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Fig. 1-1 Schematics of boiling flow. Fig. 1-2 flow patterns.
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Fig. 1-5 Schematics of Tomiyama’s experimental facility.
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Table 2-1  Single bubble velocities.
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Fig. 2-1 The wake structure of the closed wake and the open wake.
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Fig. 4-3 The relationship between the bubble rising velocity and the liquid volumetric flux.
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Fig. 4-7 The bubble shapes.
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Fig. 4-8 The rear shape of the Taylor bubble in ¢ =60, 75°
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Fig. 4-12 The relationship between the trailing bubble velocity and the separation
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Fig. 4-13 The comparison between eq.19 and the measured values.
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Fig. 4-14 The maximum trailing bubble velocity.
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Fig. 4-15 The maximum velocity range.
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Fig. 4-16 The wake enhancement range.
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Fig. 4-17 The relationship between the wake enhancement range and the

maximum velocity range.
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Fig. 4-20 The decay coefficient y -
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Fig. 4-22 The velocity decay ratio.
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Fig. 4-23 The definition of the liquid film velocity and the liquid film Reynoldz number.

33



Mg =1.0 Ay =1.0 Ay =1.4
8 $=30° A A A
p=45> @ o [ ]
*xﬁ p=60° M | |
=E4 X =75 ® . *
2 2 $=175°
0 T T T 1 i:ﬂlead=0.8
0 0.5 1 1.5 g e =l
ﬂ'leadzz'o

ufm/s]
Fig. 4-24 The relationship between the maximum bubble velocity and the liquid film

velocity.
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Fig. 4-25 The relationship between the maximum velocity range and the liquid film

Reynolds number.
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Fig. 4-26 The relationship between the wake enhancement range and the liquid film

Reynolds number.
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Fig. 4-27 The relationship between the velocity decay ratio and the aspect ratio of velocity

profile.
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Fig. 4-28 The relationship between the non-dimensional velocity decay ratio and the

aspect ratio of velocity profile.
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Fig. 4-30 The definition of the bubbles.
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Fig. 4-31 The velocity distribution of the bottom bubble and the trailing bubble.
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Fig. 4-32 The velocity distribution of the middle bubble and the bottom bubble in the

three consecutive bubbles.

g - FRITELENHRHIRE - BRERERKIEOEEEES M Th L, KLY, WTho

Kiab. HATRIEOBRIROEEZZ T T, MENEIML TWD Z B0 5,
RO & 2 HEERTEING TR DAL EE A & OB 24T 5 7o SR /3 %
¥ 4-33 DOFkIC, PRIEIE, RERKIAHFIZONWTITo 72, fiE, PRREC-O VT, £
@ﬁwﬁﬁﬁﬁﬁ\Eﬁﬁ@&%fﬁf2Lﬁ%@ﬂ&ﬁﬁﬁ®$ﬁﬁfﬂﬁ& IZF LT
VBELLTERILLDOTHD LERRED, T720L, #iiORZRERIEIL, K772
$Wﬂ@~i S 5.2 IR Ts | 3 i RIASI O SEAM 2 S ORI, 2 HitRias] L Bl
%&Lf%ﬁk%ﬁﬁé EBH DM E IRl —HRBRRIGIZOWTIEL, RS A
BRI SR RIL DA & — T, K 4-32 LRI UL, ARHENME T L, z=2Df
CHENIMNT D4R & 2o 72, BRIz =2D T COMBERMIT, LSO RE SN

39



REWFLEBETH Tz, TOD, 3 HKIaS O FEIHRIAN b i &R RIG~DRIR D
BHE, BHEKVEOBRBENREWVIZEBHETH D Z Lm0

3 T T T T T T T T T T
*% 2 ;'/, \‘\\ }\'tOp 20.8; ;rl ‘\‘\ Xtop = 2.Q
Sl [ ‘
3 . .
O34 6 & 100 2 4 6 8 10
Zt—m>l<
6 T T T T T T T T T T T T T T T T T T
5; }Vtop 20-8; ; }\'top = 2.0;
® =] 4j II«\I ] I yl‘\ ]
,5“ 3 *I/L T *I \ |
SRy |
S Q¢ O .
1 ;____\::\-- Lo lseaa
O . I . I . I . I . . I . I . I . I .
0 2 4 6 8 10 0 2 4 6 8 10
Zm-b>l<
Three consecutive ~ ------ Two consecutive
Middle bubble
Trailing bubble

Fig. 4-33 The comparison of the averaged velocity distribution.
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Fig. 4-34 The characteristics of the void fraction wave of the successive bubbles.
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(a) velocity distributions.

Fig. 5-3 The velocity distribution of the Taylor bubble wake in a vertical upward flow.
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(b) distributions of the turbulence energy.

Fig. 5-3 The distribution of the turbulence energy of bubble wake in a vertical upward flow.
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Fig. 5-9 The axial distribution of the turbulence conponents.
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Fig. 5-10 The radial distribution of the turbulence compornents.
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Fig. 5-11 The energy balances at the center axis of tube.
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Fig. 5-12(a) The velocity distribution and the turbulence energy distribution in an inclined upward
flow (¢ =30°).
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Fig. 5-12(b) The velocity distribution and the turbulence energy distribution in an inclined upward
flow (¢ =45°).
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Fig. 5-12(c) The velocity distribution and the turbulence energy distribution in an inclined upward
flow (¢ =60°).
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Fig. 5-12(d) The velocity distribution and the turbulence energy distribution in an inclined upward
flow (¢=75°).
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Fig. 5-13 The velocity distribution of the liquid film at the bottom of Taylor bubble in an inclined
tube.
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Fig. 5-14 The axial velocity distribution at the center axis of bubbles and at near of the tube wall in

inclined upward flow.
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Fig. 5-15 The distribution of the maximum axial velocity in the cross-section and the trailing bubble

velocity in inclined upward flow.
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Fig. 5-16 The radial distribution of the axial velocity in inclined upward flow.
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Fig. 5-17(a) The axial distribution of the turbulence components in an inclined upward flow (¢ = 30°) .
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. 5-17(b) The axial distribution of the turbulence components in an inclined upward flow (¢ = 45°).
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Fig. 5-17(c) The axial distribution of the turbulence components in an inclined upward flow (¢ = 60°).
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Fig. 5-17(d) The axial distribution of the turbulence components in an inclined upward flow (¢ =7 5°).
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Fig. 5-18 The radial distribution of the turbulence energy in inclined upward flow.
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Fig. 5-21 The velocity and turbulence energy distribution of the trailing bubble wake in vertical

upward flow.
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Fig. 5-22 The distribution of the axial velocity at the center of tube and near the wall and the

maximum velocity distribution in the cross-section of the trailing bubble wake in vertical upward flow.
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Fig. 5-23 The radial velocity distribution of the trailing bubble in vertical upward flow.
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Fig. 5-24 The distribution of the turbulence components of the trailing bubble wake in vertical

upward flow.
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Fig. 5-26 The comparison of the velocity distribution between k'<0.05and%’>0.05 at the front
of the trailing bubble.
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Fig. 5-27 The comparison of the axial velocity distribution of the trailing bubble wake between

k'<0.05and k' > 0.05 at the front of the trailing bubble.
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Fig. 5-28 The comparison of the liquid film velocity of the trailing bubble.
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Evaluation of Interaction Characteristics of Successive Large Bubbles

R M T R T M I M R B
NAKAMURA Noriko AMI Takeyuki UMEKAWA Hisashi OZAWA Mamoru
Abstract  An experimental investigation about the interaction among successive large bubbles

in the vertical upward flow was conducted. In the experiment, single and two/three consecutive
rising bubbles were artificially made, and the velocities of large bubbles flow were measured by
using the CECM (Constant Electric Current Method) and a high speed camera. In the case of two
consecutive bubbles, the maximum velocity was influenced by the volume of the leading bubble.
In the case of three consecutive bubbles, the former two bubbles, i.e. “Top bubble” and “Middle
bubble”, showed the same characteristics with two successive bubbles, but later two bubbles, i.e.
“Middle bubble” and “Bottom bubble”, showed the different tendency with two successive
bubbles. The effect of the difference especially was observed in the deformation of the bottom

bubbles.

Keywords: Slug flow, Bubble velocity, Wake, Void fraction, CECM

1. #%
BE, mWAEA TR LX N DENICE R T 5
RATOIFENVEWNIERAA ZTHY | k5
T T 90%LL b, FEAERKA R T 85%LL b, [H
WIS 25 TRRRES K LTWa[1], BitAA 7
W2 O b REVE Y 72 0 OB KE D T
D7 BREARA T O CITEENEE N R B
EVOFIEN B DN, EOKHE, EoTeARTEE)
WCE > TRERENEHNRAEC L &V HhoIE
KOLDIZERE L VT 4 TOOREERRA
T Lo TWD, 2 OENEE O S, HIG
oI EENL, ARV X —HHDOD
DSS(Daily Start and Stop)iE#z, /AN ELE, *
To B ETRER 72 © O R ZERBN DR A Lod il
BEREHIN TS, UL EOFRIZED . BNl
R OBNRFE , FRICARBIE & 5 Lo RS E BN O fif

il

WOMBMWENEEY 5055, LLAENE, H
TEIZHOLN D ZHEET VICREEND &
5 7%, MEEERORIER, FHUTHRHE L7k
EEIR LHET R0 T LTI, £ X bik
R BURPARETH Y BFOET L CTIHEE
B LARWE D REIRNAEL 9 D RLETRE) D
FHZIEARmE ThH D, REEREI DT OT= DI
V%, FIBRZR IR 0 B e I EZ R LTc 7 Lx v T
WIRETIVPMEL 722, 2T Ozawa b3,
R[RIR AT %, AR A RROGHE & e
— NN =N DIHTRITHERKTILET L& IRB
L72[2], EDOHIEIZEB VT, BEEIRZER-K
FCERICIRENR 2 8 4E ST 5A13]. £
CO, ZVEBYFEIAR & 9~ 2 7K A4S 5 il i Bh b 16 SR
WCBWTHAL YT MTERER BV —&E R
TWb, LLAans, Y5 1o —iL—

*2010.11.29 {7

wx BIPERPRF P T AR T564-8680  RIRFIK H T (LI FHT 3-3-35

wrk QP RF S AT LT

TEL: (06)6368-0804 FAX: (06) 6368-0804 E-mail: umekawa@kansai-u.ac.jp
P BAPE R A T 569-1098  KBRF R ML (4 HEHT 7-1

IRARR

24% 5% (2011)

549



DD B K wake (2 X D LRI OB EEHE N
HICOWTOHANBAT TII R0 TH D,
I wake 12 & D% FEEIANEIZ DN T ORY)
DHFFEIE Griffith H[S)IC L D23, FDOHFRIZE D |
e RIEEE L, FATRIE & ORIEMBOTE 5
IFZEMEEIND EVIFAPELNTND, ZD
12 Shemer G611, KEMWAMITIEEZ 2
LAt bt K v . BRI o KREIE I,
Z DAY OFEGIC A DY TER L, FH1C ERT
LHWHNICHI ETEONDIMANSH L L 26
MIT LTz, T b#Exindemit, Eirxiuo
wake MENMGIZ L D REBINDLENHI Z L
Thbd, IO E LTIiL, Tomiyama &[7]23
KIEBINEDRER O —H L LT, KA wake (2
BT 2 21T-> TRV, BiXKIaD wake 12X
DHEEAGIZIE, FATRIEOEEN R E B L
TEY., RIS wake D2 L Y. Open
wake & Closed wake [IZ3FHI N D Z & 2B 68T
LCW2%, F7= van Hout 5[8-10)1T—#H DOHFFE

Separeter
Detective
——— sensor
— 1 Power
Reserve electrode
tank = (*)
~
| =S4 Void fraction|
g E Il'lC:lSl.ll'll']g
— area
| ===(sensor FFTIS-“EFF_
i N 711 electrodes) [|Palancet
=
Power
Pump KD 7 e — o ;3_]‘]3‘-‘“'0(]‘3
Observation
area
_@ g . Ball valve 1
=
- valve 3
X Ball
valve 2
Flow meter
Cumpressor

P Ball valve ® P
. ressure gauge
P} Needle valve CeStlE S8Ts

Fig. 1 Experimental apparatus.

550

\ZRBWT, PIV 32 W= E EF/ 5 oK
wake FENGOFEMRBE, 77 A4 =T
0 —7 % AW HA ERENTOERER T IR
TOBEEEIT > THEY (£ DRI Brauner H[11]
{2 &% TBW (Taylor bubble wake)E 7 /LT Sk X
T2, 20X, [JEFEHOET ) 72
BT, wake IZ X ARIBEFHOEITEERN
FTThDH, HERRIGET VIZBW T, —o0k
IV EOREKR AN FEE S E D wake i E L
Schlichting[ 12]1Z & % F#E#% 55 0 wake it DA T
H 2 TR, i 2 HEKEEZFICKIESND
wake WHE L, BIFICTFET B RAEKIRSIRHA
SH 5 wake FiHOFERE TH 2T\ 5, ZRRiER
95 RIa8F LT O wake i OHL D M2 T,
L RN ST RIS, E =il b
ORZIAH O ESER IO T ORI BIE D
HEVITON TR, & 2 TARPFFETIL, Hfik
KLV ETD wake 17 & 58| X ALZNEOFE
FEERETT 52 L2 B, H—%0E, g
g, SEfERIEOZER L, EBEIIEBZICL D
RA RRJE, BEONAAE—=FRAIATITLD
W EERZ AV Tl L7=D T2 ZICHE 5,

2. EERAFZE

FBRIZIX, Fig. 1 IR 2R3 & 51, fEH)
TARICHEIROKEK L ZERE AW KREE FO
SR SRR AR R E A A U, EE IR,
U=y R, mSiERt,. 7 A b
7 vay bR L—F  RIUEEEE TR S,
TANMETva STIFBER L EEREICLD
RA RERAEHAREI N TS,

R T TEARESNTZY =7 NOKIT,
MmN ER CIMEEZAE LIk, 7 A by v
a IR biEEND, —FHa Tyt LD
eI ERIE, I A MEAAL—F AA 0¥
Yo Fr—ZiElE Lo %, Z0OKTuEER A~
WMAT 5, 7o, [IAFREH OBIRICILE LT
HIKE LTe AR —A &8 L TW\Wb, £, TR
7 va vlilkoKE et L —#
ICTCTAH—NTr—SHBHZELETTRAINEI U
VINDEN & — B> TN D,

RIBIFAR =L T OREIC X0 K
EBITEEORE S TER TS, EHEEAR— AN
NT 2.3 AL, TA BT gL OEREE
WZHDR—N T 1 BRI Z &2k - T,

Japanese J. Multiphase Flow Vol. 24 No.5 (2011)



EEOXKIAMIRE CRIAFINERTE 5, 7B/ UL
THEAEITF v 2 ) v T DB RT AR
CTFEHTITo 7,

TANEZ Vg SFENZED =20mm TH Y,
R T 5D EICT 7 UMk - T
ERC SN TN D, Ll BEHTIIK EIZIZH
UR#rR %> FEP W& ZMKICHW, 0
AV &7 7 U AEEE CE-> TRREICKEZ FIE
THZILETROBEHTERICT D Z LR BEN
TR BIE L 72> TS, ZOBIZHIZBV TN
AAE—=RI AT ERANCREEZIT 1=,

EBEITa L 2 AEO—TETH Y | 3
T —EW) DRI~ EBRAFML, 8T —&
MECH D FEMTOEELEH LYV ARA R
FEWETHHETH D, EBMEEZHND TR

FlR & LT, g N ERTE N T—R2R 720,

RO ) OB W iR T O E IS
BINT, FREMERBICH LT D ICERE
AL, FENEELS FITHE TE B L) Sz
Fonsd, KR TIIYE o FEME 10 (HEE L.
K MRS Somm, & 2 Y ER—xF O EARR
i 10mm, AR 0.5mA & L7,
ARFGE TSI, TSI ER, ©
L C oS iaFER 21T 72, H—RIAERTIX
AR j, & RN E B L ST, 2 ZTh

Table 1 Experimental conditions.
Single bubble

Ji [m/s] A

0-0.053 0.8-2.0

Two consecutive bubbles

Jr [m/s] Mead Mtrail
0.011 0.8 1.4
0.011 1.0 1.4
0.011 1.6 1.4
0.011 1.8 1.4
0.011 2.0 1.4
0.011 2.0 0.8
0.011 2.0 2.0

Three consecutive bubbles

jL [m/s] 7\'lop 7\'mdl ;\'blm
0.011 0.8 2.0 1.4
0.011 2.0 2.0 1.4
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Fig. 5 Velocity profile of trailing bubbles
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Fig. 6 Velocity profile of trailing bubbles
(Influence of trailing bubble volume: Aj,q= 2.0).
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Nomenclature

d : volume-equivalent diameter [m]
D : inner diameter of pipe [m]
JjL : volumetric liquid flux [m/s]
Ly : distance between bubbles [m]
Re; :Reynolds number of liquid phase [-]
up  :bubble velocity [m/s]
Greek letters

o : void fraction [-1
A : dimensionless bubble volume [-]
Subscripts

btm  : bottom bubble
lead :leading bubble
mdl  : middle bubble
top  :top bubble

trail  : trailing bubble
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Characteristics of Trailing Bubble Velocity in Consecutive Large Bubbles

Rising through a Inclined Tube

ook s 7T
NAKAMURA Noriko
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AMI Takeyuki
Abstract

UMEKAWA Hisashi

Ko omoET
HIROSE Yoshimune

i VANIRE - S
OZAWA Mamoru

In this study, the rising velocity of Taylor bubbles in inclined tube was investigated.

In the experiment, the air-water two-phase flow system equipped with the Taylor bubble injector,
which can inject arbitrary size Taylor bubble with a certain distance, was used. The inclined angle
was 30-90 degree, the tube inner diameter was 20mm, the dimensionless bubble diameter 4 was
0.6-2.0 and liquid velocity was 0.011-0.053m/s. As the result, the influence of the tube inclination
and bubble size on the correlation for the bubble velocity with the separation distance of two
consecutive bubbles was presented. On the basis of these results, the characteristics of the Taylor
bubble movements were explained. Moreover, the fundamental data of two consecutive bubbles,
i.e. the maximum trailing bubble velocity, the location of maximum velocity, the effective range
of velocity and the damping ratio of velocity were reported.

Keywords: Inclined slug flow, Bubble wake, Trailing bubble velocity, Liquid film
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Nomenclature

A : cross-sectional area of tube [m?]
Ag : cross-sectional area of gas phase [m?]
A : cross-sectional area of liquid phase [m?]
Co : variation of bubble velocity [-]
D : tube diameter [m]
Fr : Froude number [-]
g : gravity acceleration [m/sz]
ir : total volumetric flux [m/s]
Q : correction term [-]
Re,  : Reynolds number of liquid phase [-]
t : liquid film thickness [m]
Ugo - single bubble velocity [m/s]
Up, trail - trailing bubble velocity [m/s]
ugt :single bubble velocity in a stagnant

liquid [m/s]
Up max : Maximum trailing bubble velocity ~ [m/s]
Us : velocity of liquid film [m/s]
z : distance from leading bubble tail [m]
Zmax - location of maximum velocity [m]
Zy : effective range of velocity [m]

Greek letters
AFr  : difference between Fr number in
vertical tube and one in horizontal tube [-]

Az"  :small dimensionless distance [-]
@ : inclination angle from horizon [deg.]
A : dimensionless bubble diameter [-]
174 : damping ratio [-]
Subscripts

* : dimensionless

h : horizontal

lead :leading bubble
trail  : trailing bubble

Y : vertical
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Interaction between consecutive slug bubbles
(Comparison of bubble-propagation characteristics with the Discrete Bubble Model)

AT i (BEVEREE), IR g (B KRER), 8 AT (BEEK),

M) i (BEPER), /e 57 (BT R)
NAKAMURA Noriko, HIROSE Yoshimune, AMI Takeyuki, UMEKAWA Hisashi, OZAWA Mamoru

Abstract Coefficients for wake velocity equation of the Discrete Bubble Model(DBM) were
estimated by comparing with the experimental results. The estimated result of two bubbles took a
different value with that of three bubbles, and the three bubbles results have shown a good
agreement with the correlations for the naturally occurring continuous slug flow. These results
suggested that the decay of the wake velocity decreases owing to the existing of plural leading
bubbles. Some DBM simulations of consecutive bubble propagation were carried out using revised
equations, and some static propagation of bubble column and some patterns like a coalescence of

bubbles were obtained.

Keywords: Bubble wake, consecutive bubbles, bubble velocity, slug flow, Discrete Bubble

Model
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Effect of Taylor Bubble Wake on the Trailing Bubble in a Inclined Upward Flow

OIE i v (BEEKB) ¥ O BxE (BEEKER)
E @ 7 (FEEX) E gl el (BETER)

E NE T (BEEX)

Noriko NAKAMURA, Yoshimune HIROSE, Takeyuki AMI, Hisashi UMEKAWA and
Mamoru OZAWA, Kansai University, 3-3-35,Yamate-cho , Suita-shi , Osaka

The influence of Taylor bubble wake on the trailing Taylor bubble velocity in an upward inclined flow was
studied. One or two large bubbles which had certain volumes were injected into an upward inclined water
flow, and the bubble velocity and the bubble separation distance were obtained by the high-speed camera
images. From the obtained relationship between the trailing bubble velocity and the bubble separation
distance, the maximum bubble velocity, um.,, the separation distance where the bubble velocity is maximal,
Zmav, the range where the bubble velocity is increased, z, and the decay ratio of bubble velocity with the
separation distance, y were estimated. up,, increases with increasing @ and Aeyg. Zmax and z,, increase with
increasing A.,¢ and have a peak between ¢ = 45-75[deg.]. y decreases with increasing A, and bottomed out
at a certain value. It was appeared that up,, is related to the liquid film velocity of the leading bubble and z,,

and z,, are related to the liquid film Reynolds number of the leading bubble.

Key Words: Inclined Slug Flow, Bubble Wake, Trailing Bubble Velocity, Liquid Film
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Fig. 2 Comparison of single bubble velocities.
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Fig. 5 Profiles of the trailing bubble velocity.
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Fig. 7 Calculation method of the liquid film velocity.
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Fig. 9 Distribution of zp,,* and z,* as a function of the
liquid film Reynolds number Re;.
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