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An Experimental Study on Heat Transfer in Curved Pipes

Boiling Heat Transfer and Burnout Experiments in the Region of Liquid
Subcooling and Low Steam Quality

By
Shigeji Tsukahara and Naotsugu Isshiki

The purpose of the present investigation is to study on the boiling heat transfer and burnout
characteristics of water flow in horizontal curved pipes and horizontal straight pipes under subcooled
or low quality conditions.

This experimental works were done at Ship Research Institute, using electrically heated test
sections in the low pressure loop with 275-kilowatt D.C. power supply and with a main circulation
pump having an exit pressure of 6.0 kg/cm?G and maximum flow rate of 0.2 m3/min.

Two groups of herical curved pipes and some straight pipes of 347 stainless steel, all with
the same total length of 800 mm and O.D. 13.0 mmxI.D. 10.0 mm, were used as the test sections
of this study. The pitch diameters of the herical curved pipes were either 200 mm or 400 mm,
the formers are bent in 360 deg. and latters are bent in 180 deg.

The conditions of the experiment of subcooled boiling heat transfer of the curved pepes were
as follows:

Loop pressure nearly atmospheric.

Inlet velocity of water was varied from 1.5 to 3.0 m/sec.

Local liquid subcool temperature was varied from 0 to 12 deg.

Heat flux was varied from 2x 105 to 106 kcal/m2hr.

With above conditions the heat transfer coefficients in various points of the test section were mea-
sured by the thermocouples attached on the pipe walls.

In the case of burnout experiments, these conditions were as follows:

Loop pressure was varied from 2.0 to 5.0 kg/cm?abs.

Mass flow rate of water was varied from 1.0x 108 to 7.3 x 108 kg/m?hr.

Test section inlet liquid subcool temperature was varied from 29 to 63 deg.

Exit steam quality was varied from 10 to 45%

With above conditions burnout experiments were conducted.

The results obtained from these experiments can be summerized as follows:

(1) The heat transfer coefficient in subcooled boiling region increases, as the pitch diameter is
decreased. These effects might be explained as a influence of the secondary flow induced in the

curved pipe.
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(2) The heat transfer coefficient on the outer surface, hy is greater than that on the inner

surface h;.

In the experiments of the curved pipe of 200 mm pitch diameter of helix, the ratio

ho/h; is between 1.5 and 2.0, while in the case of 400 mm pitch diameter, ho/h; is between 1.2

and 1.5.

(3) The effect of change in pitch diameter of helix to the value of burnout heat flux qso

are not so remarkable as anticipated, but the position of the burnout initiation depends on whether

in curved pipes or straight pipes.

In the case of the curved pipes, the position of burnout initi-

ation exists on the inner side of curve, while in the straight pipes, they exist on the upper side.

The reason of this could be explained by the eccentric concentration of the steem void.

(4) Experimental values of the burnout heat flux can be correlated fairly well with the

pressure drop between inlet chamber and outler chamber.
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VIR X s TR BB, Fig. 2.30 oEHmiE
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14 5h Fig. 2.31 5 dER K E W E COBEE
ROKEVHCTFRTWEZ L 45b» 5, /AED) ik
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o THEZMRROT — 213DV, Th b &
ho/h: #EERT 5 LIZERBRECHE L s TWBHLZ E
20, he/h ViR OIRAE (BARGE, MR, BERFE
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—~Y Ty VRS LREETH B,

—%, HEDKH—ELBVIRERD -V Ty &
BIRTIROREL rORRT L bl > TR TS
CFARPRTWSEY, ZOX5RRhOb 585503
—V TV MVRREOWCHEHBRERE» TR VT &
L, S=vT Y FERESREROWEDO R X 5 TE
F5DTIREL, BEADIE MELhCLr—70
BT X > THIEAEINE XS CEHKOATFILE 5T
MEXNL D, BEBTEWTRETNC a2
BT b 2 LIERAFERIT,

ZDESRN—TORRBERC L > TETA—VT

v NGRS EA XN LD, HEEROEFFD-S

—~vT Y YRIREKRERkD IO TR E, ZOEREW
FEMIRV Z 5 DE-TEBREBER LA T TR S
F, LB THEHED -7y P ERBRUBC A
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Bod A s d Uik,
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2 bh501L, FROREMELNCE - THED
BEL R sifhici b, ThyBEETRAELTY
SEMTOBrOREER LD L THD, EHIT
FRSOEBRIRENBRY 77 — A XRREE»H 5\
EAIREES I X o TARAEBTH S S,

7L 21¥ Fig. 1.3b) O Z L L ERNDIRERY T 7
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Lz BB b DERMICIIIMEIT K SRR —
VTV PLRTLBBTHAS, §hyTI7—-Vv s
BREVIEESA-VT 7 MRRIIRES VW & 05%
X THEMEORFIMNY 77—V v 7 s fll s k &
<, RHAINEWEEZ S50 5ROHE & FEERT
AR RI—v 77 b LT 5,

=57 % )7 4T b bERPARAC L - T
BENB XS RIEEE, XEOF 2BV TR &
Banerjee 5DFERICHB X5 (Fig. 2.1, 2.2) &0
WRICHEES 2 DT <, LT FFA4 77 b
CEB =77 MMV THELZTHS 5,
Banerjee & DFEBRIIBIESM:TH 5238, MBEEMHTIX
zh B OEAENE Owhadi & (Fig. 2.4) & %\ x NSR
-4 A ORER(Fig. 2.) 535505, LerLWE
D|ETE VY ZA 77 P BR GBERRZET L THE
B LR EEABFEET 2R TAA—v 7 v M FCE
ZOEREMNE N T4 77 P ERERD) BRBICH
MITECTVWBEZ ERRLTVEE, WhDPEEZ
UF 4RO AT PCETRERLTVERY,

STCHEHED A S—v 77 FERBERERIhTWS
TLRIXERBRZEBVTH LR, WEO—vT
v EERERITIEE T R,

ZOHBE LT, HEOHED LS CHEHERTF
OBEREE LTREALZ» ez t, £hihEz
T 5O KRB S — v 77 bR 5%
EFEWETR P 722 LEREZBNSE, LiL,
EREZ BT SEMRE A LARWEE TRAT
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57 5T HLEIEELND,

Z DRE DA EIC D \WT Miropolskiy & 537
%o R EBRB DO TENERNT 5.

Table 3.1 Miropolskiy D LT A 27 ¥ 2V

Pipe Bend Bend | Mean Bend |Pipe Dia mm.
No. | Position |Angle| Rad. Rmm.| dout din
1 |Horizontal| 90 56 10 8
2 ” ” 62 20 16
Vertical | 360 90 10 8
" ” 43 " ”
” ” 260 ” ”
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THEONTHEFARAT 555, HETIE gor 125
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(Fig. 3.1)
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NS L BB o TiiEmT 3,

5. pipe 1 (Fig. 3.1 /KE4%) & pipe 4 (Fig. 3.3
MTEE) OF -2 2T 5L, SLTHEDY
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By 1 IRDOWTEZTHRLE, ERCEERH 554
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BIREPFE L VWi ST, FhiziSofMcd s
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HFEREREIET, Y77 BB D VIS 4
T RO SV T Y VR TR RSV 2 VBB WIE
DT 2= FBEZ MBI OWTHHAR T,

A=y Ty b OEBREME, HE-1 BT, R
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ATeup in=29.0~56.0 deg, hi5-2 HTl1x, G=2.9~
5.8 kg/min, 4Tsup in=31.5~62.5deg. # L CHEE TIZ
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%,

3.2 RBRERELTFAIMILa

Ny Ty PERCHEHLAEBRI EOE 22X
2.2 WEWTHRR 7 E OBZE QIR Ll
B LR U CEmgEXE Fig. 3.4 wh 5, HEEDERERE
HREE 2.2 LBV THY, EHTZDOTZZT
138, L LR oW TIEETOMERD %D
3.3 WRBVWTLKbLLSHNS,

N=V T PR ERDLDDTF A I T
vizid Fig. 3.5 (a), (b) WWiRT &5 hfEHOME %
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ERDHZLBEVOT, HIETE LIRS ES~ ) 2~
ERETCHGFTHok, LBLA—VT v FOERT
%, BTEEEETT 4R EBICLThH, S~ TV
FEETCRRIRC D TR EESD Y, kS~ vT
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Table 3.2 ~—v . 7 FEBICHEA LG4

i B A& f 1% A=n i £
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(1) # E 3§t | #E#EE 0~0.5kgem' HFEZE | WA AV 7 4 AEEOHECHEA
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.. | Type PG-20KA o
= A EnER ¥ T HE
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(3) £ 1 &l BRI 0~10.0 ke WEERES | NG
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ZHWTEL L Miropolskiy & data & L L
THIE RN OFIIEFEREZ R > TV B8, T2 TiE-S—
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deg D4 3.66x 108 kg/m? hr, 55deg DHBELF LT

(68)

6
4.)<|O|
) G=59x10°@/mhr | dTeubin=55 deg
) o
E 3700 _ o 55 l
£3 _.+__._______——I ———————— —=g=
3|8 ¢
S *
= 11 22x10° @
82 =
T T
[ 4
' d/1 0.025 0.05
D y -
&% wE-2% oE- 1%

Fig. 3.6 gso () ¥ 5% d/D 0

2.21x108kg/m?hr, 45deg DFPLHD 3 r — R ITDW
TRU7, MO 3HMEOMIE I3y — 2D gao
OVHERNEZ R L Th 5, T DO L LML dID
OEANTH L g0 1ZRPBELLTVBESELS
3, gpo DIUDOIESDOEHBIEN +£30% ddHd L%
EE TR d/D OZE{tiTh LIAKHIT & OB 4 5
ht, ZOERTEHANTIRMELESED 803 T
ELIEVE WS FERICET %, %% L, Miropolskiy 5
DX S ITERE DT BB R gpo & & » TERTHIE
d/D BPREL DI LM -T gao DIRT BN
BRL, ¥T7 —NEHRD DI 5 VT 4 fHRI
B} %5 Miropolskiy Soffe—x%1L T35, (Fig.
3.7)
DERREBEAAS T 7 — Y v re— 5 L L
%, /D OELTH U gro BESRWE Uizl T
BDB, A=V TV rOREZEEICX 5 THRS L
RSB H Y, chiton TR gk s, EBkoz
fEiZE D gro HBESTRB5E VS FEiRITREMEy
ALEBZDThLTheshb,

3.4.2 F-HOEE

4510
|-o &= 59%10%a/m*h
? ol ; ATsubin=55 seg
sy Bxo S T
¥ s T T8
£ ' Y — 8-
_§ .:\ 22x0% é
2 —_—
g | |
l@ ° 45 T~
U |
o d/D 0.025 0.05
iE HE-2% w1

Fig. 3.7 gpo (F39) w35 d/D ORE




(69)

Table 3.3 a) HiE-1 B AA—v 77 FEBRTF—%
| |
£ B OFK = i 1-1 # 1-2 i 1-3lgh 1-4) fh1-5 gh 1-6) i 1-7 @1—8:@ 1-9 gl 1-10 Eﬁal—n54131—123431—13“1131—149131—15ﬂ131—169131-17|ﬂ;(31—18
A B E K
pmkg/cmzc 3.2 2.1 1.8 2.7| 2.7] 3.3 1.5 1.65 3.92 3.8 2.8| 3.0| 3.0| 3.55 2.4| 1.15 0.82 1.85
A% -
it kg /et G 0.25] 0.25| 0.25 0.25 0.13 0.13 0.16 | 0.19 0.30, 0.51 | 0.18/ 0.24] 0.22) 0.24 0.16] 0.12 0.12| 0.16
7= E
Pin-Pexit ke /e 2.95 1.85| 1.55/ 2.45 2.57, 3.17 1.34 1.46) 3.62 3.29 | 2.62] 2.76| 2.78| 3.31] 2.24/ 1.03] 0.70| 1.69
AAEERE Tin °C || 99.8 | 99.8 |98.0|96.0 | 93.090.0 97.5 97.5 1 96.0 | 99.8 |97.0|98.5|95.0(101.0 | 80.5 | 88.0 | 83.5 | 87.0
HO SR Texic °C || f2f0 | fafn | faf0 | f2f0 |105.0 [106.5 | 105.0  [104.0 |106.5 | 108.5 {104.5 [105.0 |106.0 |108.5 (102.0 |103.0 |103.5 [104.5
W & QI/min| 9.8 1.3 7.6| 3.0 7.5| 6.6 8.5 8.0| 8.5| 11.0 6.6| 5.0| 5.5| 7.5| 4.4| 5.1 | 5.3| 7.3
B o ® B 7o 104| 5.56 2.21| 5.53 4.84  6.21 | 5.88 6.21 8.05 | 4.84 3.66 4.15 5.53 3.21 3.73 3.87 5.35
G x 105 kg /m? hr . . . . . . . . . . . . . . . . .87 5.
A M % vm/sec | 2.10] 0.30| 1.61] 0.64 1.60 1.40 1.80 1.70, 1.80, 2.33 1.40, 1.06| 1.2| 1.60 0.93 1.08 1.12 1.55
ARH T -9y
AT deg 45.2 | 34.2 |32.5|44.0|47.0|55.7 | 29.3 31.1 | 54.3 | 49.7 44.0 | 44.5 | 48.0 | 46.5 | 57.5 | 34.0 | 33.5 | 44.0
ez sy 5 4
yoxtv % 9.46/ 86.5 |10.8|41.0(25.4119.8 10.6 12.5 | 17.9 | 13.8 13.7 | 28.0 | 24.5 | 19.2 | 25.3 | 13.7 | 12.0 | 11.0
;B;x/lg_&if,ﬁf;ﬁ% 1.50 1.64| 1.19 1.87] 3.00] 2.98| 2.08 | 2.23 3.40:?_19532 2.67 2.96) 2.97| 3.10 2.63 1.70 1.70 2.16
N—=v T rhiE
(hda® X b) 295 760 510 | 700 | 170 | 150 450 2621 150 — 150 | 90 90 180 | 100 | 400 | 310 250
B0 INIM
R A A A 3 [ e 117 Pl _
CEWEAE) WA RES 5 Pl PR | PSR PR 1 B AL | PSR PR | PG | PR | P | PSR | PR | PRl | PRI
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Table 3.3 b) fh%5-2 Bl X— v 7w F EBF — %

% B ® % | fro-l|#hoo| gy 23 gho-da| fo-5| fh26| fdh2-7 | 2-8 # 2-10 [dly 2-11 | dy 2-12
ANEES pukegeG | 1.15| 2.17| 2.06| 2.00| 2.70| 2.15| 3.50| 2.55 3.10 3.20
HIA%ES pexikgfnG| 0.14| 0.20| 0.15| 0.15| o0.21| 0.16| 0.24| 0.16 0.20 0.23
EIE pin-pexis kgfom? 1.00| 1.97| 1.91| 1.85| 2.49| 1.99| 3.26| 2.39 2.90 2.97
ARZERE Tin °C 81.5| 89.0| 89.0|101.5 | 85.0 | 77.0 | 91.5 | 100.5 77.0 | 87.5 | 87.5
HUESSIRRE Text °C 101.5 |105.0 | 102.0 | 102.5 | 104.5 | 102.5 |109.5 | 105.5 107.0 | 109.0 | 106.0 EQ%%%%T
i B Ql/min 3.20| 3.20 | 3.00 | 3.00 | 5.80 | 3.00 | 5.10| 2.90 5.80 5.40
R okgemhe | 245 245| 2.21] 221 | 420 | 221 | 373 | 214 4.19 3.98
i vm/sec 0.68| 0.68| 0.64| 0.64 | 1.21 | 0.64 | 1.08 | 0.62 1.21 1.15
AT 40.5 | 45.5 | 44.5 | 315 | 55.0 | 57.5 | 56.0 | 38.0 62.5 57.5
MO Z + U7 4 e % | 223 | 37.1 | 38.4 | 34.4 | 20.5 | 35.9 | 28.2 | 45.7 19.8 25.3
”“Zgjﬁ&fﬁ@ffmz e | 16| 28| 23| 223 2.71] 2.36] 31| 2.62 2.84 3.00
A=y T ME lso 300~ | 350~ | 80 |470- |100~ | 110 | 110~ | 500 150> 160 g@%ﬂi‘f’élﬁf
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Table 3.3 ¢) EHE -V 7Y P EBRF —4
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E H-1|1E-2| B3| E-4|E5|E6|E"7|ES8|EI|IE-1
Al gt W 5.50 3.60| 2.75 2.85 3.60 4.00 2.65 1.40 1.20 4.25

e eab” | 020 0.20 0.14 0.20 0.25 0.2 0.15 0.12 0.12 0.28
2 npess ket | 330 340 2.61 2.65 3.3 3.71 2.50 1.28 1.08 3.97
ARERE Tin °C || 88.5(90.5 | 93.0 | 91.0 | 92.0 | 97.0 | 98.0 | 83.5 | 50.0 | 98.0
R EL B 1108.0 (1070 105.5 108.0 (1070 [111.0 104.0 1015 [101.0 1055  HIEIRERT
# & Qmin | 6.40] 5.30 4.60 5.50 7.60 7.00 3.60 3.90 3.60 6.75
ot gt b | 4700 3.90 3.3 4.05 5.56 5.15 2.66 2.87 2.66 4.95
AHi#E  vm/sec | 1.46 1.13 0.98 1.17, 1.61 1.49 0.77 0.83 0.77] 1.43
AR 2”7 | 59.0 575 | 47.5 | 50.6 | 56.0 | 54.0 | 42.5 | 41.8 | 72.5 | 54.5
MH 7 a7 197 27.0 | 26.4 | 22.4 | 19.6 | 21.9 | 36.0 [ 19.6 | 16.8 | 24.2
oAk i | s.04 3.27) 267 2.86 3.47 3.48 273 1.83 1.92 3.51
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