& L, IEGHFo
X HEDEEZZ I TIC, BEFOMHBERIC LV BRERO TRINFRETH DL Z L 2R
L7,

o XM ARRABERX BN OREE O OERBRICL D ZYE-ER SN TWDEELDY
& ME AV R TR (S 31T D | R, B AR SRS ComE A TRA Lz, £ D
fEF:, Jackson and Fewster #HREE=, Churchill fHES=, Aicher and Martin #HBI=I% B &
KT SCER SR A C B AR i B AR B, A e i SR SR 4 C A ) e it B A B I T
L, EAAMEEEZA L TS Z 2R LT, T X 0 HBEXOBRREE HIZ XLV £k
T B TCHEYEDRHER I NI ANT A— 2§z B2 CHEAXPAEHA TE 2 Z LRasii,

e Jackson and Fewster B, Aicher and Martin f#HES=, Churchill fHRE=01Z, & E
L 7o EBHRMEICI T BRI S B & 5 il ek 3t S BE 0D St~ D RR IS A 7 38 I PE S e 3R
STz,
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C e

AT A IRBT E OO L & TEES Nz, EEO— AN (HBIEFH) 1T/ n—1
STEM 7u 7 xvH—3 v FHEKDN JC STEM SeHEEGEIREI FHF 725 ~ ORI % L
THBEHITERBR OGRS g v X2 —7 I 7B YR T 5,
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Table 1. Existing heat transfer correlations for mixed convection opposing flow.
Reference Channel Fluid Dependent
geometry parameter
Churchill (Equation (7)) Tube Water
[14]
Jackson & Fewster Tube Water Gr
(Equation (15)) [13] Reye?® Pry®
Aicher & Martin Tube Water Rag?3%*
(Equation (19)) [1] Rep® Pry*
Swanson &  Catton Rectangular Freon-113
(Equation (24)) [11] duct Gry
Re}
Swanson &  Catton Rectangular Freon-113 Gy,
(Equation (30)) [34] duct et (Pr® +1)
Poskas & Poskas Rectangular Air Gy
(Equation (33)) [40] duct Rej Pry®

Table 2.

flow correlations were experimentally validated.

Ranges of nondimensional numbers for which the mixed convection opposing-

Reference Reynolds number Grashof number Prandtl number

Churchill [14] 6.105 x 103 < Rey 18.89 x 10° < Gry 1.75 < Pry < 2.09

< 6.6835 x 10* <2252 x10°

Jackson & 0.1 X 10* < Re,, < 4.0 x 10* Gr < 3.0 x 108 25<Pr, <7.0
Fewster

[13]

Aicher & 3.0 x 103 < Re, < 1.2 x 10° 3 x 107 < Ray 0.7 < Pr, < 5.0
Martin [1] <1x10°

Swanson & 6.0 X 103 < Re, < 2.0 X 10* 1.0 X 108 < G, Pr, = 6.5
Catton [11] <2.0x10°

Swanson & 2.3 x 103 < Rep, < 2.0 x 10* 1.0 X 10° < Gry, 0.7<Pr, <70
Catton [34] <2.0x10°

Poskas & 0.4 X 10* < Rey, < 4 x 10* 1.7 x 108 < Gry Pr, =0.71
Poskas [40] < 1.4x10%°
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Table 3. The calculation conditions used to evaluate the correlations for the Herbert and

Sterns experiments [18]

Working fluid

Thermal boundary condition

Hydraulic equivalent diameter D, [cml]

Reynolds number Ref
Grashof number Gry

Prandtl number Pry

Water

UWT

2.23

6.105% 103-6.684x 10*
18.89x 10°-22.52% 10°
1.75-2.09

Table 4. The calculation conditions used to evaluate the correlations for the Jackson and

Fewster experiments [13]

Working fluid

Thermal boundary condition

Hydraulic equivalent diameter D, [cm]

Reynolds number Re,
Grashof number Gr,,

Prandtl number Pr,

Water

UHF

9.84

1x103-4 x 10*
5% 10°-1x 108
2.5-7

Table 5. The calculation conditions used to evaluate the correlations for the Aicher and

Martin experiments [1]

Working fluid
Thermal boundary condition
Hydraulic equivalent diameter D), [cml]

Reynolds number Re,

Rayleigh number Ras

Prandtl number Pr,

Water

UWT

2.7 and 3.7

0.45x 10*, 0.75x 10*, 1.15x 10*,

and 1.55x 10*

106 — 10°
3-5
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Table 6. The calculation conditions used to evaluate the correlations with respect to the

Axcell and Hall experiments [32]

Working fluid

Thermal boundary condition

Pressure P [MPal]

Wall temperature T, [K]

Bulk temperature T, [K]

Hydraulic equivalent diameter D, [cm]

Reynolds number Re,

Air

UWT

0.1

326.9-421.1
296.4-317.6

61.3

0.179% 10°-1.261x 10°

Table 7. The calculation conditions used to evaluate the correlations with respect to the
Swanson and Catton experiments [33,34]
Working fluid Freon-113
Thermal boundary condition UHF
Hydraulic equivalent diameter D, [cm] 8.88

Reynolds number Re,
Grashof number Gr,

Prandtl number Pr,

0.6 x 10* — 2.0 x 10*
0.1 x 10° —2.0 x 10°
6.5

Table 8. The calculation conditions used to evaluate the correlations with respect to the

Poskas and Poskas experiments [40]

Working fluid

Thermal boundary condition
Reynolds number Re,
Grashof number G7;,

Prandtl number Pr,

Air
UHF
4x103-4x10*

1.7 X 108-1.4 x 101
0.7
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Table 9. The calculation conditions used to evaluate the correlations with respect to the

Takeishi et al. experiments [51]

Working fluid Air

Thermal boundary condition UWT
Pressure P [MPal 0.1

Wall temperature T, [K] 303.15-373.15
Bulk temperature T, [K] 293.15-363.15
Temperature difference AT =T, — T, [K] 10.0-70.0
Hydraulic equivalent diameter D, [cml] 20

Velocity v, [m/s] 0-15.0

Table 10. The range of nondimensional numbers for data sampling

Prandtl number Pr 0.7-7.0
Reynolds number Re 10* — 5 x 10°
Grashof number Gr 10° — 1013

Table 11. The test calculation conditions used to verify the extrapolation for the mixed

convection heat transfer correlations

Working fluid Water

Pressure P [MPal] 0.1

Wall temperature T, [K] 300-373

Bulk temperature T, [K] 300

Hydraulic diameter D, [cm] 50

Reynolds number Re, 10* — 107

Grashof number Gr, 8.34 x 108 < Gr, < 3.37 x 101,

425 x 108 < Gr < 2.76 x 1019,
8.93 x 10° < Gry < 2.38 x 10™*
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Table 12. Mean (¢€) and standard deviation (o,) for the percentage error and mean absolute
percentage error €,. SC (JHT), SC IJHMT), JF, AM, and Ch represent Swanson and Catton
JHT (Equation (24)), Swanson and Catton IJHMT (Equation (30)), Jackson and Fewster
(Equation (15)), Aicher and Martin (Equation (19)), and Churchill (Equation (7)),

respectively. FC: Forced convection. NC: Natural convection.

€ [%] o. [%] € [%]
SC (JHT) FC 15.3 5.2 15.6
NC -17.6 14.1 19.5
SC (IJHMT)  FC 25.7 9.2 25.7
NC -1.0 9,9 7.7
JF FC 3.4 2.6 4.1
NC 7.7 5.5 8.7
AM FC -2.4 4.1 2.4
NC 13.1 1.5 13.1
Ch FC -6.8 10.0 9.9
NC -0.3 0.2 0.3
lg Inlet
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Figure 1. Schematics of velocity and temperature profiles of mixed convection opposing
flow. (a) A velocity profile for inertia dominant conditions, (b) a velocity profile for buoyancy

dominant conditions, and (c) a temperature profile.
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(a) Vertical tube (b) Vertical rectangular duct (c) Vertical rectangular duct
Section 2.2

Section 2.1
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=
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A L dw
— e
WIZs
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Ry

Section 2.2
One-side heating

14
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O

Figure 2. Schematics of the channel geometries for (a) a vertical tube and (b) two-side and

(c) one-side heating vertical rectangular ducts. g}, is the wall heat flux. D is the inner

diameter of a tube. R, and S are the gap and the width of a rectangular duct.
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Figure 3. Enhancement factor Nu/Nu, predicted based on the Jackson and Fewster
(Equation (15)), Swanson and Catton JHT (Equation (24)), Swanson and Catton IJHMT
(Equation (30)), Churchill (Equation (7)), and Aicher and Martin (Equation (19))

correlations. Experimental data are extracted from Herbert and Sterns experiments [18].
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Figure 4. Enhancement factor Nu/Nu, predicted based on the Jackson and Fewster
(Equation (15)), Swanson and Catton JHT (Equation (24)), Swanson and Catton IJHMT
(Equation (30)), Churchill (Equation (7)), and Aicher and Martin (Equation (19))

correlations. Experimental data are extracted from the Jackson and Fewster experiments

[13].
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Figure 5. Enhancement factor Nu/Nu, predicted using the Jackson and Fewster
(Equation (15)), Swanson and Catton JHT (Equation (24)), Swanson and Catton IJHMT
(Equation (30)), Churchill (Equation (7)), and Aicher and Martin (Equation (19))

correlations. Experimental data are extracted from the Aicher and Martin experiments

[1].
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Figure 6. Enhancement factor Nu/Nu, predicted using the Jackson and Fewster
(Equation (15)), Swanson and Catton JHT (Equation (24)), Swanson and Catton IJHMT
(Equation (30)), Churchill (Equation (7)), and Aicher and Martin (Equation (19))

correlations. Experimental data are extracted from the Axcell and Hall experiments [32].
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Figure 7. Enhancement factor Nu/Nu, predicted using the Jackson and Fewster
(Equation (15)), Swanson and Catton JHT (Equation (24)), Swanson and Catton IJHMT
(Equation (30)), Churchill (Equation (7)), and Aicher and Martin (Equation (19))

correlations. Experimental data are extracted from the Swanson and Catton experiments

[34].
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1
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Figure 8. Enhancement factor Nu/Nu, predicted using the Jackson and Fewster
(Equation (15)), Swanson and Catton JHT (Equation (24)), Swanson and Catton IJHMT
(Equation (30)), Churchill (Equation (7)), and Aicher and Martin (Equation (19))

correlations. Experimental data are extracted from the Poskas and Poskas experiments

[40].
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Figure 9. Enhancement factor Nu/Nu, predicted by the Jackson and Fewster (Equation
(15)), Swanson and Catton JHT (Equation (24)), Swanson and Catton IJHMT (Equation
(30)), Churchill (Equation (7)), and Aicher and Martin (Equation (19)) correlations.

Experimental data are extracted from the Takeishi et al. experiments [51].
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Figure 10. Relationship between Jackson and Fewster’s dependent parameter
Gr/(Ref®**Pr*®) and the dependent parameters for (a) Herbert and Sterns [18], (b) Aicher
and Martin [1], (c) Axcell and Hall [32], (d) Swanson and Catton (IJHMT) [34], (e) Poskas
and Poskas [40], and (f) Takeshi et al. [51] for the sample calculation conditions used in
Section 3.1. Solid lines show the fitting curves. Although the channel geometries, the
parameter ranges, and the working fluids differ, all experimental data are distributed

along a line.
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Figure 11. The Nu/Nu, as a function of Gr/(ReZz®? Pr{*). The solid line shows the
Jackson and Fewster correlation (Equation (15)). The symbols are the experimental data
with respect to Jackson and Fewster [13], Swanson and Catton [34], Herbert and Sterns
[18], Aicher and Martin [1], Takeishi et al. [51], Axcell and Hall [32], and Poskas and
Poskas [40].
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Figure 12. The ratio of the mixed convection heat transfer coefficient to (a) the forced
Nu/Nug and (b) natural convection ones Nu/Nu,,, where the correlations for Nus and
Nu,, are calculated using Gnielinski (Equation (37)) and Churchill and Chu (Equation (9)),

respectively. Nondimensional numbers are randomly sampled in the range of Table 10.
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Figure Al. Schematic of thermal boundary layer.
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Nunt = Nuft <4500 W) . (D3)

Z ®=iZ Jackson and Fewster fHEA.TH ¥ . Equation (15)72% B #R*HiE L E G412 8T
Equation (D3)IZINHKT 2 Z & 2 FEWT 5, Jackson and Fewster [E 5| 5 D 2 240 B X
NuglZ 1.16 % L 7= Petukhov and Kirrilov 30 (Equation (16)) % M\ /223, Z Z Ty
RPN Z B ST D T2 Nug iZ Dittus and Boelter U (Equation (45)) ZH\ %, Petukhov
and Kirrilov & DN < 725 X 912 Equation (45)% 1.29 L CHWA Z izt 5 L.
Nup & ZZH LT % Jackson and Fewster 2N FZERHFIPH TRRZE(T 3.6 %A Td %, Equation
(D3)1Z 1.29 5 L 7= Dittus and Boelter & X AT 5 &

0.40

0.065 1 ,0.01375
Pr,""°Rey

Nuy,, ~ (Gr Prp,)031, (D4)

Jackson and Fewster 7235 L 7= FZER&PH ClIRe 137> ~ 0.89 LTl L T HEREIT 2.2%AK
T o, £, RERIRREZEDOHPH TIXGr ~ 03 6ry LT AIRETH 5, 2 B % Equation

,44,
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DDIZRAT D & &M Jackson and Fewster #H B 1% B AT XA S CLLF O X Cilr
HlTx 5,
Nup, ~ 0.218 Ra;**". (D5)
Z ®FFf Churchill and Chu U (Equation (9)) 1%,
Nup, ~ 0.13 Rag>%. (D6)
ZHIE TRACE THWH LTV D McAdams O [53] & [7] U TH % (Equation (40b)), 10° <
Ray < 108 OHPAT, Ra ! /Raf?3® = Ra; 002333 ~ 0.55 L Tl L T HAAEIE 10 %R TH 5,
76> C. Equation MANIILATFTDO L HICHEL Z ENTE D,
Nuy, ~ 0.12 Ra;*3%. (D7)
Equation (D7) & Equation (D6)% Rt~ % & Jackson and Fewster =73 F #5557t S Bic S

IZBWT, HRSHEERX RSO THEZ 52252 %2R L TW5, Selby [54liTikBRITIAIC
785 % 7= Brdlik et al. [55] D EERT — % 2 W ClRIE R fEwmE2 B T\ 5,

,45,
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