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ABSTRACT: This paper presents the measuring technique for local heat transfer coefficients
using a copper sensor in a rod bundle with mixing vanes. A copper sensor consists of a
cartridge heater and four pieces of thermocouple. The Heater is located at the center of the

copper sensor and thermocouples measure the surface temperature of the copper sensor.
Unheated copper sensor and heated copper sensor are able to measure the local heat transfer
coefficient at the position where the heated copper sensor is installed. However the entire
region of a rod bundle is actually not heated, the decay of local heat transfer coefficients

measured represents overestimated value rather than an actual value. The calibration curve
for local heat transfer coefficients is presented using the correction factor calculated by CFD.

Key Words: Copper sensor( 2] Al4), Mixing vane(<&
Local Heat transfer coefficient(=F% & € 74*), Stanton number(Z= &

3t 7l), Rod bundle(E-thah),
).

H
ELE 2=

2l s A9y
Dh  : R5E FEA7%, 4A/P [m] EE RN 2
h D EAEAS [W/m K] § H| 7FE A 2
k D EHEAS [W/mK] v L EREAAS
Nu  FAES hL/k
Re D Hlels= 5 UD, /v 3} =}
Pr IHE = v/a S EFHEE
. g3
St 28E 4 Nu/ Re Pr = h/chV m ¢ bulk=5=
D :ghd g 3ol
Ts 7449 W= [C] s I s
. A
Tm Yz E3g#eE [C] c A
. = o 2] oFak
a l—’H‘l‘l‘ E%_Ej [W] 1 A‘I =
As 1 Al e] 2 A
, RE oA Ado] Wk Skt A7
T Comesponding author Qude APl T S du Aov F
Tel.: +82-2-3290-3355; fax: +82-2-926-9290 _ _ L _
F AV~ FAHo g A3 M3 daE 9
E-mail address: ydchoi@korea.ac.kr .
wzkel 7] wiitel 1 9Ee o AA Aol



3},

A AE

A} A

=

=

T2 Al A

R
L

Aol A

O
RS

=

~ —
~ o 1f -
ﬂ,_ﬂﬁ_mm-wo 2 .
g G s
T c @ . p W Lm P G ICE
= AF T > g 3 Nr g e T 7 W
10%]6 g g 3 = 1o 2 T T F
TLT s /\ el §opIErinETS
g o g = [ g g ®©@ ¢ g .=
o ; S Sz Do .
M o g (] _r,Ar,ﬂLlﬂ.,l g
X i e & — o © o ] | . W g
e 8 Il g L x TN E H =
° ) _,Tv = S FI H 2
~ 1+ 9 g g b 8w = m H : c
w o x g s 2 e T MET GE S 1 2
b £4 2 |, 2 2RoTZTER : 5
o gl & [ = PeZEITERY 2
o2 1 g s Llg s _2® 24 5 8
\_lw_vu‘_,mﬂ‘l |“_m_. rF n ] Oﬂ_./H ‘a,Der]ﬂE m
S.Lﬁq H_o m (T E#E‘UI‘HEMWI__’HWLanIﬂNO
ﬂ]ﬂoﬂ‘_ _ g | © n_Al,l_&He qux]u_z_ﬁ m
o A ok PO i =g =2 =R
MA.VH\_Iﬁ_AI ﬂAI s [ W.an .mvlﬂ/l‘A;OfV\UlﬂﬂvA EE rm
K = 8 £ c . < ~ U =
Teal h ow N ToPeB8sc5 8 2
I T o K0 K0 § X2 g = Tesw X = 8
prez ®m B S L7 8 2z 3N o E
mewmE A } Ty _ 27V 5 5
. k) —~ X =
=o By o ol m E\C,Swg ﬁ%mawaﬂmmmﬂﬂh@a A
S .Ldnﬂuﬂ L=
xoio_z‘_.q_ol.mwmonDuuT. N
‘HA_I‘I__/!\L.O‘LI‘LI _31._|,UI WO
S NRERBA R T T RS =
%7%@%@% HXMLMOMWMQQL% —
- X — o =X -
T mff@ﬂar%ffzi1%mﬂ TREE T L AT EB TR
— %O o 0 it o oF ol
Jo gy op WY mo oK o =T = LT R = W oNo _ Hemaur o T R m o
BT P ERT AT & oo T o S Ll
X — —_ — = o » N 9 Nr = <0 S TRl ey ™ ~ RE =
NN & o AR N %0 0] o b T oy o Sl oo = SR o S
m.ﬁ ﬂar@E.LszW mﬁ@%%%ls@ 5 R X Q%@P,ﬂomﬂ?p& Eomﬂoa
R = TR D Mw g e ok S mm Jo B 3 el RIESTR ) L o
4%%&@MM%@%€%%@@WAAO4%H@ma@,wﬁ%glm@e%
mﬂ%ﬁﬂ mﬂg@@%mﬁ%%%wljﬂ}ﬂmoﬁ;ﬁo W Mgy ol = ° 5
x_.waAXHEELde% Moiledr7oEQI7ﬂ§dao#oﬂroéa?z_.3&|ﬂﬁ &oriwwﬂos
et p Iy L L) WA b mp L B S m i HA g
W%ﬂﬁﬂﬂ@;%@%@ﬂ#%H,_%Qmog.7ﬂufoEa@@otﬂmoﬁu imuaﬂﬁ. 7
T BT ﬂ%ﬁ%ﬂ%&ﬂ%@uﬁvl%%%%11_J ﬂwahaﬂ%%ar%a
Wﬂ%n,.,l Zﬁ)ldﬂoT]ﬂeq] ey JO_KOﬂ‘BIE_‘_UF\mHoﬂLMﬂ leﬂﬁoﬂ‘_mg‘MMEp
gl %! ol T X oy > °F o 5 T = K e 2w E.]EE7 F o) &
drjl,@amuéa@a T o oﬂaioev]imu_zﬁ% ]&mmﬂx _ﬂﬁﬂﬂmﬂjﬁﬂﬂ%% Hom S
m X B i 3o gy N kT X mﬁ 2o o MR T X BE o PR B AT X T
%%%M%%ﬁ@ﬁ%%ﬁ&@E@&%M%H@E@ﬂm@waqg%QQQJM
BT A oF By M S 7 % o . oo B e O B
.ﬂarmmgﬁwwﬂmwﬁow_fﬂ%wHaurmlﬁ%maﬁmm%i%éiZ#o@%%owjv
JREONCN - i K e CER R Ew R L om BT L W
PEWSBPE TR AR o F oo D SCR. ISP R o R o™
SERE® T E Free P P lan N
Lo,ul.AHfﬂEOTﬂi@p&MwﬂﬁWéaﬂ
SIS B S

for copper sensors

- 192 -



2.2 72| M A (copper sensor)2t £ ¥z A5 WA g Q7] Wil ol & ol &ske] 5

4 s WsAd o vty AEgA o] e 8l

TEAMAE o] & Fupde] SR AdEAS of 435 AFL F Jom, F5 Wis T

4 A dfr%(constant heat flux)Zx=713}e] A @a el ¥del exE =xe 5 9 #
ojfFojAH, ojuf AmFe AHLS e Aol st

A ™
EowEY WANEe AT 2ol Yrhold
o}

Teflon holder TC

h=q/A(T,—T,) (1)

= i

Heater

\
/

Sl olA dAG dfrS(constant heat flux)
o] vty sgEA sol, 1 Al Al (&)

GAFE FIA Ao 1 %S 7] AsiAE 15 40
FUEAELE 7,9 4A9 BFLE 7,8 34 <
2
stojof gty 77,2 AFYA SlH(cartridge i
- 20
heater)7} AR H A && FAME SH 30
¥ %4 APolA S470]7} Dholx o fol .
ol = e o] % ] F A 2= Al . .
2 strtal o}_L L AAAA DAEA = Fig. 3 Schematic of heated copper sensor
(28} #Zo] HAHAHE + AUk AD)S 22l
As Aelstd 2(3)e] Hrh AAMTHE
. astel geshe el wi A o 2ol AbgE A9 FEHE (5%
FAS] Hxe] zpolnt I, ddG A gk _ o
o w2 o Hg ol A &337£3QS 7L lom, wiFE A

5
&= SlEfolth. Azt 97 AN I
Zo A 0EAA 100%=7H4] 2% &

Nu= hfh (2) AAg el F4E HA(calibration) S st ARE-3}
Atk AFdA sl ofF FrElEddA e dA

4D, ¢’ D, Els oév—.(heat flux)S 7}38l7] ¢ste] o)Al 3

Nu= (T.—T Ak 0k =C/o 3) of AbgH= 97He] sIEE ZH2; Alojetr] sk
T FEsE Aol AE A FF A2 SHA

zHs For M dAB8T dFEHs 7Y xd

T2 M A (copper sensor)= Fig. 3(a)3} #o]
T 22 1588mme Ass THAH FH
70mmeoltt. AlAe]l F o] F gFHSFE 15mm
AL Ay = POl YA A0mmTES 4
Hdoz AFEH = A9 2 3| E (cartridge heater) 7}
g Tdol AL o] AT dFHe] 44

o AaFEE Aolstrh.
Table 12 AA e 7334l
20 Aelste] e el
=

o

ogd AAYAF AL F

on 483 4 AvF Hdch @ 7o mu

o) £EE a7 Astel T MM PTG

9% wagowm 9E Aoz T AA Table 1 Geometric parameters

(thermocouple) 2 A x&tgth. Fa) sl e %z Parameter Unit Value

:llOi el 2ogle dgeaAl uly] 9 A, Sensor length mm 40
AAR HEZR20Z TE ul/E o]&3d o Sensor diameter mm 15.88

o ﬂg}@ 3 wel Xy AgE 4 L= Mean heat flux W/m’ 59,864

st FEl A7 ddE 2 Zo no odg Hydraulic diameter mm 21.8

o] dolg ®gAIZIH 7t E = Pl 9



23 7 AT

AR ARBIAE o] WA AmPolA @
A aHER PHANE AT 7
FAAMCNAR WA ARE FAR]
geAN, FRAAY A5 gol A H©
o Mo dER A %
BAAYAS e 27 AaAE AaT
g olgdtel =7 -
s okgeh ol

correction factor)e2}il &Fil & ppekal ShAL

Fig. 4 Thermal boundary layer development
by heated copper sensor located at x

Fig. 4= H|71E 4ol & 7Hd EA4A 5
o] S e, ojuje] ~vhE 4 (Stanton)
= AWAYE T3

o)

ol 7ol AARE ekl B 299}
2A A $EAGE A9 AAALE AS
y|

X 1AM el ~gE Fo) W= 4(6)

0.971/9 Nu,

gf[—@—gmj] =~ ©

olol Al 2(8) A 1HY ZEE 7E Ty
AAE ALEee] F4d FAE = A4 d=
Bl d& 7S A9 FAE § Hu Ats
AL & F Ak A, B AFoA e} 2 5
thro] B3k i FE oM e Nu/Nue 4
(®)7F Zo] @A A7 oJH

B o= FLUENT Z=E AbgaiA A
AbElol . 7 e Aol s @A A A
23 AA Az st o LA AA=S
RE2 AT a2 o) gate], g AA
2 34 gRddGAS FAAFE FIA

3.1 F27tE & dAItd =1

520 T T T T T

Entire Heating Conditon
500 -=--- LSVF MV B
—— Spilt MV

480 | i

2 0} .

4q0

420

400 , , , , ,

0 5 10 15 20 25 30
z/D,
(a) Entire heating condition
520 , .
Partial Heating Condition
. T LSVE MV

500\ —— SpitMV 1

480 F 1
>
Za60fF 0 SImemeeeol oo 4

440 E

420} i

400 L L L L L
0 5 10 15 20 25 30

zID,
(b) Partial heating condition
Fig. 5 Comparisons of Nusselt numbers
calculated for Re=50,000

=
Lol FAE St AAAAE AP AT F

- 194 -



ANA z 'FEHE Nu/Nupgtel #H2sta 1 o F
dxe Ao 443 ghs 7tk

> b
fU oo

2 K o2 o 1o L N o O -

BU\I

2

g o ox [m 2
re

X

M

—_

32 =A==

rd )
i
dH

fob Ho 1R

™

(nt

~

ng
[ <OV
+ o

, A
(it

o= Oﬂ /\1 ~/] T /HE] Z’:i L}‘E (NU/NU-D)Copper é]
I%H'LH Z]]ﬂ— —.—Xﬂ = NuDI(,opper7]' NUDE-dF =27
e ] (NU/NUD)7]' (NU/NUD)Copper—]i‘:]' 7% ;q ]

‘%

=
100 . . . . .
120 0 5 10 15 20 25 30
Entire Heating Conditon Z / D
116} T it "
IS " Fig. 7 Correction Factor(®) calculated for
01l Re=50,000
=2
%1.08- BoAgo A t®e sAuye o] gato], 3
A& Fste A (correction factor)E& T
1.04
9o, 1 FHLE Fig. 743 veERda, 2(7)
Loo] . - - - - - A xdEo Ao, AA AE gkl -’F"éﬁ]-’n“*
z/Dp, walwomZA HAA HdA duEd 4S 7tds
. ) .. o = 5 2= o)
(a) Entire heating condition 359 Nu/Nws 72 5 2
1.20
?a[t!all_:\?é\thg Condition N’Lﬂ Nﬂ
116} —— spiltMv = N— N— (7)
Up Up copper| OFpD
30 112+
<
Z oo FAASFE olgslel T FRAADAS
Lo o] ferheke dgk AAFHS 2 Fig 849 U
Utk frEwsrow MastuA x e A
1005 5 10 TR 0 a0 <9)'§_ EO]EL HAadteE FEHE HoFan
z/D,
1.20 T T T T T T T
(a) Partial heating condition \ o LsvE
Fig. 6 Decay of Nusselt number nomalized 116 2 - - -Yang and Chung [9]
by CFD for Re=50,000 il
2
o é 1.08 |
Fig. 6 338 EgIHE FF3t 5o
B A FAE SO disiA FA A 7] Loar
A AL Ayl BE JtEste 92 AnE v 100 s . . . L i
s Zolth maAdvE dvnw AP=gtol A
2e AN ANk A9, Y "

Fig. 8 Comparison of the Nusselt number

B 99 e wLTE A8 @+ an 5 normalized at Re = 50,000

split EgE/ME F23 7é‘-r‘i‘ 1Dh~ 15DhA}o]

- 195 —



4. 2
B3 g Al (copper sensor)E o] &3
@Y BohE S5 A A S4VIHS A
shal, =3l AEtd Hopde] RdAGA
TFE S48
D FA34 7IHPe o] gste], std Aol
e Z29E g0 & den, B 7 A
o AAZFE Aol FEAATE AAHSR =
e Hepdl = A8 FRlsAr
2) FA8ATE TIA, FREAG AT FA
e RAT £ 9o, x'e FAEZ sHAm
AasteE A4S g 5 AdAqn
o EH
1. 84, =53, 443, AE7], 1993, €4
I BEAALE] FARO #E AT e A
skl =5-F A173d 10 pp 2624-2633
2. %A, AAI 1999, FEEFEXI A
NASHIA bt W Fs7x2 54, 371
%3t Weuess wATETRs] =&H,
628-635
3. oA, QAR Al, Her d9A At

o
¥ 2003, Mixing vane Th3H7]ASH3] 3=
AlgtEd g =3, pp 408-413
4. Armfild, M. V., Langford, H. M., Beasley .
D E., 2001, Single-Phase Turbulent Rod
Bundle Heat Transfer, proceeding of 2001

oY
>

ASME international Mechanical engineering
and Exposition, HTD-24116, pp. 1-8.

5. Armfild, M. V., Langford, H. M., Beasley .
D E., 2000, Average heat transfer
coefficient measurements in a fuel bundle :
Method Development, proceeding of the
ASME heat transfer division, HTD-vol
366-2 ASME international, New York, pp.
136-170.

6. Holloway, M. V., Conover, T. A., McClusky,
H. L., Beasley, D. E. and Conner, M. E,
2005, The Effect of Support Grid Design on
Azimuthal Variation in Heat Transfer
Coefficient for Rod Bundles, Trans. of
ASME, Vol 127, pp. 598-605.

— 196 —

A, WA, H s, 2006, LSVE &3 7h
E o] 83 6x6 Bride FFRgAe A4
A Bl ek A¥A F4, ug du| g5t
5] FAg=H3 =3, ppl88-193

S HJE 2006, AAF JFgA ALY o)
ol et 3l dFRAAE 5o #e
AT, AulFst=ay A 18W 108, pp
811-818

. Yang, S. K., and Chung, M K, 1995,

Turbulence Flow Through Spacer Grids in
Rod Bundles, ASME ]. Fluid Eng., Vol. 120,
pp. 786-791.



