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Flow Characteristics in Vertical Pipes under Flooding Conditions
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Abstract In this review, we presented contents of our three published papers on flow
characteristics in vertical pipes under flooding conditions. Measurements were made at a facility
of Kobe University for the falling liquid flow rate (superficial velocity JL), pressure gradient dP/dz
and void fraction a, and the wall friction factor £, and interfacial friction factor f, were obtained.
The void fraction a data under counter-current flows are limited. Hence a and f, were evaluated
using f, and existing dP/dz data, and correlations for a and f; were proposed. Flow characteristics
differ depending on the shapes at the top and bottom ends(square or rounded), and they were
classified from the flooding location (top or bottom end). A correlation of «(liquid film thickness
o) for flooding at the top end and a correlation of / for flooding at the bottom end were proposed.
o under flooding conditions became thick due to the updraft of the gas flow, but it was expressed
by a correlation similar to that for the free falling film. £, is widely expressed by a function of
the dimensionless liquid film thickness, but a simple f, correlation was proposed in terms of the
dimensionless gas velocity, the Kutateladze parameter K ".

Keywords vertical pipe, counter-current flow, flooding, void fraction, pressure gradient, wall friction,
interfacial friction
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LCTWwW5.

RIS T ORI IZ DWW TI9804EZ A %
TEL ORI ERmS N VY L L, Kk
MK TOaDWEBIZA 7% {, Imurad @ 12 H
% THEE S OB % HW Ta% i fi L 72
Bharathan & @ 13725, - KR CTHBIE X6 & JE)
B AP/ dz % W5 L CRET BEEAR KL £, & ST B AR
B fRRDID, LB BSENEL. 22
G, Bharathan & ® 3 X O"Bharathan and Wallis
X, THiTD 75 v 74 v 712X MW (rough
film: RF) 23812 £, = 0 LB L TdP/dz 57— %
5 RO THBRZRELZ. Abed " 13,
Bharathan & P® 12X 5, J, L dP/dzDF— ¥ %
AWwTa, f, & %KD fLIZKRELS LB EZRL
72h, L, OFUMEICH T A EEEEAHTH L. 2
DL BEFRNS, HERFOEILIEETIE, %2
B KRTINIKT B, dP/dzkaZWEL, B
PWREFNVEHWC £ & [k W2 Hgms
DOWFFE 7V —7Tld, fF K THAT L 7225887 —
FERIGEHLT, 79951 v ZIREBIZBIT 5N
HICE T AL B2 2 L2 HWE L, M
Ko HIPH 2 KIS R Wi e ISR T %
ZEARHBEICLTWS. (ERIISETIRaT— 5 A3
W2 EH 5, Takakid " IZCCFLF—% (Jy &
J,OBE) L WallisoxryRo—78 Y #HwCa
L EROBTEBLWdP/dzF— % & £, OB
#HWTalk f[2RKDDLFFEIZOWTHREL, BiE
EAREDP EPRE L BEITFHMOBES I W & 2R
L7-. ¥7-, Bharathan® 7 12X 2% - KRT
DdP/dz 7 — % 3 X Ullyukhin & "W 12 X 2 %A -
KR TDAP/dz T =5 # W Lm 79 v 74 7
2B BazROTIOMERZIREL Y. T
75974 v ZIZonT, %5 " 13 Bharathan
5Ok BER - KRTDAP/dzF — ¥ B LU
Iyukhin & 12X 2#% - KRTDAP/dzF — %
EHWT 2RO THBENXZREL /-

KITIE, M RFTORER - KER W12 Bk
CLEW79 9574 v 7 TOSOMBEA Y & Tk
7974 Y 7TO LOMER P 120w TRAT 5.
B, FWM79v74 v 72T 598 "W 3mH
RFETOHMERTHY, w77y 74 > 7ICH
T 5ER P IIMEREE 0RO —BE LT
Fhe L 7.
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21 REBREE

I TORK - K77 v 71 v 7 kiR Y
2R LR, SR O RS T TR ASE A O
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FEERTIE, ZBRiimE & KiiEE —2HIc LT,
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— Ml (REEBRTIZ01 m) 12D, FET KDL=
ERMPTFHRESIITEY 7 0K ERRD S
T 5. aldIrhEY)EE A HvCe0 mIHE L 72 34 fE
AL TS, FOMUKEIZ1L/30BUTTH
D, alllZEOARME»ZIE (1-a) =0.05~0.1312H L
T0.0025~00040 T 5. FAKIIES2 mmDAF
A FIRTH Y, FMYRORBERIIHEL WL
AL TWD.

Water |my + £
PN
Upper

tank  A-A cross section
A A
“__ — |h=0.1m
lDrain
t / )
Closing || vVertical -
A 5 = B-B’ cross section
G Inlet
B B' .
i =1 section
50, I
Pump {~Lower
tank
J; ~ Compressor
| Reservoir (i~ o PHFHRH Compressor |
Reservoir

® flow meter, €) pressure gauge
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22 BRIRRET I

SR NI B B SO U TR BRIRIEIZ 2 0,
MEIREBOFHEICIEREET VIR I NS, K
RSB & OB IS5 2N T ¥ 213K
cEgz W05,

dPldz + pgrg + 2frpald la - J/(1- ) /(D-a"=0 (1)
dPldz +[(p, -pe)(1- aytpelg -2, pulJ/(1-)] /D=0 (2)

X EIMMEEE, PIEES, zI3 S 7 1) AL,
BHEETHL. 20 LNXZIFICT S arﬁ’ma
dP/dz 3B B, JA S B, dP/dz, a%illE
35 L, X720 FMBERE %2, X (2) 05k
HEEEAREL S, RO DT LN TE 5.

23 REREZMH

KIRTHVD T = OEFFHEZELIIRT. «
& LOFHMAH TS ), CCFLUMED A DFEERIX
44 TH 5. Bharathan 5 7 1, D = 508 mm
—E T, L& Tmlxt LTl (rounded: R) &
Hf (square: S) DETOMAEGHETERL T
5. Bharathan & ® 13, L& P M T
BEEATELCTERL, RF (MW TodP/dz
DA LTV A, Ilyukhin & " OFEL - KR %
BTk - RREBRTH 5. BIRIEE TV T,
al SEIIHHEIZEMRTEX 5.

a = (1-26/D) or 6/D = (1-a'*) /2 (3)
F1  EBREMS
D Top/ . P
Ref. [mm] | Bottom Fluids [MPa] Data
R/S, S/R,
(7) | 508 S/S R/R A-W 0.1 8, dP/dz
(8) |64-152 S/S A-W 0.1 dP/dz
(11) | 20, 40 R/S AW 0.1 a, dP/dz
(12) | 20 S/R A-W 0.1 a, dP/dz
(14) | 20 S/S SW 06-4.1 | dP/dz

R: rounded, S: square, A-W: air-water,
S-W: steam-water

3. REIER

AETIZ,D=20mmTOFH7Iv 71 7MW
LM77y v P oF—yRZEWT, 79y
T A ¥ 7T TORENFFEICOWTHIT 5.
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31 REMRR

T X T & CREIER 252 (350 fps)
L, &5 N72HRD ) BT O8O A% fll
L -C e Bl 5 206 7= Wi 1R (time-strip 5 '?)
X 21277, D =20 mm, E¥gidiEf<Fmid
T 5. KJ; T B CTHRAHO % T ASHI R &
TSI T A3 O A =W (smooth film: SF)
W S NS, AR W B  2SRE HIFRE LS X
DTFHICBEL TS, JrEHNT5ETHTD
WAHOETHHIR SN TEILEIAEL, ERER
WX D ERES LR T AP THET T2 ERIK
R& (transition: TR) 23U %. TR TlXAliE L

T CH FAHIRIN TS, BISFTIETwT
S U7 BRI s By v 2 L, RE 252K
ENb. RETIZHAMAIZ T THE FARIBR IS,
time-strip W% % FH \ % & iy @i % S a4 b
TE&5%.

(a) Smooth film (SF) Ji = 0 16

0 1T 20 4.0 6.0 8.0
Formation of disturbance wave

(b) Transition (TR): J&" = 0.50

—d0 40 a0
(¢) Rough film RF): J& = 0.66

X2 MO S O T o time-strip Hifg
32 EHOBRERA RE

F1UIRLEEESEEDOD = 20 mmTR/S W &
S/R " 2B 2 Mk TTIE S BB (dP/dz)* & WA
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AR (1-a) OWWEMEREZ X 3IIRT. (dP/d)*
QES (o, pg) g THERTILL TS, K(Q2)»
SO LI, (1-a) & (dPdz)* OFEDRER
JEHRIH CTd 1), Bharathan 5 ® 3 X (¥Bharathan
and Wallis @ X512 £, = 0LEMT 2L (1-a)
= —(dP/dz)*\2 7% A, BEW I RE TN/
s, SETIEAE L -(dP/dz)* HV/NE . TBhbk
KoOZAE, K3IRT & 9HI12-(dP/d)* DEALT
HHTE 5D, WERE OB RIS E 1213
2ITRT L) IS HAL THERE S A LD 5.

0.2 D =20 mm | OS/R, 1-a, SF
m“\‘ AS/R, 1-a, TR
©S/R, 1-a, RF
0.15 i M H X S/R, -(dP/dz)*
T} X W |OR/S, 1-a, TR
RS o % m |mR/S, 1-a,RF
a - ¥k  B|XR/S,-(dP/dz)*
S - % X
£ [ e X0
. x’x&
= I A
0.05 | x
[ X
O i L i L i L L

M3 MRICENAR (dP/dz)* & RS (1-0)

33 CCFL#¥%

JeRQ) THETEXLIDPHENII L Vo,
79 v ORI TIE, WallisiZ X 5
CCFLAHBR (4) 2L X T 5.

H" + meH*" = C (4)
Hr=J,/[gw(p. ‘PG)/PA»]UZ (k=GorL) (5)
HE AZIEIOTHEE, J, ERPTHEE, widflRES
ThY, EHCEARmIECCFLMEMA S PerE S

5. —7, Bankoff 5 "9 IIRERE X wik KX TH
LTWwW5.

w=D"PLP(0<p< 1), (6)
L=[o/{g * (p, pe)}]"” )

L3779 ARS, cl3RmENTHS. X6) oK
FEEIwIZX ) DO CCFLEI BT T B e
%728, CCFLMBER»EH T3 (6) oo EE
MWHEETH 5.

KA DR TCHEEHF 13, =0T Wallis /85 X —
¥ JX 12, B =1TKutateladze /8T X — % K,* 127
A, JF LK TERITTEZED B W THEICE
TX5%.

JX=K*D*"? (k=GorL), D*=D/L (8)

HSFEHT TIE, B ZIEFHREE TV CTCCFL2E T
A EICERCEARmEB XU B% AJJ L TCCFL
M A BT 5.

D =20 mmTR/S"™ &S/R "YW 28135 CCFL
B A 4127 T. Kusunoki® 7 X T 7 5 v
T4 I L TR EREL 7.

I Mgl = (1.040.05)-3.6[( o/ ) ;')

+11[(ﬂG/ﬂL)0.1JL*1/2]2 '16[(ﬂc//lL)0'lJL*l/2]3
(17 mm < D < 50.8 mm) (9)

£(9) O R HEH & +0.0512 1 Hyukhin & ™ & D
=20 mm, P =06~41 MPaToOHlEM%Z & .
Wallis HBIR(4& I & 2 L oI TH 5 745,
KOD XIS %I OZRBEBTET A
WA DSH 5. Takaki b P dEAS Ptk s b
Wi 7 v T4 v 7 TOWEMISH LR10)ZEH L,
Iyukhin & ™ @D = 20 mm, P = 06~4.1 MPa
TOWEHEICDHEHTELZ L ERLT.

J+1.027,%=0.83+0.05(D=20mm)  (10)

FA)ED =20 mmDOABEHTE, D=30mmT
XK 28T A— ¥ KR 5 (Murase 5 1¥).

0.2 |

0 0.2 0.4 0.6 0.8
_/L*1/2

4 CCFL##% (D =20 mm)
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34 EBREEE

BEM BRI 2 BN E T 2 DIIHEETH 5 720,
—fEHINZIZ TGRS B I, dP/dz, a % fllE L TH(2)
oL ERD L, SRR 5 f, % 5l L 72
Bl D TH w720, EPRICHEHERICH T 5
LOMBERZHCLEERH L (Bt " Takaki
5 (13)).

£, =max (16/Re,, 0.079/Re,***), Re, =J, D/v, (11)

Re XML A 7 VA8, v \ZBIKECH S, Abe
5 "9 Bharathan & 7® (2 X % dP/dz7— % & Hl
WL, Ml L Tkl 2 _RE L 7-.

. =300/ Re, (12)

D=20mmTR/SY LS/ RP IzBIF5)%
50 Y. 79y 574 7 DOSEFTIES ZR
Q) TEPTE S, Tw7 T v T4 ¥ 7 Tif, Ha
1) XYW KEL 25729, Godad W @i Izxt
L TR Z|EL .

£, =2.86x10"/Re,"* (13)

R WEFRFEHN L L LTBYHIEME X —3%
T 5.

Mo 72RO TROMBAZIREL 72

fi=0.005+4 (6/L)",
log,ed = -0.56+9.07/D*, B = 1.63+4.74/D* (14)

Bt % RX14) 2 x—212LC, Richter
I2X 5D =19~140 mm T® CCFL 77— % & Wallis
Dxr~Nu—7HE Y 2T, CCFLEEAE AN
EHE—HT5 [ ROTROMEARXZIREL7-.

£=0.008{1 + m (5/D)'},
m= 41.31D*(n+0.25)109.07/D"’ n=1.63 +4.74/D* (15)

D=20mmTR/SY S/ RY BT 2 f%
X 612”3, SFX ) RFOSBHRENDOKEDNSE
CHWBEAIRE N0 i KEL 5B K14) L (15)
i, OB THH72DR/SES/RTHMEMA R
D, S/REMNGICEIE L7 N(14)1ZRF 255102
RESN2DSFOREM & K L —F L Tw»
5. (15 oEB TRy R —FEEEH LTI,
WEMIC—HT D [Z2RDIT2OB\KE 2Bz
5. RETOHlEME £ —FT H0ERMEARIT 2
¢, Goda® W IZRFIZH LTk AREL 7=

£=0.11J;* D* (1-a),
a=-196~198, h=0.42~0.43 (16)

A6 IZRFEMZR L L, REFCOMEME X & —
T 5.

100
& S/R,SF
O S/R,TR
0 E oW e Eq. (11)
E o eeeeeees Eq. (12)
O R/S,TR
1 . e RIS RE
= .. i Eq. (13)
01 I
0.01 E VT Eea]
0.001
10 100 1000 10000
Re,

5 BEIRIEEIEAREK S,
35 FEEE
Bharathan & ® 3 X ©"Bharathan and Wallis ©

X, FMTHO7I v 74 Y 7ICLBRFERNRIC S,
=0&EPLTD = 64~152 mm TDdP/dz 75— %

10
D=20mm <o S/R,SF
O S/R, TR
X S/R,RF
- - - -Eq.(14),S/R
1 @\ ------ Eq. (15), S/R
’ ’ 'O R/STR
A R/S,RF
W3 A Eqg. (16), RF
[ORS Lo
\\ ‘~\ KRS
0.1 3 ~% \\\\ { = ~
- X .\\ I/D X}SK
<>?>\ S D
et
0.01
0 0.2 0.4 0.6 0.8
JG*

6 SRR S,
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4. KA RREFEEBOFMEAE

SR LS T OSRIEAT IS B U A i B4R 1L
ETFKRDPHIRSINAMEICL Y ERLRD, HEANTO
K (I-a) B30, f., [ICHBET D ZEHXDLONIE
FIV—TOHMIZ, MRS THIG LT — 5
ZIEHLT, 79 v 74 ¥ ZIREBICBIT 2 mBIRE
T AMHBERNZEMT A ETH AL, REIRREIC
BE 9~ % A1 BE X o0 38 I 8 PR 2 K R4 R0 i = 2 S 1
IR T A ERZHEICLTWS, LaL, #1
R L7z & 9 IZHERIZE Tl a0 0 Dl E F AR D
TH %, £ZT, KETIZCCFLF — ¥ X dP/dz
T =% 0baR fi7 7T 5 HFEITOWTHAT
L. aR fOFHE T EEBETT 572012, 22Tk
D =20 mm, S/RY ToMlEMzdETs (GE
\¥ Takaki & " 22H).

41 CCFLF—&&EIIANO—Ti%

K1) &Q2)D 5 dP/dz %#{HE L CTHERITILT 5 &,
KD I & J, OBRADKE 5.

2 /e (pe lpe ) el (1-a)} . Lo
+2 £, [(1-0)) = (1-0) (17)

Ji = I Mg D(p.pe)p)” (k=Gorl)  (18)

JFEWallis’37 A =% Thb. Wallisi, £ & f,D
X EH Va2 ZHE LTI L), 0lREEHE
L, Toxzrxu—7 (M7 %2M) A5CCFL
1275 & L72". LA L, Bharathan and Wallis” 1%,
IoRO—FHEICE B, OEMIZBKTHY, J,

08 |

06 |

JG*l/Z

7 T ANu—7EIZ& 5 CCFLEHE
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OHMHMNERAEE 525 LTWA. T RO —
THERROBKT RS & EMTH 5.

0J,*/d0.= 0 or 0J5*0a =0 (19)

Rt EOBEE B E T 5720, aDREMDRH
5D =20 mmT S/RY 2¢giIcorNo— 7
WM L7z LM S XA EMEHL, £
X6 DS/RTSFTHF—% % Hwv T/ Fe ik
W DR AFEM LT L 7.

£,=0.0049/J;"* (D =20 mm) (20)

B EOF T EMA L2 £ 21RT. Wallis
DIrRu—7EY 1T, XA R H Ve
ERIZLTILEL,OMBREFHE L2 ONo. 1
DFRERZETIIRT. J, & OO > Na—
7%, N(19) O & K& 5% H w72 No. 205
HERERLE -3 5. K19 T, Voa = 0D
EJr= 0 CRMEDPARRREIC R D20, FEHHIE
0Jg* /00 = 0 & v 7z,

Btz 17 Q9 B X KA & (14)
EHWTI & J, OB %S L7225 Richter @
23D =19~140 mm CHCCFLF— ¥ L i1&
=T 5 f2RKDA(14) 205 ITEH L 7=,
A" LR KM4RLES/RTSETO
CCFLF—% 12— 5 fZRDd7-.

£=10.008 +20000[(1-¢"*)/2]> (D=20mm) (21)

No. 2D (20) 2 (21) 1255 L 7= No. 3D 4G 5
(X CCFL#lE M & —3 LT\ 5.
IrNa—7EEZHWE (1-a) OFMEMEEHE
il "2 ORI E K SIIRY. TryNm— TR v
%L (1-a) ZB\BKIZFHHET 5.

£2 aDRHENEE &M

No.| Data B. eq. a eq. fi eq. 1. eq.

1 17) - (20) (11)
2 — 17) (19) (20) (11)
3 | CCFL 17) (19) (21) (11)
4 | dP/dz (2) — — 0

5 | dP/dz (2) - - 0.005
6 | dpr/dz (2) - ~ (11)

B. eq., a eq, f; eq. and f, eq. denote equation number
for basic equation, a , f, and f,, respectively.
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0.2

015 |

005 F

0 0.2 0.4 0.6 0.8 1

M8 TrNu—FEIks (1-a) OFEMME
42 [EHOERT—X EEmMEROMEREN

K (2) TdP/dz, J &, f,%5 2 N iTadi K F
5. 2%V, J,&J OBR%ECCFLT— % T4 %,
LoMEREdr/dz7 — 7 #HWIER D) 2 S a
WRED. aRKRFEFNIEN(D) 20 BKFE S, f,
DOWEEZFTMT 5720, R2ITRTIHICL =0,
Bharathan and Wallis @ 25#3%3° % £, = 0005, B
FOKXADIZDODWTHE L7z, dP/dz 7 — 7 % v
72 (1-a) OFFEMEZRKIITRT. £ = 0.005%Hw
72No. 5 OFHEfEIX, Wallis ¥ 2%E3E3 5 SFD IS
RO L X —FT 5.

8/D = 0.063J,*** (22)
0.15
01 }
= I
|
)
0.05 |
I [mqﬂwmmmmﬂ
0 1 1 1 1
0 0.2 0.4 0.6
Jg

K9 dP/dz7—% &M\ (1-a) OFMHAE
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dr/dz 7 — % & A (11) % H v 72 No. 6 @ i1 5 i 1&
(1-a) OWEME X —%T 5. FHHEMEI RIS T
(1-a) Z@/NCFMT 2ok, X5 TRAD) A
BT & OERILT £, 2 Bm/NIEHT 5 2 &1
r5.

5. LTIV T4 I TORERES

B s W AT RS T O IMEE WD T
HAhELTwD, IS @ ZRFETRBRIO
Earflle L CGRABTNOREREZMEL TV
B, HWARWE S 5L & RFOREDE  EEMI
ERTERVELTWS. Feind ®? % Hewitt and
Wallis * 13500 FIHE S To 2 e L7275, Hi
HX 79y 74 L DL BERERSN
THIEfE T B % THREE S & 12F5% L. Imura
5 @ 1ZSF & RF % X45#7, Feind ® 12X 5
K2 TR RS TOaZ 3 M L7z, Al
% TR 2120 LT K OB REI L TY
555, K E LT Nusselt ® & Feind ® 12X %
NEHMAGDETHW .

ol(v,*1g)"” = max {(3Re,/4)'"”, 0.266Re,"*} (23)

Bharathan & 7 12 X 2 sMIELLEE, #FEKFTOa
g WP F TR IR A TDab LIEID
I RA725 70,

Takaki > 1%, H9IRL7 XD 2dP/dz5—
ZERAD) ZH VB ESFTOaZFEE L G-t T
X352 r%KL, £1I1RL72Bharathan b 7 @
224, - KB F— % & Ilyukhin 5 " OEK - KRTF—
% &% H\WTSFTDa% 3l L7z (Bharathan &5 ©
1ZD = 64 mm~152 mm CTdP/dz% WEL T\ 5
MBRE TOPEME L s L Twwn), o OFHlifH
AHRD7ZOFHIRT. B S " el E M
M, oMl VW izdr/dz T — ¥ P HRDI6T
% %. Takaki® " 1&, 102K L 72 5FMlifi 2> &
AL LTk 2 e L 72,

0/(v,*1g)"” = 0.091Re,”* (Re, > 1800) (24)

L¥i7 7 v 74 7200w TIE, 5 ZRmL7
J& T2 B ELTEN O BRI T O £, 153 2 R 0 E
H, B10IR L7722 HELRANDERIH TD I
P9 B AR OEN, fOMBEX OB & ofE
BhHb, TNOLOHFEIZOVWTIX, D =40 mmT
BIMERRZAT, BINT—F 2 &5 THRFT 5 FE
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40
< Shimamura et al. (12) '
O llyukhin etal.(19) /I
A Bharathanetal.(7) - /
30 [ ===--- Eq. (23) g /
4
\‘>
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