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Experimental Study of Mixed Convective Heat Transfer
in Narrow Vertical Rectangular Channel

(First Report, with water gap of 18 mm)

Masanori KAMINAGA, Yukio SUDOt Hiromasa IKAWA*
and Tohru USUTI**
Department of Research Reactor Operation
Tokai Research Establishmént
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Tbaraki-ken

(Received February 26, 1988)

This report describes experimental results and discussions of mixed
convective heat transfer experiments which were carried out in order to
utilize .the experimental data to the thermo-hydraulic design and the safety
analysis of upgraded JRR-3. During some anticipated operatiocnal occurrences
and accident conditions, which were posturated in the JRR-3 safety assess-—
ment, there is a case that core flow decreases from steady-state downward
forced convective flow to zerc flow and at last becomes upward flow due to
the natural convective flow induced between the core and the reactor pool,
that is, core flow reversal occurs. During the core flow reversal, the
mixed convective heat transfer becomes significant and important because
natural convection coexists with forced convection. In this case, mixed
heat transfer correlations are need to evaluate heat transfer coefficients.

In this study, therefore, the local heat transfer coefficients of
narrow vertical rectangular channel were obtained and investigated for
laminar to turbulent flow in the viewpoint of both forced convection and
natural convection. As the results, the region for mixed convective heat
transfer were made clear, and the heat transfer correlations for mixed

convection were proposed.

Keywords: Mixed Convection, Forced Convection, Natural Convection,

Research Reactor, JRR-3, Heat Transfer, Combined Convection
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Table 2,1 Experimental Condition

Flow channel 750 mm(length) x 50 mm(width) x 18 mm(gap)
dimension
Heater 750 mm(length) x 40 mm(width) x 1 mm(thickness)
dimention :
Coolant ‘ Water
Pressure 1.2 x 105 Pa
Flow Upflow and Downflow (forced-convection)
direction
Mass flux 4.6~556 kg/m’s
Heat flux 3.40 x 105~1.21 x 10° W/m?
Inlet : 292 ~320 K
temperature
—~ UPWARD FLow  ELECTRORES ~UPPER
-—--» DOWNWARD FLOW TEST J
e - SECTION — _
L :?:: - < __® %
= = } | ==
= o
© | STORAGE i @/“*’
= ’ ”
= ~1 TANK X :2_:2%
S - - §s ==
o a%‘_fl_%g FLOW P Wi
- A o o g T
A\ =
BYPASS LINE 1+ L
3= ﬁ) ] Eg )
- ® 82
~— PUMP A e
o o b
- ' ®Es
. —_— Y = »
X ELECTRO- MAGNETIC 3 11} &0
FLOW METER LOWER a
: PLENUM

Fig., 2.1 Schmatic diagram of test rig.
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View from A-A

{ [ ; |

17 : /Storoge Tank

—f— f
Electro-Magnet

Flow Meter I

Fig. 2.2 Overview of fest rig.
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Equx Heating Plates
)

|

)

Lower Plenum
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Fig. 2.3 Schmatic diagram of test section.
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Fig. 2.4 Cross section of test section.
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Fig. 2.5 Locations of thermocouples for test section. (Upflow)
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Fig. 2.6 Locations of thermocouples for test section. (Downflow)



JAERI -M 88-073

3. EERRIEH

317 HHEOCHES

MELAF -2 2BHTBZICEBELT, ARH, AGERREE2RDIQIEE S 142 R EE
DHAF = v 7 %5fT oo RBEOHAF = v 7 K20V TER, +TIHEE W LTnds, &
ERICBVWTHHBETFA M7 va VBAURBEZDOHELZHAQ ERBELMAL
HEBOBER c EBIEL O RHI-Qr & FHE L o

7ATb'p'Cp'W

kW
@ 60 x 1000 (kW)
[ ey G
Qi [ HBEHRADEEE,LOS KDL BS (KW)
AThzTaul — Tin (K)
Ti, : 7R b7 va ryAD7 L+ aHOKER (K)
Tuu!:j’-‘z }"éy/g‘/lfll:l-quj_i‘%l—g@?kﬁ(li)
3 g k m3> in ou
IR (kg / }T +Towt
C, ' EHEHL® (K], (kg K)) 2
W E B (L, min)
Q= ( Q21 +Q22) /1000
= (I Vi +1;-Ve) 71000 (kW)
LT,

1 " H%BE&i0ER (A)
Vi (RBEiI0BEE (V)
i I RHEAN (1i=1, 2)

Q1 ¢Qe s Ui ®, MARMSNINEQEQ ENERANELNAEMMBELILDD,
FOEVESFBETIV—HER L. LT, AFRBROF -/ BHILBVLTLS5TTOX
B W rRBICRBKOBALELTQ ARV B,

PFic, EBROF— s EBIKHVWAETELE, BRAHFTC>VWTRT.

( »~aw27KERBE

Q. X 60 x 1000

4T, = K
b 0 C. W (K)




JAERI-M 88-073

2) BFMEEANEGFE BT 2507 KB

Ty = Tia +3L;£%i_ (K)
zeT
X CHBAOSSHEMBES TOHES (m)
L. HBES(=0.75m) (m)
(3} ¥ HIH i

W
YT A X 60 x 1000 (m/s)
LT,
v IBHHEE (mSs )
A BBWEE (m?)
(=180 x 107% Xx50.0x10"* =09.0 X 10 "*m?)
M) BOE
. 0
g, =00 (W me)
Ax
T LT,

q; - RAKIOFRTHRAKE (W, m?)
An I mEABE (m?)
(=0.75 % 40.0¢ X 10 "* = 0.03 m? )
(5) & B A it B I 2% i 4

RBGRHEEAEHRET L, REKOBBEMNRTMICHMN T TH L DR BHOEER

FEaPToZ2H0THEBT 50
q; - s?
TW“TWU Z'Kin
T,
. i X1
qi=u (W, m® )
wes < £

s < HRBREES(=LOX10 ¥ m) (m)
WL HBEE(=40.0x10"*m) (m)

Kia A vaan6000mEl® (W, (m-k))

Twe < 366.45 K

Kin=1{0.01039 X ( Two— 273.15) + 12.511 } x 1.163

k) EERICHWAA Y3 A600 30y — FofiEEL DRD,



JAERI -M 88-073

Two = 366.45 K
Kio=1{0.01332 X (Tye— 273.15 ) + 12,277 } X 1.163
Twe @ BEKEGENERES ( K)
Tw @ BRBEAKULEEREE (K)
6] FWzER

h, =———— (W (m?.K))

(T} Reynolds ¥

B v De

Re =

Yy

v--X

T,
v o BIRHEEE (m® s )
De @&HMAKAER(m)
(8 Nusselt #

ATEBEEZE (W, (m-k) )
(9 Grashof ¥

De?-g-B.(Tw— Ty
sz

Gr =

Xs'g'ﬂ°(Tw_Tb)
sz

Gr x =

g EIMEE (m,/ s?)
BimEE (1/K)



JAERI -M 88-073

) Graetz ¥

Re- Pr

Gz = ( x/De)

Pr [ 735 v bn#
(il Rayleigh

Ra = Gr + Pr
Ra,x = Gr ,x- Pr

12 {BIE Rayleigh ¥

Ra,x = Gr,x* Nu,«* Pr

+

PlEic kX bRk BiEARIT, miﬁfﬂ‘i}%ﬁﬂa’iég?&?@ﬁﬁ Lfce 38, IEBITS>WT
BT KET, #HEBICKDco 7250, BEORVHARC, KOV TERFA 27 Y3 v D
HAOKEDOFEEE ( (Tia+ Touwe )/ 2 ) EEEITRD Lo

3.2 ERTF-IBEFAERORS

mESHE HAMR PR ET 2R EFHREROMEERRCLEM R & 73 5 HE %
TAEEY., 7, RRA-85BHEY KLDERT -7 2B o

Fig. . 1icfiud B LBEROBEOER T -7 D5 b, BEUHRERGECEST 3260454
#hiC Nu. #iRic 2 / Gz 2& 0, Hwang % VOMBRME & b ICRTo HwangZ O BRE L,
MET 2 2 EREOEENHEBREER - DT, 2 TOREERIEEERBORFIRL
ZFEHROMBICEIDBESNLEZELEE LSO TH S, Fig-3. 1 oL AFEER 77— %X Hwang
HOEBRIIHENRAGCEEIRELL-TWELE L EDh b, COAK2>WVTIR,. Hwang 0
HRMTRARNOMBRBEENTOLENWILEZEZLZEBRNOMBICEIEOTHALI LA
EXN B0 AT - LB Fr v 72.25mmOBEAOER DT, G4dRBRED 7 — 4
BHwangSE OERM L LV —HER Lo 23, AEBRKEOLTHE Y + » 7 18 mmD B
ZRAVKLD, X+ v 7 2.20mmOEBESICH<NE—OReH TR EROIMFER L HFhFIC
st LTHARIICEHOMELIKEL L - D EELZCNDB T/, Fig. 3.2 3abtms
M CEEERLIbOThH LM, BT - /B RTHEBILEEAROESLFARETS 5,

PLEds, KERIZEBT A2EEMEBHREBOT — 7 OMEELRIFTHONEIC X D EEN
REINSHZEFE LA HvangZ o BAB LI DO I ST EAIAC L. 4. Bt 72 /
Gz=2x,De -1/ (Re Pr)R3#BANDP CONEHICLIAFELZAL TV EMBRe KM
MENE->THD, BRETHR  BHOAOMBTHE—FENICHAEEZRUIBFETE AL & HH
BTX 50

Fig. 3.3 IKAERBICEY 28 HEHREO T -2 20T, HicEETH ShicNu
#(Nu & Hwang O BRI L 5 Nuf( Nuo,s ) & ©H Nu,/ Nuo, ¢t BHMICEAHOZR SR



JAERI-M 88-073

DIGCr#HAELD, BREFNHENLERFEOBAICODVTRe HAENT A - L LTHRT TOR
F, BHEERERBRICBNTENOYRPRGECRIIEEOHAM AL LD ITRLE
bDTHB. LHPL, COMLSE,. GrBE(BHNOMRINEHBAGROGR )IBARE{RS
EREERPAEANTS, bHVERH(EH G HOUR ) B RELTLLBEEERLET
THELHILHIBRFENUEABRA LN W, T, Fig. 3. 4icm L 2 RE0xt i h TH i o%
GRBVWTHLLERFAOES LRARCHRHENTERIE SO NE 0,

PLEFig. 3.3 XU Fig-3.4 55, BRI TREHM TG %2 & - 0Tk, EBRF— 448
FBETERWIENBETE %0

Fig- 35K AERIC B 2@ HETHRORENL T —sico20T. HTERTEL N
7oNu #H (Nu) st mE ARG EcET 2R oKD Nul (Nuo, 1) & DHNu Nuo,
EEic Gr e db, REMEP IFROBE&ECO>VTRT.

Nu = 0.023 Re®® - Pr"* (Dittus — Boelter ) ©®

itk LT~ 743G BOBZEAHL-DIE Re HBREEE L ARESEL SHIIEED
bOERLEke TRLVYFEAUBRBBLIFINTAOF—4E, IEOERBICLIEShIGD
Thbo NLARTLAN., CHODF—7EGCr BPBBMT2ENeEHBR DL ITE2ERERT
B, THRAEBR TRV EEERABOERILL /De 25283 &/h&L, MR EDPT
HHLDTHbe FboEhits 0 TE, NuidRe 8. Gr BERUFREBAOL S OE#
X DB LB Do STk S Fig. 3.5 R LAF— 5 ik Re HHREFLOLOT, x 9
—EDF =7 RRETNECr HORBEMNOHAPRTHILENTEE, TITFIg-3.5TH
HBAO D SOEEMSE L VT -4 & HOF - L ODVWTERTHATRLI, b, &
FHRTRGr OBV EABEZEEROBVWIRCASWTEARIGEEBIREALELWT
LEETE S, T, T ERRBAODSOHEEx OREEAZT T TV AN, HNEREL
f:ﬁﬁﬂﬁdﬂlﬂﬁﬁ’@éiDittus — Boelter DX TIRITHMEERALFMTE A, Fig-3.61C/RL T
BEN RS THROBES S LAREFAKRTDH 50
PlEpESic, BEMABRBRULABRORBNIER T — s 2 EEFHREDPOEVT
XhABERLIVBELAERDPG, REAHEBCB ARRERHRUOLESR &L S0A%E
oL TV EHIRRBUTRARTHAZERT ALELD HLELEA NS
CENOMRAER S IET B b, Gr b BV Re MIEHENTA— 5 E LTELED
Tid7id . FIAIEGr M Re e O, >0 HAFH L BENR O REERDLTL N
MRTEERO 2, Chld. HELHABEL VW LTEETH L. KEWREB. @
HEFRCARMROEE (FHOEE), 3V IARMKCEHEGNROEZENRELOLS
CEIEVBEEESBHE MRS ZVRARBTHCELEOBMREFRICHAAEMAINEDLOS
WNHBTHBEEZLDBIDTE o
nE. DEofic bREMROEREEBEL TV I A THE, REBKML L OFELTT
BRHCHRERU» S GEBRF - 2T 2 EEEETH b0



JAERI-M 88-073

33 ERERIEE

KM ERERT COHBR TORRERHAE LI T B0, AEBRERDBRIICH L
RBEEMERX QDD L TR, UTORE, B3 28 T~ L O icEE A o
ORFFLTTRUECHEABRAUL S ORFTICEEEB/LAGOTHD, BLTHOTL
BATHORERE IR, WIFWEFEBAOLODE#EXx Th 5,

Nu,x =0.0296 - Re,{"® -Pr /{ 1+ 1.54-Pr¥ -Re , 01 -
(BB MELA . Re,x>10%)

. 1 1
Nu,x = 0.458 - Re,,Z -Pr° ® (2)
(FmEISHRBH . Re,x > 104 )

Nu,x =0.568-R%, 222 @ (3)
( HAHE A, REI.«x >10'%)

Nu,, = 0.587 - R}, 22 @& (4)
(B#FER. RE . <10'%)

3.3.1 REMURAKEEEE SN

Fig. 3. Tla(dic A ER TOREN A EREDORAAENTE <V IKBE L blcRTo B
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B, CLTRERDAHEHRELTE Lo

Fig. 3. 1l{@)~(chz BEIWHB TRIHKOBEIZ>W T, LRABOBALRREREELI-&EO
ERTo WHEATHAOEBEICE, WHAMHRER0.004~0.556m /s DL TOHBEICH
oo T, BHIMRENRE R IICE > TARERBES L > TV e T, HEILBROEN
BEakkid, ERROBALRIKBICHAMNRORA TEDLEINABEERLDEELH»T W5

Ll EFig- 3.8laj~(c)~Fig- 3. 1llal~(c)F T, ThFhBEHHHELB LB AR TAFOES
IZ DN T, BEN S 2R ERH RO ME B E AERT — 5 %, BEM FEE T A
— 5 & LTHB Lo 20E. ERH. FRAKE bICHEMFREH HEMECES (0.1
m/sBLE) T, TARIKK S BERAORICE C—BH L, AMMKEESRIETS 2108 - T
B BOX D BN, BEMREISEEECES (K0.06m,/ sBT ) TRERICRS HA
MRORICEL —HTECERHA LM ER o, 22D, AERT~ 5 AHET 2 2 KORH
thic X B HEMBOHEHK CERRBILE T AEBRIELDH O bOTH AL L hlbD
T, R, FERE AR A IC 3\ T4 H b i 55 b 138 U 3B & T O I 300 i 5 5E
HWICENBSICE, TRZRERM O LA TS F2FAITI S B ik O HA K 5o Bz %
BRATHETE B,

3.3.4 Nu,x vs.- Re,x (RA x 234 —-#%LLEEE)

Fig. 3. 12 % U Fig. 3.13 CH#HIT Re,x » MEIIT Nu,x 2L DRE. 2574 —-49 &L T,
BHAAES ERKEE TEHBEOBSGEODVTINREFNRT. Th oo, #Exids o B8R
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Fig. 3.3 Effects of bouyant force on heat transfer characteristics
in laminar upflow for rectangular channel heated from
both sides.
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Fig. 3.4 Effects of bouyant force on heat transfer characteristics
in laminar downflow for rectangular channel heated from
both sides.
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Fig. 3. 5 Effects of bouyant force on heat transfer characteristics
in turbulent upflow for rectangular channel heated from
both sides.
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Fig.3. 8 Effects of bouyant force on heat transfer characteristics

in turbulent downflow for rectangular channel heated from
both sides.
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Fig. 3.8 (a) Characteristics of heat transfer, Nu,x vs Re,x in
' viewpoint of forced convective heat transfer, (Upflow)
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Fig. 3.8 (b) Characteristics of heat transfer, Nu,x vs Re,x in

viewpoint of forced convective heat transfer.
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viewpoint of forced convective heat transfer.
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Fig. 3.8 (c¢) Characteristics of heat transfer, Nu,x vs Re,x in
viewpoint of forced convective heat transfer., (Upflow)
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Fig., 3.9 (b) Characteristics of heat transfer, Nu,x vs Re,x in

viewpoint of forced convective heat transfer.
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Fig. 3.9 (¢) Characteristics of heat transfer, Nu,x vs Re,x in
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Fig, 3.10(a) Characteristics of heat transfer, Nu,x vs Ra ,X in
viewpoint of natural convective heat transfer. (Upflow)
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Fig. 3.11(a) Characteristics of heat transfer, Nu,x vs Ra ,x in

viewpoint of natural convective heat transfer, (Downflow)
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Fig, 3.13 Characteristics of heat transfer, Nu,x vs Re,x in

viewpoint of forced convective heat transfer. (Downflow)
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Fig. 3.17 Heat transfer characteristics of mixed convection in
viewpoint of forced convective heat transfer. (Downflow)
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Fig. 3.18 Heat transfer characteristics of mixed convection in
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Fig. 3.19 Heat transfer characteristics of mixed convection in

viewpoint of natural convective heat transfer. (Downflow)
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3.24 Identification of mixed convective heat transfer region
both in the viewpoint of natural convective heat transfer

and forced convective heat transfer,
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Fig. 3.25 Identification of mixed convective heat transfer region
with experimental range.
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