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Critical Heat Flux Experiments on a 5X5 Rod Bundle Using

a Freon Thermal Hydraulic Experimental Loop
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Abstract

Critical Heat Flux (CHF) experiments of a 5x5 bundle were carried out using the Freon
thermal hyvdraulic experimental loop which was developed recently at KAERI. The working
fluid of the loop is Freon R-134a which has free Ozone depletion potential not harmful to the
environment. The loop designed to operate at the critical temperature(1000 C) and the critical
pressure(4000 kPa) of R-134a. 720 kW DC power supply inerted the direct current to the 5x5
array of heater rod that has the diameter of 9.5mm and the heated length of 2m. The
subchannel geometry of test bundle is same with KSNP fuel assembly. The experiments were
performed in the range of the pressure of 1500~3000 kPa, the mass flux 50~3000 kg/mZ—S,
and the inlet subcooling 10~70 kJ/kg. By using the 151 points of measured data, we studied
the trend of CHF on the inlet subcooling, the pressure and the mass flux, respectively. While
CHF was increased with increasing inlet subcooling, it was decreased with increasing
pressure. For the mass flux, CHF was increased abruptly from 5Okg/m2—s to 35Okg/m2—s and
increased gradually after 35Okg/m2—s. Although the trend of CHF on 5x5 bundle showed
similar trend with round tube and annulus channels, we found a more drastic change of CHF
below the mass flux of 35Okg/m2—s than the other channels.



17] ol

o]

T

R
1

FA) ARl go] iAoz A=Y, £ =2

A7

=

718td 3 dAYHEe] ERY
PARe

R

1

A

e}

T

&

)

A

A 4% (CHF:

]

g3 g FaEE <

B

a4 o]

311

Aol & e A
Critical Heat Flux) 4

3

20MW ¢ A

R

.

]_

FHl7F aatd T 1960E ol

Z}A] §]

=

=

1~2%

57kl &

t7]

3|

™)

}1)

O
ool
<
o}

—_—

H

R
1

o)
A

o~
T

]

[e]

=
=

M8S 1/100]3H2

S|
g

A
=

14

3

7l Apgelg Aok

&

S CH1-101.

o]

SE

o]

=

=9 H

CHF2 ¥

A

=
=

517}

=

o

o]

]

@A

ul
-

A% o] g3}, A

PARe
=

EES

A

A A

R

T A 2y dA Ve ron

25t A el A

84
FH
Az A

|

HA

Qo aeue oY 7

o

™
)
X

o))
B

o
=

oo

- 57}

ol

et A el A

2

e
B
o
Sl
o
=)
R
~
i)

B
T
o))
i
A

T

"
oo
=l

o))
L

il

ﬁo
=

o

oo

Pl

]

A
=

O A~
SR

O SLB AtazA] A

R

A A

.

A/ =

i

2 R-134a

9

3L
<

R
1

]_

KSNP

R

1

A

Al

&



HAAPAAE FA oSN FZop bR D7) R antel Zhkr], AR,
Ao, AN, dugr] o s gl dwav], AWM, iy 2 AL
Figure 19| wtebdl wpep zrol zp 2o wWE= 74 AefAs 4 W Zde
R-134a(CHFCFa)E o, d@dAe Aoed o3 3 22e 242 45 714, 1500 ColH, +
AgA ] AFFE Table 16 FE5k9Avh Z8&& 50m 7 15kg/s &9 W=REHEZ
e Adadste] ojFstach ALEAER F57F 100mz vi7bE A om, AME 2018 AA3
0914 3500RPM7HA] Hze] 83d& 58 sty fd2de FPst=as a3y f@e mA =
AL S-3E 9 Q] throttling MHEE S

pS)
oj&3 iAol A4 ZeEle FACl Hob Eolvte AL WA A Ze2at

.

41 fo

£

AAbolo] gFe o] gli= ofF 2 o H (accumulator) S 7F7] 2 AFESITE ofF R ol Eo] Z
2725 TPt ZHe FAS AT Alolddl = who] BEHWA A ARYEE St
o gEE olFmdely gdd AT AATba diEHEE AXA st A ¢ oQdrh e A
AL ZHE R-134a9 FA 5ol £L& ©AFHE A Buna-N A eojw ofFrdgoly WL

= A
ZAYA I PRV Wste] Al dre 2RSS Y A= S5 S5
T ARt AHA ghrle] &% 40kWE Figure 13 7o

Ark 2dle] dur)= Mg Zol dRE o] SUS 304w AAE Ao,
2% 3 2A seamless SUS304 spo]xxz FAF L 2

T 290 dolzm wjdEiv. AZM B

=
=1 H =
Fg a&AoR o]gsta AR AdAANE FASt=Y FE&e IR E dudy] 9

2
ol
2L

BN o
N
o
oo i

o of

Jo ol rfo

o
i)
I3

o
S (o] 12 “ 1

>
>,
ofo
N,
N
ulit
o2l
=i
ok
N
=i
2
o
o
N
X
1
oft
=
>
—
ro
N
X

fass

£ g

it
o m

N
—_

drse 4
11291 Type A9l 749 sheath 2174 05mm<l K-type @A E Figure 49 #Zo] 7F4+47F 27
AlA 10mm stte R 90 tACR SfE AASGAY. FFEHLZ7 0932 Type B
AHREol A HAHA Fornw dAYE 180% Ao 274wt MA|erh fok 2
Tow 5X5 erhds RN fle AA 67HE JEAAL Sllmm A o2 2SIt
2 PP FrRd e dFEE9A8E Table 20 =800 4887 Wie #%
ol 4904 A7) MEE Far el At oer she-Ae v
= AL A7AA gTolt Al Aol = Tie Plateg +

AeE Fude deste @A 75 E stEs Astskiivh Ald o9

3 =k
N FAYEEEE Figwe 39 =N A48 dAGRES FAE FTEFYRE
A

1

o M o <o
2032 e ot N
i oo g o

ot
2L
&
=



Ze A5y A9gAe) AATHAAE Al Ha 60VAH FFHL AR A3 12000
% ow AR

[}
Hi AFAQEA I M0V 34 ACHAL 64 v Fua
q

ge o 6 2
ABE FEHHE RE AN wolz A ASHS AgsG 4@ F4HE AL LE,

au Ao 14907 2T T-typed FX LEZPo A& AW -200-350T
3 T-type o] WA Lxol dja M@0 Mok Aol Bo] A8 K-typerth F o

ol A&attt A 1/49A9 JFeE SAHE dddE T-typel® & xk= 20.4%°|th o
7|22 HP-3852a ARG SA 29 A& HEEIA o] WA= Isothermal block
AX FA A AFom wAFHAT voloizygl FHe dHEAAMAAM AES BodE W=
AAA G4 S0l 15V AgAlam Wgsto] SN2l AFart. Ao -4 2 F
2o 49 SA4E dHAs LA £05%%) R EALS] AntEES] U EMAME S ARRSH
At FEFSAd AMEE AAE vlolARBEAALY] U-FEY AFFHAR 8§ 2x= £0.5% ©]
Wolth, A7 axtd e A4S dio] wrobyl A HP38G2a AR S5A| =g A 5-4 digit®]
AL EZEMHZ Ay SASATh AFSAE AAME 1500090l AES ARFALdA] Wi
of AA&iv. AE= Ay ER/7IS AFgs WER ddsta A/t 719 A

A=} =
T a
ol o dAtidetwe] Watels delE ol&ste] AFE AT 150009 H 0] S48 AES

D
rir
I+
i
<o
oO
°
i)
—

!
1
<
lo
i
)
P

11
ulit
T
|
(%)
o0
Ul
[Nl
o
B
il
o
A
>
[>
jutit}
2
ofy
P>
rob
&=
T
v
(e
O
Ul
[Nl
o
B
il
o

@e wFY Zzoaey ddojdl HP-VEER Z4Z2ade A4kl TEetgon, 44

3. 5x5 Erhe 23
JbdBo] CHFR 9lste] Bhe 21& WAstr] fiste] AdTT 4 AAFERFAS Ax
2 FAsgt dEEYe A9 waexith stdEe] Wuenst 500C o EA W
2HEA 2N ERAIES AYTFAA wuo] ALFFL FuAAT. Adoe 2+
< Hrtslr] Ystel Ay A2 Ao Al Heat balance testE F83slal A QoA Qr7td 4
o} P A AT Do) Aolsk 3% olyhel glow WAL AUk AW, FF R Yo

S 1500 ~ 3000  kPa,

gk 50 ~ 3000  kg/m’s,

AT 10 ~ 70  kJ/kg,
go AP A FH 574, % 1A 2 QA 5148 2@l AdvEdas
MES APE FASAY. B, B2 D CHF 244 A0 WsE w72 ARgsze s



& Adste dAEREe] BAstE FeRe A AEE SAA e WaAste Lol 49
<ol CHF 2A7F 59 A8 7tEe3d 10W mtes UM] A 7N TIaL F2ze] deEzA
of dAstA 4 w7tA ZIvd v 257F JeHAl SUkekA o v dEe eEle Z}‘”S
st A CHF dds e, e 2d-gdd@dx s o] 42 Z74°ﬂ*1+ FZO] Q
Aol s Hxzer Ao 479 Throttling WHE & Ao 4= oA wdoM FropiE 7] 01
& A FHGE0~600 kg/m’-s) AH AFHow £ £ AUTh 1Y Kol A A Yy

—_

Eense Fon Qreng £49 5 g 2710l slou(deel 1500 kPagl EANAE Q17
e O leRnt e SR WA, ook g £A& A 5L 2N 28G5

Aa5 AALREE S

4. 49

il

1}

e
oy
lo

Figure 33 zro] F<rm TR F¥o] oFny 20%71 =4 AW FEHLES I
vk aErz CHF 2AA = 9] =2 Zhedl 449 Frdr 4 2A4d Aoz o4
} oUr Y=ol 1500 kPaO]E o] 150, 250, 350kg/m™s9l APz A= FAR} opd 9
# Farda dAsdY. Add & 16171 A¥ARE ol &8t ZH A i dAEH
’?4 d¥e A O‘?“”.ﬂ &, 1 2 dEel mE =z dALFEe 42 Figure
6-89 L=AlSHA . Figure 62 ol %Wé@} o i el meEl dAEFELE ddden S
ZFetal e RoFa vk ¥, ko] Skl weh iarabdEe) kel AA N dEe

d F At o)y AL A3 SR Ao T H AL, 12] el 3000kPaz
A&t ‘!TX]}‘] 21 A4S ) g dALGHES %ol 3B0kg/m-s7HAE FASA Frrsiohot
I ol FREHE A¥Hor M3 F7IetRt(Figure 7). ol s AL JFAYEel o)
1500, 2000, 2500kPagl FZAAX % ¥t AFE HAFAY. Figure 894 H%o] o] F7)
o whe} JdAEFES AAA R AAe] TFas Tt FAaAETFE o] fof AeE Fre A
o PP sl 10k)/kgel 7A--(Figure 8-a)olle 7H4 7 ko] 25k]/kg(Figure 8-b)HEt} oFz7h
=ASHA YERSE

.

5. 4%

T Og JdAERS A4S FAY 7 e H2drddd AR E AAetal 5X5 Bkt
A FdstAnh 16179 AR s28 Y Srpde] JdALARE AdS 45 oha ) 22
AES A}

1 Y= wel A FE5E AFAom Frtetd o, f@o] F7HEl wel Al =
et oSt JALD RS Sk ARl

2. AL 4L T3] 3B0kg/m -s FH VA= A Z7stelr o o]TREHE My Ao 7
A A8 F7hsk T

3. gEo] FAge e AADRES AANCE AN gastdrh daP e Kol Ho}
A5% Feagn,

4.5%5 Brhel U@ QAL RS0 Age A9 BAB AP AANHoR HA e
Uehk o) ko] 350kg/m-solate] ZANAE B el Aol AAD Sl ek FA
WEH s 4 2g

®ATE AEr)ey 949 F4/QT ARG dBoR ofFojdou oo tstel W
4 @A g =,



Y

L3

(1) Barnett, P. G., 1964 "An Experimental Investigation to Determine the Scaling Laws of
Forced Convection Boiling Heat Transfer, Part 1: The Preliminary Examination Using Burn-
out data for water and Action 12, AEEW-R363.

(2) Stevens, G. F. and Kirby, G. J., 1964, A Quantitative Comparison between Burn-out Data
for Water at 1000 psia and Freon 12 at 155 psia Uniformly Heated Round Tubes Vertical
Upflow,” AEEW-R327.

(3) Stauh, F. W., 1969, "Two-Phase Fluid Modeling - the Critical Heat Flux,” Nucl. Science
and Eng., Vol. 35, pp. 190~199.

(4) Coffield, R. D. Jr. et al,, 1969, "A Subcooled DNB Investigation of Freon-113 and Its
Similarity to Subcooled Water DNB Data,” Nucl. Eng. and Design, 11, pp. 143~153.

(5) Andersen, R. and Pejtersen, V. S., 1969, "A Critical Literature Study on Scaling Laws for
Heat Transfer and Burn-out in Two Phase Flow with Special Reference to Boiling—-Water
Reactors,” Danish Atomic Energy Commission, Report No. 207.

(6) Ahmad, S. Y., 1973, "Fluid-to-Fluid Modeling of Critical Heat Flux: A Compensated
Distortion Model,” Int. ] Heat Mass Transfer, Vol. 16, pp. 641-662.

(7) Katto, Y., 1978, "A Generalized Correlation of Critical Heat Flux of Forced Convection
Boiling in Vertical Uniformly Heated Tubes,” Int. ] Heat Mass Transfer, Vol. 21, pp. 783~794.

(8) Merilo, M., 1979, "Fluid-to-Fluid Modeling and Correlation of Flow Boiling Crisis in
Horizontal Tubes,” Int. J Multiphase Flow, Vol. 5, pp. 313~325.

(9) McPherson, G. D. and Ahmad, S. Y., 1971, "Fluid Modeling of Critical Heat Flux in an
18-Element Bundle,” Nucl. Eng. and Design, pp. 409~427.

(10) Katsaounis, A., 1980, "Verification of Ahmad’s Fluid-to-Fluid Scaling Law by Bundle
Experiments,” Proc. of Winter Annual Meeting of ASME, Chicago, pp. 37~43.
(11) S. D. Hong, S. K. Chang, B. D. Kim, C. H. Chung, "Critical Heat Flux Experiment of

Freon R-134a in a Vertical Tube and Estimation of Fluid-to-Fluid Modeling Method,” Korean
Nuclear Society, Autumn Meeting, Seoul, October, 1998

(12) S. D. Hong, Y. J. Yoon, S. Y. Chun, W. P. Baek, "Critical Heat Flux Experiment of
Freon R-134a and Estimation of Freon-to—-Water Scaling Method in Annulus,” Korean Nuclear
Society, Spring Meeting, Gwangju, October, 2002.



Table 1. Specification of the Freon thermal hydraulic experimental loop

A. Main Loop

O Working fluid Freon R-134a

O Max. operating pressure 45  MPa
O Max. operating temperature 150 °C
O Max. flow rate 15 kg/sec

B. Equipment

O Power Supply 720 kW
O Two Preheaters o0 kW
O Two Condensers 30 kW
O Two Heat Exchangers 300 kW
O Two Pressurizers 70 liters
O Two Pumps (serial connection)
- Head 100 m
- Flow 15 kg/sec

Table 2. Thermal hydraulic characteristics of the 5X5 rod bundle

Parameter 5x5 Bundle

Total number of rods 25
Number of heated rods 25
Rod pitch (mm) 12.85
Rod diameter (mm) 9.5
Heated length (mm) 2000
Rod to wall gap (mm) 2.55
Corner radius (mm) 2.5
Bundle geometry data

length of one-side (mm) 66.9

flow area (mm®) 2695.8

wetted perimeter (mm) 1008.6

heated perimeter (mm) 746.13

hydraulic diameter (mm) 10.69

heated equ. diameter(mm) 14.45
Hydraulic diameter of

central channel 12.63

side channel 17.19
Axial power distribution Uniform
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