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Heat Transfer Characteristics of Supercritical Water
in Inclined Upward Tube

WU Gang, Bl Qincheng, WANG Han, YANG Zhendong, ZHU Xiaojing, HU Zhihong, YANG Dong

(State Key Laboratory of Multiphase Flow in Power Engineering, Xi'an Jiaotong University, Xi'an 710049, China)

Abstract; Experiments were conducted to investigate the forced convection heat transfer of water
with high temperature and pressure in an inclined upward tube with an inclination angle of 22° and
an inner diameter of 26 mm at pressure of 23-28 MPa, mass velocity of 600-1 500 kg/(m* « s),
and heat flux at inside wall of 200-600 kW/m?. The results show that the circumferential wall
temperatures of the inclined tube were not uniform, and the wall temperature at the top was the
highest while the lowest temperature occurred at the bottom. The top-bottom temperature differ-
ence decreased with an increase in pressure and mass velocity but increased with the heat flux.
Moreover, the low-density hot water gathered at the top of the inclined tube because of natural
convection caused by buoyancy effect, leading to the deterioration of the heat transfer condition,
and thus the temperature at the top was higher than that at the bottom. The relationship between
buoyancy and top-bottom wall temperature difference was obtained by Petukhov’s criterion, and
the predictions with Jackson’s criterion agree well with the experimental data, indicating that
both of the two criteria can be used to judge the buoyancy effect in an incline tube. The heat
transfer correlations of the forced convection heat transfer of supercritical water were achieved
from the experimental data, which can be used to predict heat transfer coefficients of inclined up-
ward flow in tubes.

Keywords: supercritical water; forced convection; heat transfer characteristics; inclined tube;

buoyancy

Wk HHA: 2010-10-26.  YEH®E A RNIC1978—), B A  Be B (B RO, B 8% LA S, RLWmH.: ERE
SUBERRAIF AT & R 9% B0 EH (2009CB219805).
2% H R ] . 2011-01-17 2% H itk . http: / www. enki. net/kems/detail /61, 1069. T. 20110117. 1044. 003, html



5 5 3]

SR 5 < I AU K AE R THE A IR IR U 7

R S U A P9 3 003 B 4 o T 1 (R,
SERE UL AU g i i SR A AR R R O
SRR, 5 SR ZS B AR L I S A
HAT SE AR BRI, e I 5 DX ORI %
A o3 SR AT AE I SR R DRI o e SR
PRI AF AR T A B HE L e 5 A K ok
15 K SR 2 Tl Uk

M 20 28 60 AEARTTAG . 1 2ol il 1K g T
BT A S U0 A2 78 58 o) Xt A PR P XA
R F A S5 8 IR BRI A B i 5 O A e EA L
PRAEDT A TR ZA B ERI BT RER. SR 26K
R IF T A o e B AR A S I A
PRTEASURHE PN 8D 5 e PR 16 i 52 AR D (R A
S PR T AU L 4 )R A I B b bz
(O 7 A B I 57 e 7 K R HLEE R 8 7K
VORERR B Tz . DR T e S AT Rt
BN B BRI 2L

1 R s 57k

I TE PG 22 A8 30 K i RV OK AR ISR &
HEAT 0 RS R R 1 R R RGN 4
Z% k5] BB Z2NEN 26 mm 1Y
1Cr18NIOTi ANEENAE » SMEE IR Hh s MR AE S BE T | (1)
K ZR B E (I B, 30 B 445 k) LA B B Fl 4 A 4 [
2 PR B p L R 2 Ap 43l i Rosemount
3051 ML 2R3 E S MBI A 3051 HL 252 28 TR AR 36 #
Dt 5 30 Bt ) 1 I AR P K 78 4 2he A U
i AT IR SR H IMP3595 iR EE RS A

12 7KH 2 L UERN 5 32 (RRAEZESE s 4 1] 55 FLAR ; 6 040 AS 5
7 WHABL; 8 1B B 9 AR s 1018 HIK A E 5
L1 2RI 15 12 37 P it
Bl 1 5 RS

No.1,3,5,7,9,11 No.2,4,6,8,10,12 No.13,14,15

TH#60°
12 ¢! 2

) !
3 1 3
) G _4 ) a _4 _10 _4 90
5 9 5
6

1 i g 1 6
7 \ 7 / 7
I JE#8180°
MR BAE
2400
)

AR T 2 T
— —_——— —82 ————————— - —
200|[ 150150 —_Trodiodiod |[, 0

No.l No.2 No.12 N0-11q30.14 50 B AT : mm
No.15
wnam| 2000 ° |1Jum>i
| |

No. 1~No. 15 4%
B2 5B

AR I R O R G ) R Y DA e N
g TR AT 2880 300 Ao 398 AR B fL i I T
HRL ARSI B O TR H. RS
(1) PR RE T 30 A5 R AN 2 48 P 0 9% B, AN 2 f B
A 2 B AR X I 40 PRI 4 R S B BRI
JITHRE . AR SC R I AR AT ARH A Y 4k I R 4 A
Taler 7 i1, AR 18 o R 0L SCRiRL7 .

R SHGEH: ) p Ry 23,25,26,28 MPa;
PR B ¢k 200.300,330,400 kW/m? ; [ 1 i
G >k 600,700,900,1 200 kg/(m?® « s).
2RI R Ko AT
2.1 ERMBRARMOEEARDSHER

(R BE VL 2., AR PR R B b YA RE TR 1) 43 AT
TEOLANE 3 AN 4 Fr7R. BE R i 0 2R BOR RS
JE o) AN 50 43 A, T R T B v » B 1 1) 71 )
Bt T TR A U RS TR RERLRAIC. BRI R B A S
R TR AF S B TOT 50 4 48 2R IR IR o I 48 B 3R B0 i
o AR TOUS RIS A7 A T 25 , PR L AR 2%
N2 U A 1) E B A
2.2 RESHXBIGFRKEREENIE
2.2.1 EAFa fE 3 HL RS TR EE R
TR TR IRAR. PR o FH i ELAR e 1 1 T = 40
JCHB S HORFRAE AR I ALK AR N I 15 FARe .
MR A 600 kg/(m® « ) FA R 300
KW /m? B, i 77 %55 PR RE R A B4 22 5500 52 i i &) 5
FE 6 JIr7N. PABE TR0 B R B e T 7 v (2
TOERBE R AEAN ] e ) AS AR AR 71N o PR ot T00 308 ARG 356
TR 22 B E H7 FH s/, R 6 FTAL MR IR TR

http: / www. jdxb. cn



8 g % X S 945 4
s B 40r ,
4901 p=26 MPa 0rl 30° ¢=300 kW/m = p/MPa
4=300kW/m* 60° - G=600 kg/ (m>-s) \ —m— 23 E]]E Egg
. 2 r o8 —e— 25 (TR
470F G=700kg/(m*-s) _ 3 90° o \ e 28 (T
T Qo
H_,=2366.6kJ/kg 120° G sl d p/MPa
as0f ’ . ol / 4 \\\ o BEE
o | 150 B / 1 —o— 25 (R )
5 180 I )% —r— 28 (R )
430k H,=1947.1kJ/kg Z 16f A \
= Loampd®s \
N
410 8 ‘v/-,’ol:ﬂa" .
H=2366.6kl/kg o ® @ mpmer- —oE 0
H=1947.1k)/kg 2
390 L L L | 0 ! . . 1
-30 30 90 150 210 1000 1500 2000 2500 3000
A i 48 B/ ) H/kI"kg

3 BEM TR A 1 A

40r LR A p=26 MPa
00j A =300 kW/m?
351 60° )
G=700kg/(m"-s)
30 - -90°
o) 120°
g i 150°
< 20} 180
3 H,=1947.1kJ/kg
15F
ok H,=2366.6kl/kg
5 1 1 1 ]
=30 30 920 150 210
JE T F (S
&4 A R BORMRVE w4 A
5601 )
¢=300 kW/m
520k G=600kg/(m?%s)
L p/MPa
4808 a3 ()
—e— 25 (T )
o H0r —a 28 (T ) o e
N A
R N st
/ 0"
L Y p/MPa
360 /’ (6//3 —o— 23 (JEEB)
A —o— 25 (Ji&E #K)
200/ & —— 28 (R #)
e
1 1 1 1 1

280Lc
1000 1400 1800 2200 2600 3000
H/kJ-kg™!

5 JEJIAS PN BETR BRI

R X R A A% s A o A 4 B0 R BB T ) T
T FAEARR » 33X 2 Fh T 1 i 2 T LA R 228 4

Pt LAY,
2.2.2 RmEHREWGHE YK SN 28 MPa, i

W 300 kW /m? I Joi e i 0k i K A A B4
REPERZ IR ANIEL 7 B, 6 T R d A3 i BURHE
PN BER R ARG I R T g X P 2R W] LA R
W AL A AL 8 A TIPS A Y i 9L 2

(SEIEPIPOE/ S AEN S Gb AL
B AL IRIRAAT BB AL , DRI A P B Sl R
PR B AR G5 AE B RS R DX, AR I A 38 o
SEEOE T 75 ek 55 o A5 X AR I S AR
. 7EE 7 v Y B 1200 kg/(m? « ),
TOU38 1S 38 BE i L-F- A ). Yamagata ™ 76 N2 K
7.5 mm ZKF B Th WA 2] T AR 25 e,

5501 G/kg-(m?.s)™!
—=— 600 (TH &)
| —e— 900 (T %)
—a— 1200 (TR EK)

450

1,/C

20 G/kg-(m?.s)™!
—=— 600 (K Z6)
30F —=— 900 (& )
—=— 1200 (&) A

p=28 MPa

R/KW-(m?-K)!
(]
(=]
T

0 1 1 1 1 1
1000 1400 1800 2200 2600 3000
H/kI kg !

P 7 T i xR I g PR AR B 5 )

2.2.3 HABEGHm K S FRIE SRR
TR R T BI85 X AR A DA A I SR K A AR M 1Y
SO TER U IAER X, Tt 25 B 1) A8 A GRS P
Il S K A A TR E A AR RS . AT 0, S A
JEM 300 kW /m? FHim 2] 400 kW/m? i, TR A
BRI ZE N 28 CHEfNE 120 'C , AR 1% i ¥
HWEEM 18.4 kW/(m® « K) [EfLF] 15.8 kW/
(m* « K. YR % Ry 400 kW /m” B, i 43} 45 T
BRTER LA X R A T AR HGEAL.

3 WRVE B IR FLK AL BIL 3 B

3.1 EFFHAHMN
TG 25 SR B L A TR PN B IR R S TR

http: / www. jdxb. cn



550  g/kW-m™>
—=— 400 (TR &)
| —— 300 (7 &)

450
F350f

250L
30 ¢/kW-m™2
—e— 400 (K #)

_ p=23MPa
L —e— 300 (&) _

[ 3
=4

y G=600kg/(m>s)

A/KW+(m?K) ™!
S
T

0 1 1 1 1 ]
1000 1400 1800 2200 2600 3000
H/kI-kg !

P8 AL B X Bl 45 PR R ) R )

T 33K Fh TR I S K B 1 AR A R 8 7 T g e
TR, QN 9a B AT T B 5 ) S R A
i) sl I N E R (ERE 52 W ¢ SN e D O R
9476 (cos22”). PRI HURHE A A P 7T LU
I8 T SRR T LA RE.

> J5 S it AR X AR 2 AR AR S R T R
PRAL R 52 i 2 3 SR T AT R 5 B RS 9 A% 4
A, IR B i g0 B 1 RE R IR O BE T b G
PRI Z AR i 8l B BOR. > P % BE B m ) B
TN R R 4 e TR SR W v 3 R T Ak 230
ROV 2 AR IR i AT AR 0N L A TR D55,
T AR AE K LE IS X P AR AL AR R 2 S 0
PRI I SR I 5 R IR E T & 5
S SIRENS SRS i1y (A e Al S W N NIVE
EET). T R IRE B A R A
TR — 2R R R 55 A o S5
FeBOBALIY KA.

&l 9b Jr7s & M0 A S 227 A 8 RHAE e Il S oK
1) A SRR B TR E R — i =
AR A TR PARE TET DG 3 b 38 TS o3 B — K
Uit TE TR J 0 A5, S 30K — DXl it B2 0 55 1t
A AR XS A (AP 2 B It A BR A MRS 1 e
B BT B AE T A Kt ] T T X A% B 2%
AL
3.2 EFANAEEM
3.2.1 Petukhov #) & 4 M  Petukho™ ¥ 1
GronVERH 8 17 T+ 71 X5 7K P48 v s S 7K 52 0 1)
TN

Grg, =
3X 10 °Ret™ Pri®[1+ 2. 4Re, V8 (Pri® — 1) ]
(D

SR A5 I SR S KA TG YA IR IR 5T 9
0°
=
=
R 90°
R
i
o KFT5 180°
() BN J5 17 7R () R A I R B
9 ARHAE A A B 5 T B R AT AR X
Gr — geosfp, — puw)qud’ 2)
q

‘Ol)(tw _ [l))ui kb
TR BE J&] 1] A A% ¢, Polyakov 4 i H]
Grq/GrqlhﬂEH l/NuO*ISOEEﬁ%ILHTJﬁ\%B%HE%{Kﬁm%ﬁ

SOP=FIRSTES WAlIIESE
1 _ 1 o 1 _ (tw,o _[w.ISO)kb (3)
Nuo10 Nu, Nuygo qwd
1 B Gr/ 0.337
= 6.489 X 107" =—+ 4)
NuOleO ( 7 qth ) (

D Tl USR5 2 AR E Y
Jr AR 225 61 % 1 19 % (&l 10 fiR) . HAy
BT SO - PR T (R M A TS X 35 i i X Ja
PO RE L LA B 0 0A 2 00 22 ) o R

T2 u RB IR . . e
— 3 |
. 2.4 —it(4)l?|"§§ ': ':....' LT | [
Z-2.6 - 3=
: L% .
&) -2.8 ok n '-
“30rg m W "a -
h 04 06 08 10 12 14 16 18 20 2.2

1g(Gry:Gr )

B 10 e R S R H A

3.2.2 Jackson #| & AR Jackson' AR B2
ORI THE R 15 ] Gr/Re <710 " $) 3 1 48
Hh UL S DX T T 0. A ST 2 ) 4
RS N ERFE IR0 s 43 0 Bk 1 T VR A ss GER
FHOFFET I 15 3= T A RHCEAD A 050, H1
SESERANE 11 FiRs. IEWAE RGO T . Gr/Rei " 14
TE1X10° LUF s 2 #O8AL T 0L F . Gr/Ret ™ 4 7E
1X107° RAE. 3 icdh 55 40 5 E W 25 2R — B (B
HITHI R B HGERRES Gr/Ret " THAAE B
A B EE I O 22 BH Jackson #E) B 4R AT DA T
RS BRI K B9 T A B HRS A BR  A
Fr itk — 0 Wk,
3.3 HRENEARREXBER

Y24 1k s T I AR PETE R A IX R AR
AT T I ) Ah BRI ME , 3RS 0 B B8 T 9 I E R A5 A

http: / www. jdxb. cn



10 W% o om ok % % i 5 45 %
4o Po28MPa R A L HEBR AL HORAL DX IR A 52 e L 0510
S ERfeh AR A R B A T
! QA IS LSBT eIt
ol % Nu = 0. 002 9511feeb°-91”4Prbw(P—W>O'Z26 (&)O'M
< gt _ Ob Ab
p=26 MPa
2: —0— G=600 kg/(m>-s) L (5
B M R A T X 5
~ ar 0.554 0.240
s 3f o 0. 756 0.536 [ Ow Aw
ol e Nu = 0. 063 659Re," ™ Pr, 6(@)) (M )
c _O— oé—o/o_IO\Q\O—ol—o—o—oo—la-o . (6)
1000 1400 180;)[/k1'kg27%00 2 600 3000 ﬁn[g] 13 %n[z[ 14 FJ]’*ZT( ,:TZE(S) (6) %f&g{jé&}}% E(Ji&jji
KRR 2Z43 3k 16. 58 % F1 18. 43%.
B 11 Jackson N S5iKE01H Ho 4 1 600r , )
// //
N BRI ZE R, L AR P g e A T 5 2 A5 +20%/ s*;"//
B BRI 3 By v L SCHRT O TR R e L200r /..../i. o+
2 B9 CER 2, 4 Krasnoshekov-Protopopoy 242, _ &/ /200/
Jackson-Hall /A=, Miropolskii-Shitsman 234, 3 gf' 800 /‘f\ > ’
LI T (L 5 kR B X H A 12 5, | /V/.’g/’,
TER HOAA X 2 1 3 4 28 30 S 196 2 T 1 A T a0 L3%°
B AR R A/ 2596 R AEIRAR X 3 412 /o
R 25 B K 70 K L FAAE IX 4 B 3R B0 2 11 . £ . . . |
400 800 1200 1600
Krasnoshekov 232 i 45 5 5 UG E AT & BT Nutgy

BT BB B 240G SUl B2 2 AT 3 20 2 XU Hitl
(45 16 {0 22 AR K 5 40 Sl 2 2 )= » Jackson 23
AT SR V) 5 AR 4 RIEAE X )5

B = KA E X . Krasnoshekov /A 2045 R i
Br Krasnoshekov- 1,=377.6 C
Protopopov /! H,=2129.2kJ/kg
30 N pe
=23 MP
25 Eg a Miropolskii-
- G=600kg/(m"-s) / Shitsman
4 =200 kW/
24 a0k m
8
B sk Jackson-Hall
Z .
-~
10
sk
KHREX ,
0 1 I I ]
1200 1600 2000 2400 2 800
H/kIkg ™!

B 12 25 e 5l g B X)Lk

22 UL By A nl A, 3 Al I R BOCHE K H B TR
A3 DX IR i e 5 AN E A R AE T 5 I Ak
Miropolskii 24 B AR Tl 4 34 5 18 56 B AH AL o 1H D
P NP S LN /AW S I /N W A S PR 7
AT S0 s S 7K ) 48 PR w2 AR SCHE I

P13 (BURHE TR Nu TR SR A
3600 /
32001

+20%/{ O /
2800 / o,
24001 Q&
g 2000F >
2 1600t

1200

8001

Y

0 400 800 1200 1600 2000 2400 2800 3200 3600
Nu,

4001

cal

P14 WRME G Nu b5 556 8

i

%5
it 3 A i K A 22750 B R A AL 4
Rtk BRI » Al AR AR 454,

(D i T 0Bl SR BIAE T AEdsREE T
T L A+ I S EICRE i M40 AR B A BE ) 1)
ARE S oA A A 1) A BE S0 (TR O° ., iR 2

http: / www. jdxb. cn



5 5 3]

SF LS I AU 1K AR B TS A AR IR U 11

180°) . BE A FEAR . A R BT .

()W F T3 Tt e o A8 T 50 R 3 ek 25 ok
N ABURHE G TE R OIS IX BT & A T AR R Ak
e P8 BB R 7 T FE R LU X, I 2
JE B AS A RHIURHE PR I 5 7K A0 A% A AR K 52 .
PR BE M 300 kW /m” HE A E) 400 kW/m® B,
THERFIIE AR iR 22 A 28 C b3 120 C. s P
(RSN 400 kW/m?) T AERCBALTEBTRHE TR &
Az BB TR TR A 1 AR AR PN R I R AT A8 A
FEOT i R i R A i B RE SR AR AR B
SR K.

(3D T+ 77 5% 8 it 57 K A% F4 i) 52 e 7] LA ok
Petukhov 1 Jackson 7l #]5E. Petukhov # N J&HE
TVRTE 1 SR O AR R R R 25 1 e & Y
RS 5 Jackson HE W BB 55 4 b H) o 17 FF 1 X%
RS2, T 25 R 5 S AR AT  (HH R S 4
HAFOTEAR BB S R e S5 R I Jackson
THEDUFH 0 RS A A% PRGE 75 i — 2D ik

(O X TARRHE Y RR Im FK A R[] 1 2255
SRHE 2 HAEER 43 DIy Gl g B N B R A4S
FE. 25 | (6) Bk g g 4 #4445 2, mT H 7wl
O ASHE A I SRR P 4 P R B

SE 3k

[1] ACKERMAN J W. Pseudo-boiling heat transfer to su-
percritical pressure water in smooth and ribbed tubes
[J]. Journal of Heat Transfer,1970,92(3) . 490-498.

(2] ®REZ. BIGFFE G SR E ) XTI SR8 1%
PORpMERFSE[D]. P44 . P52 38 KA, 2001,

[3] YAMAGATA K, NISHIKAWA K, HASEGAWA S,
et al. Forced convective heat transfer to supercritical
water flowing in tubes[]]. International Journal of
Heat Mass Transfer, 1972,15(12); 2575-2593.

[4] JACKSON J D, HALL W B. Forced convection heat
transfer to fluids at supercritical pressure[ C] // Turbu-
lent Forced Convection in Channels and Bundles. New
York, USA:. Hemisphere Publishing Corporation,
1979. 563-611.

(5] B BRUTSE. 2 G, 55, v He VoK R I 9 SR 4L
ERER S I R R (AT L . VU 22 380 K
#2,1995,29(5): 63-68.

ZHENG Jianxue, CHEN Tingkuan, LUO Yushan, et
al. Investigation on the characteristics of wall tempera-
ture and critical heat flux of internally ribbed tube with
high pressure steam-water two phase flow[ J]. Journal
of Xi'an Jiaotong University,1995,29(5): 63-68.

[6] TALER]J., ZIMA W. Solution of inverse heat conduc-
tion problems using control volume approach[]J]. In-
ternational Journal of Heat Mass Transfer, 1999, 42
(6):1123-1140.

[7] YINF, CHEN T K, LI H X. An investigation on
heat transfer to supercritical water in inclined upward
smooth tubes[ J]. Heat Transfer Engineering,2006,27
(9): 44-53.

[8] PETUKHOV B 'S, POPOV V N. Theoretical calcula-
tion of heat exchange and frictional resistance in turbu-
lent flow in tubes of an incompressible fluid with varia-
ble physical properties[ J ]. High Temperature, 1963,
1(4): 69-83.

[9] PIOROIL, KHRTABIL H F, DUFFEY R B. Heat
transfer to supercritical fluids flowing in channels em-
pirical correlations (survey) [ J]. Nuclear Engineering

and Design, 2004,230(1/3) :69-91.

[ 1) 48 < sz ik s 43
WHEFAARE P HEA RS RERFETE. TER
HEAFEHFH, 2011,45(3) . 53-57.

YE R B A AL WP T SR B AR 4 R b A 3t R T R
TG40 %0 8 A& %24, 2011,45(1) :10-14.
BApERAAKRBBERRN IR FEAR. BLRA
K 2 2%47,2010,44(11) ; 12-16.
BREAGERERZREFHAL PN RERGYE. BZ
R A FEEM, 2010,44(11) :17-21.

M 60° R A AL A 4B T IE S o BE A R A . T L R
K2, 2010,44(5) :116-119.
BKREREEEAMAFRANBLEF AL EALR.
T 92 25 A ¥ 230, 2010,44(1) . 17-21.
BMREREEEFRAELEFRMAT R EERBALR.
T 92 25 38 A ¥ 3%, 2009,43(7) . 36-39.
EFRETAREN —RAINLZ W ERHR. WLERAKX
2245, 2009,43(7) ;83-87.

(Gl IR

http: / www. jdxb. cn



