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Abstract - -  A fibre optical probe is used to measure the radial distr ibut ion of void fraction and bubble frequency of adiabatic 
water-air  two-phase f low in an inclined tube. Three typical void fraction distr ibutions can be established for vertical two-phase 
flow: sliding bubble flow, coring bubble flow, and an intermediate type. These typical distr ibutions are influenced by the angle of 
inclination in different ways. In case of  coring bubble flow, the void fraction maximum near the tube axis moves to the upper 
part of  the cross-section when the vertical tube changes to the horizontal posit ion. In case of sliding bubble flow, one of  the 
void fraction maxima near the tube wall is increased (upper part of cross-section) and the other one is decreased ( lower part of 
cross-section) when the inclination changes from vertical to horizontal. The f low pattern transit ion (:an also be seen in the change 
of equivalent bubble diameters. 1~) Elsevier, Paris. 
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R~sum~ - -  F.tude experimentale de la distribution de la fraction de vide dans des ecoulements diphasiques adiabatiques 
eau-air en tube incl ine. Une sonde ~ fibre optique a ~te utilis~e pour mesurer la distr ibut ion radiale de la fraction de vide et 
la frequence des bulles dans un &ou lemen t  diphasique adiabatique eau-air ~ I ' int~rieur d'un tube incline. Trois distr ibutions de 
fraction de vide typiques peuvent ~tre d~finies pour I '~coulement diphasique vertical : bulles glissant le long de la paroi, bulles 
en ~coulement central et cas interm~diaire. Ces distr ibutions types sont influenc~es par I'inclinaison du tube. Dans le cas d'un 
~coulement central des bulles, le maximum de la fraction de vide, situe au voisinage de I'axe du ~mbe, se deplace vers la partie 
sup~rieure d'une section transversale Iorsque le tube passe de la position verticale ~ la position horizontale. Dans le cas de bulles 
glissant a la paroi, le maximum de la fraction de vide au voisinage de la paroi augmente (partie superieure de la section) ou 
diminue (partie inf~rieure de la section) quand I'inclinaison varie de la posit ion verticale ~ la position horizontale. La transition de 
la configuration de I '~coulement peut aussi ~tre repr~sentee par le changement des diam~tres equivalents des bulles. © Elsevier, 
Paris. 

ecoulement diphasique / tube inclin~ / eau-air / fraction de vide / fr~quence des bulles / diametre equivalent des bulles / sonde 
~. fibre optique 
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1. INTRODUCTION 

Two-phase flow ill inclined tubes is found in a 
number of technical applications. Oceanic pipelines 
have to be adjusted to fit the sea-bottom. In this case 
inclined sections of the pipeline occur automatically.  
Solar collectors have been developed for process heat 
product ion up to tempera tures  of about  150 °C (e.g. 
[1]). Boiling water  is used as working fluid in order to 
au:hieve high system efflciencies. The t i l t  of the boiler 
tubes corresponds to the degree of la t i tude of the system 
location. Another  appl icat ion is the two-phase flow in 
the absorber tube  of a concentrat ing parabol ic  t rough 
collector with direct s team generation in solar power 
plants  [2]. Boiling water,  instead of heat transfer oil, is 
used as working fluid in the absorber tube.  In order to 
reduce the cosine losses, the angle of inclination of the 
parabolic  trough system is about  10 °. To avoid a large 
height at tile northern end of the trough system, it must  
be divided into single elements resulting in a saw-tooth 
arrangement.  On account of the high heat flux on half 
of the outer tube perimeter,  the heat transfer inside the 
tube must be uniformly high on the corresponding ilmer 
surface. Otherwise. high local wall t empera tures  will 
occur as shown t~v Heidemann et al. [3]. This will cause 
thermal  stress and deformation of the tube.  A uniformly 
high heat  transfer coefficient inside can be achieved by 
sufficient wett ing of the to ta l  inner surface with liquid. 
This is affected by the void fraction dis t r ibut ion and 
the two-phase flow pattern.  

2. LITERATURE 

Most of the work on two-phase flow in inclined tubes 
has been done with adiatmtic two component  systems 
water air [4] or oil air [10 13]. Transparent  tubes were 
used for visual observation of the flow pa t t e rn  and flow 
pat te rn  transit ions.  

Beggs and Brill [14] found tha t  the liquid hold-up 
in inclined two-phase flow reaches a maxinmm (i.e. 
nfininmm in w)id fraction) at an angle of inclination of 
approxi inately 50 ° from horizontal. This phenomenon 
may be explained by considering the effects of gravity 
and viscosity on the liqnid phase. As the angle of the 
tube is increased front the horizontal, gravity forces 
acting on the liquid cause a decrease of liquid velocity, 
thus increasing slip and liquid hold-up. As the angle 
is increased fllrther, the liquid bridges the entire tube.  
reducing slip between phases and thus decreasing hold- 
up. This fact is confirlned by a nlaxinlum of the tmbble 
propagat ion velocity at  angles of inclination between 
30 ° and 60 ° [15 17]. The fact tha t  liquid hold-up is the 
saine at angles of 90 ° and 20 ° explains why vertical hold- 
up correlations can be used suecessflflly for horizontal 
flow. Lo [18] reported an increase in void fraction (i.e. 
decrease in liquid hold-up) with an angle of inclination 
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increasing from 45 ° to 90 ° . Tile effect is greater at 
higher gas flow rates. 

The void fraction or the liquid hold-up, determined 
from pressure drop measurements (e.g. [18, 19]), 
represents the global void fraction in a certain par t  of tile 
inclined tube.  Local void fraction measurements  across 
the flow cross-section are not given in the l i terature fl)r 
inclined tubes.  

A few exper imental  studies on flow boiling in inclined 
tubes are reported in the l i terature  [20 26]. Krishna 
[20] found tha t  in bubbly  or intermit tent  flow, the heat  
transfer  coefiqcient passed through a minimmn with 
an increasing angle of inclination. In annular  flow, the 
inclination has no significant effect on the heat  transfer. 
Morcos et al. [27] found an op t imum value of the heat 
transfer eoetficient at an angle of inclination equal to 
30 °. Fcdorov and Klimenko [221 showed tha t  the local 
heat  transfer coefficient depends on the orientat ion 
of the channel. The heat  transfer coefficient in the 
upper  circumference of the chamlel showed a somewhat 
weaker dependency on the heat flux than in the lower 
circumference. This effect is obviously connected to 
the asymmet ry  of two-phase flow structure.  Simon [25] 
performed experiments  with wa te r / s t eam two-phase 
flow in a stainless steel tube (inner diameter  15.7 nnn, 
length 5 m) at pressures up to 100 bar, mass fluxes 
between 70 and 280 kg.s-~-m 2 and heat fuxes  tip 
to 100 kW-m -2. The angle of inclination was varied 
between 0 ° and .45 °. Flow pat terns  were detected 
using an optical  system. The flow pa t te rn  changes 
at angles between 0.1 ° and 0.4 ° froin stratified to 
slug flow. The slug frequencies increase with increasing 
angles of inclination. A new flow pa t t e rn  map using a 
modified Froude number and a dimensionless paramete r  
containing the vapour  mass quali ty and the density rat io 
of vapour  and liquid was presented. Hahne et al. [261 
studied the effect of tilt  on flow pat terns  of wa te r / s t eam 
flow in a heated tube (inner diameter  23.4 ram, length 
8 m) at pressures up to 100 bar and tube  inclinations 
of 0 °, 4 ° and 8 °. The results show that  tile mininnun 
Inass flow required to avoid stratified flow increases 
with pressure and heat flux. but  decreases strongly with 
upward tilt .  

The mechanism of boiling heat transfer in inclined 
channels is closely related to the dis t r ibut ion of the 
liquid and vapour  phases, as well as the flow pat tern.  
Therefore, in order to identify tile flow boiling heat  
transfer phenomena,  it is necessary to know the 
local lwo-phase flow conditions at different angles of 
inclination. 

3. EXPERIMENTAL SET-UP 

3.1. Two-phase flow loop 

As a f r s t  s tep we s tar ted  to s tudy tile adiabat ic  two- 
phase flow. Water  and air were chosen because of easy 



An experimental study of the void fraction distribution in adiabatic water-air two-phase flows in an inclined tube 

handling and the inexpensive components of the test 
facility. A flow loop was built with two transparent test 
tubes of different diameter (30 mm outer diameter and 
4 mm wall thickness; 20 mm outer diameter and 3 mm 
wall thickness) to study the local structure of two- 
phase flow in inclined tubes. The inner diameters of the 
acrylic resin tubes are 22 mm and 14 iron, respectively. 
The length of the test section is 4 000 ram. The angle 
of inclination can be adjusted continuously between 0 ° 
(horizontal) and 90 ° (vertical). A schematic diagram 
of the experimental apparatus is shown in figure 1. 
Water and pressurized air are mixed together using 
static mixing devices (Sulzer nfixer SMV-DN 15, SMV- 
DN 25). Pressurized air is blown into the flowing water 
through four capillary tubes before entering the mixing 
device. The mixer itself consists of five mixing elements 
arranged in series within a tube. Each element consists 
of corrugated plates which are arranged to form open 
intersecting channels. In these channels, the fluid flow is 
split into sub-flows, which are repeatedly redirected and 
re-united, thereby achieving intermixing in the radial 
direction. This results in a uniform distribution of the 
void fraction over the whole flow cross-section [28]. The 
two-phase mixture flows up in an inclined acrylic resin 
tube. The air can leave the loop in the upper plenum, 
and only water flows back. The temperature of the water 
is kept constant by a water-cooled heat exchanger. The 
flow rate of water and air is adjustable and is measured 
by flowmeters. 

V.2o 

® 

/ ~ / / ~ / / /  CCD-camera 

_ T reducer 
~ pressurized air 

L~ c¢ c ler circulating 
pump 

- 

Figure 1. Experimental set-up of the two-phase flow loop. 

3 . 2 .  F i b r e  o p t i c a l  s y s t e m  

Local void fraction measurements are perfbrmed with 
a fibre optical probe. The geometry of the optical probe 
is shown in figure 2. For easy installation a straight form 
is used. The optical fibre (200 tlm/230 gm core/clad 
diameter, multimode, step-index profile) is ground at its 
tip to a cone with a 90 ° angle. For protection the fibre is 
glued concentricMly into stainless steel tubes. The inner 
one surrounding the fibre has a diameter of 0.5 nun 
to provide stiffness. Thus the sensitive diameter of the 
optical probe is 0.5 ram. A larger diameter (3.0 ram) 
outer tube serves to further stiffen the probe and connect 
it to the positioning systein shown in figure 3. The probe 
can be positioned along tim tube dimneter from bottom 
to top of the cross-section with high accuracy using a 
micrometer screw. Its position can be checked while the 
probe tip is positioned exactly in the tube centreline by 
looking through two diametrically opposed gaps in the 
clamping device. 

Figure ~ shows tl~e schematic arrangement of the 
fibre ot)tical measuring system. IR-light is sent continu- 
ously from the optical enfitter into the optical fibre. It 
leaves at its tip as long as liquid covers it. When gas 
hits the tip, the light is totally reflected back into the 
fibre. This reflected light passes an optical coupler. The 
optical detector converts the light into electrical signals. 
These are amplified and transformed into digital signals 
when the trigger level is reached. The local void fraction 

optical fiber 
~ step index profil I quartz/quarlz/polyimid 

E I 200/220/245 gm 

HI stainless steel tube 
~ • 0,5 x 0,125 mm, V2A 

stainless steel tube 
~ 3 x l m m ,  V2A 

hose 

;teel spiral 
wrapping 

,ering 

hose 

Figure 2. Fibre optical probe. 
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clamping device /,~ two-phase flow tube 

i i ] i 

sliding 
suppor~ 

 , rome er-   
screw 

[~s tu f f ing-box 
spr ing~ l I  packing 

~ ~~-fiberopticalprobe I~ II 

Figure 3. Positioning system for the fibre optical probe. 

3.3. V ideo  system 

In addit ion,  pictures of tile two-phase flow were taken 
using a video system. The optical  arrangement  is shown 
schematically in figure 5. All optical  elements were fixed 
to the tut)e. Stroboscopic lightning ill connection with a 
CCD camera  (Puhfix TM 765) with an electronic shutter  
(1/10000 s) was used to achieve focused pictures. A 
ground-glass plate was placed between the tube  and tile 
camera. The pictures supplied by the video recorder 
(Panasonie AG 4700) were analysed in a freezed frame 
mode and in slow motion to identify tile two-phase flow 
pat tern.  

stroboscopic 
lightning 

two-phase flow ground-glass plate 
in inclined tube 

CCD-camera with 
electronic shutter 

Figure 5. Optical arrangement for taking video pictures. 

tw 
inal 

~ignal 

"leter ] 
I 

Figure 4. Fibre optical electronic equipment. 

is obtained by summing up tile dura t ion of all these 
digital  signals and dividing by the integrat ion time. 
The integration t ime is set to 1 s. Wi th  an external  
voltmeter,  tile void fl'action signal is measured over 
20 s, 5 t imes at each measuring point. Tile average 
values are presented in the figures. Tile bubble frequency 
is obtained by counting the digital  signals. Detai led 
descriptions of the optical probe, the signal processing 
a.nd the measuring accuracy are given by Spindler et al. 
[29] and Spindler [30]. The integrated void fraction 
profiles nleasured by the fibre optical  probe show nlean 
deviations of about  - 20 % and maxinmnl deviat ions of 
about  - 4 0  % compared with the global void fraction 
measured by a ~'-densitomctcr. 

3 0 8  

3.4. Exper imenta l  p rocedure  
and p a r a m e t e r s  

The tempera ture  of the two-phase flow was kept 
constant  at about  25 °C. Tile pressure in the test section 
was (:lose to tile ambierlt pressure. The superficial 
velocity of water and air and the angle of inclination 
were varied so tha t  dispersed bubble flow, slug flow 
and stratified wavy flow could be observed. Tile radial  
dis tr ibut ions of void fraction and bubble frequency were 
measured dianletr ical ly from bot tom to top of the cross- 
section. In total ,  23 measuring posit ions were chosen. 
Tile distance between two positions is 1 nml with the 
exception of the wall region. Tile closest distance to 
the tube wall for which measurements  were still feasible 
was 0.5 mm. Tile integration t ime was 20 s for each 
pofilt. Tile optical t)robc was located at a distance of 
60 diameters  (inner tube diameter  22 ram) downstreanl 
of tile nlixing chamber. 

Tile table shows the superficial velocity combinations 
for water (WLo) and air (WOo) which were studied. A 
comparison with tlle flow pa t te rn  map for vertical two- 
phase flow by Govier et al. [31] and the flow pa t te rn  
map for horizontal  two-phase flow t)y Baker [32] indicate 
tha t  all points are s i tuated in tile slug flow region. 
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TABLE 
Superficial velocity combinations. 

~L'G0 ( i n . s  - 1  ) 

0.5 

1.0 

1.3 

WLo ( t n . s  - 1 )  

0.75 1.0 1.5 

S S S 

i i s 

C C C 

s: sliding bubble flow (e . . . .  near the tube wall); c: coring 
bubble flow ( g m a ×  n e a r  the tube axis); i: intermediate 
type. 

An equivalent bubble diameter  D~ could be calcu- 
lated assnming spherical bubbles: 

3 ~ loc  

n ~  = ~ ~,~ f~o~ 

with local void fraction S~oc and the local bubble 
frequency fio~. The velocity of the bubbles is assumed to 
be WB = wo = WOo/~.  The average void fraction ~,,  
is obtained by integrat ion of the local void fraction over 
the cross-section. For the vertical tube,  this integrat ion 
is performed over concentric annuli; for the inclined and 
the horizontal  tube,  this is done over chordal sections. 

4. M O T I O N  OF  BUBBLES IN I N C L I N E D  
TUBES 

In vertical tubes,  the t ransi t ion from bubble to slug 
flow takes place when the void fraction reaches values 
of about  25 %. In inclined tubes, bubble flow no longer 
exists when the tube  is inclined below a specific angle. 
This can be explained by the fact tha t  decreasing the 
angle of inclination causes the bubbles to nfigrate to the 
upper pipe wall. This results in a high local void fraction 
there. Transit ion to slug flow takes place even when the 
cross-sectional average void fraction is less than  25 %. 
However, the t ransi t ion may occur at  a higher void 
fraction (possibly as high as 60 %) if coalescence is 
prevented, see [33]. 

The forces acting on a spherical bubble are shown 
in figure 6: the buoyancy force F~, the drag force FD 
and the lift force FL. When  the tube  is slightly inclined 
the buoyancy force can be split  into a radial  component  
normal to the tube axis Fm and an axial component  
parallel  to the tube axis F ~ .  Fm tends to keep the 
dispersed bubbles at the upper  half of the cross-section 
and enhances the t ransi t ion to slug flow. On the other 
hand, the lift force FL tends to disperse the bubbles, 
maintaining the bubble flow pat tern.  Solnetimes a zig- 
zag pa th  of bubbles could be observed in the video 
pictures, while the bubbles move away from the pipe 

g buoyancy force FB = 6 ~dBI (pl - p~)g 

WO~d 2 ~rag force Fo = Cw Pl 2 4 B~ 

w~,~/'~w°sin* Z FL = CL P' (w° sine')2 An ( ~  .F~ g~ ,," ift force 

C k = 0 , 4 - 1 , 2  

=1,1-1,5 

,~'~- g~_ > I~ cosO disperse bubble flow 

* F L < F"B cos 0 transition to slug flow 

Figure 6. Forces acting on bubbles in inclined tubes. 

crown towards the tube  axis', and then back to the upper  
par t  of the tube.  

5. RESULTS 

The radial  dis tr ibut ions of measured void fraction, 
bubble frequency and calculated equivalent bubble 
diameter  are shown in figures 7 to 9 for seven angles of 
inclination: 0 ° (horizontal),  15 °, 30 °, 45 °, 60 °, 75 ° and 
90 ° (vertical) for the tube with 22 mm inner diameter.  

Because of the non-axisymmetr ical  distr ibutions,  the 
measurements  had to be taken along the diameter  from 
bo t tom to top of the cross-section. The dimensionless 
radial  posit ion r /R  (inner tube radius R) s tar ts  at  
r /R  = - 1  (bo t tom of the cross-section for horizontal 
and inclined tube) up to r /R  = +1 (top of the cross- 
section). The tube axis is represented by r /R  = O. 

For vertical two-phase flow, three typical  types of 
flow can be established [29]: sliding tmbble flow, coring 
bubble flow and an intermediate  type. Sliding bubble 
flow is characterised by an increase in void fraction near 
the tube wall. It  is found if the superficial velocity of 
water is higher thm~ tha t  of air: see the table. In the 
opposi te  case (lower superficial velocity of water),  coring 
bubble flow is detected with a void fraction maximum 
near the tube axis. 

The typical  void fraction dis t r ibut ions are influenced 
by the angle of inclination in a different manner.  In case 
of sliding bubble flow, one void fraction inaximum is 
increased (upper par t  of the cross-section for inclined 
tube) and the other  inaximum is decreased (lower par t  
of the cross-section), when the inclination changes from 
vertical to horizontah see figure 7a. The behaviour of 
the bubble frequency dis t r ibut ion is quite similar: see 
figurr 7b. The flow pa t t e rn  t ransi t ion (from dispersed 
bubble, through elongated bubble,  to stratif ied wavy 
flow) can also be seen in changing equivalent bubble 
diameter:  see figure 7c. In case of coring bubble flow, 
the void fraction maxinmm near the tube  axis moves 
to the top of the pipe when changing from vertical to 
horizontal tube  direction: see figure: 8a. 

309 

oct 

IU 

m 

e -  

~ m  

x _  

O 

Ill 
!/i); 

,~ ~ii~ l!i ii!~ ~ ~ 

ii~i~ :,#i !~i~ ~i i~!i .... 
~i~:' j i~i ''~:̀ ,~' i~i~..~ 

ii:,q~/i 

~ ~ ~ ~ ,~1 ~ ~i~" 



K. Spindler  

100 I"" - I  ........ V ' T  " T - ~  - Y - - - ' ~ " "  ; 
t / i i t - -  . L  i I 

.or i o" 

7 0  - 

o ~ 6 0  . -  

._~ 
1 5  50 

.~- 4o >o 

20 

10 

30 

0 
-1.0 -0,8 -0.6 -0.4 ~0,2 0.0 0.2 0.4 0.6 0,8 1.0 

radial position r /R  [- ]  

80 

~400  

® 
300 
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5OO 
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0 
-1.0-0.8 -0.6-0.4-0.2 0,0 0.2 0.4 0.6 0.8 1.0 

radial position r/R [-] 

70 

'Ed0 
E 

so 
E 

40 

a:~ 30 

~2o 

10 

0 
4,0 -0.s-o.e-0.4-0.2 0.0 0.2 0.4 o.e o.e t.o 

radial position r/R [-1 

( 

Figure 7. a. Radial distributions of  void fraction at WLo = 1.0 m.s  - 1  and w o o  = 0.5 m.s - I  (sliding bubble flow), b. Radial 
distributions of bubble frequency at wLo = 1.0 m,s -1  and wa~ = 0,5 m-s - 1 .  c, Radial distributions of equivalent bubble diameter 
at WLo = 1.0 m-s -L  and tvGo = 0.5 m-s - 1 .  

Figures 7a and 7b show tha t  the maximum in void 
fl'action and bubble frequency for tile vertical  tube  
(90 °) at  r/R = 0.9 increases rapidly with decreasing 
inclination. The local void fraction reaches a maximum 
of 90 % at f i r  -- 0.9 for the horizontal  tube  (0°). The 
maximum of the local bubble frequency is found for 
angles of inclination of about  30 ° and 45 ° at r/R =: 0.9. 
The  maximum values measured are about  600 s -1. The 
maximum of the void fraction and bubble  frequency 
at r/R = - 0 . 7  decreased instant ly  when the t i l t  of 
the tube  deviates from the vertieM direction. Bubbles 
from the lower par t  of the cross-section (r/R < 0) are 

moving to the  upper  par t  (r/R > 0). A sharp drop in 
the bubble frequency is found for angles of inclination 
smaller than 30 ° in the region r/R > 0.5 (figure 7b), 
Due to an increasing void fraction and a decreasing 
bubble frequency in the  upper  par t  of the cross- 
section ( f i r  > 0.5), the equivalent bubble d iameter  
(figur~:~ 7c) grows rapidly. This indicates slug flow when 
a~ inclination of 15 ° is reached. The slug length is 
between 20 and 80 ram. These slugs appear  in the cross- 
section between 0.2 < r/R < 1. The region r/R < 0.2 is 
fully covered by tile liquid. 

3 1 0  
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Figure 8. a. Radial distributions of void fraction at WE o : 1.5 m.s -1 and WOo = 1.3 m . s  - 1  (coring bubble flow), b. Radial 
distributions of  bubble frequency at wLo = 1.5 m.s -1 and wGo = 1.3 m.s 1. c. Radial distributions of  equivalent bubble diameter 
at Wao = 1.5 m-s -1 and wGo = 1.3 m.s -1 .  

Figures 8a and 8b show tha t  the maximum in void 
fraction and bubble frequency near the tube  centreline 
(r/R = 0) for the vertical tube  moves rapidly to the 
upper par t  of the cross-section (r /R > 0) with decreasing 
inclination. The bubble frequency increases until an 
inclination of 60 ° is reached, then it decreases rapidly 
for lower inclinations. This results in an increase of the 
equivalent bubble diameter  in the region r /R  > 0.5 for 
inclinations lower than  60°: see figure 8c. 

A superposi t ion of the effects mentioned above is 
seen in the figures 9a, 9b and 9c. The maximum of void 
fraction and bubble frequency at  r /R  = -0.7 decreases, 
and the maxinmm at r /R  = 0 is shifted to greater 
r/R-values with decreasing inclination. This yields a 

strong increase of the equiw~lent bubble diameter  in the 
region r /R  > 0 (upper half of tile tube  cross-section) for 
inclinations of less than  45°: see figure 9c. 

Corresponding to Beggs and Brill [14], it was found 
tha t  the average void fraction generally decreases with 
increasing inclination, except for a high superficial gas 
velocity wG0 = 1.3 m.s -1. ] 'he  average void fraction for 
horizontal two-phase flow (0 °) is approximate ly  tile 
same as for vertical two-phrase flow (90°). 

An effect of the entrance length could not be clearly 
seen in the void fraction profiles measured addi t ional ly  
at L/d = 30 and 40. But there is ~m effect with increas- 
ing flow length, which can be seen in the video pictures 
taken at L/d = 25 and 12,3: see figures lOa and lob. 
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F igu re  9. a. Radial d is t r ibut ions  of  void f ract ion at  WLo = 0 .75 m.s - 1  and w o o  = 1.0 m.s - 1  ( i n te rmed ia te  type) ,  b. Radial 

d is t r ibut ions  o f  bubb le  f r e q u e n c y  at tVLo = 0 .75 m.s - 1  and ~'~c,o = 1.0 m.s z c. Radial d is t r ibut ions  o f  equ i va len t  bubb le  

d i a m e t e r  at  wLo = 0 .75 m.s - 1  and tuGo = 1.0 m.s - 1 .  

The pictures of the two-phase flow had been taken for 
the fixed superficial water velocity WLo = 0.8 m.s -1 and 
four superficial air velocities WOo = 0.1, 0.5, 1.0 and 
2.5 m.s -1. At L/d = 25 (left hand side of figure iOa and 
lob), a lot of small bubbles can be seen among larger 
bubbles. The bubbles coalesce more and more with 
increasing flow length L/d = 120 (right hand side of 
fi~qures lOa and lob). The smaller bubbles disappeared. 
Tile slug length is also increased at L/d = 120. The 
front end of the slug is deformed due to drag forces. 
Small bubbles are flowing behind the slugs. At the high 
superficial gas velocity woo = 2.5 m.s -1, the interface 
between liquid and gas is very wavy. A lot of small 

bubbles can be seen near the interface at Lid = 0.25 
(left hand side of flgures lOa and lob). The number of 
bubbles near tile gas-liquid interface decreased strongly 
at L/d = 120 (right hand side offig~tres IOa and lob). 

6. CONCLUSIONS 

The radial distr ibution of local void fraction and 
bubble frequency in inclined two-phase flow is strongly 
influenced by the angle of inclination. As the vertical 
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F i g u r e  i 0 .  a. P ic tures  of  the  t w o - p h a s e  f low (WLo : 0 . 8  m . s - 1 ;  WGo : 0 .1 ,  0.5,  1.0 and  2 .5  m-s  - 1 )  a t  p o s i t i o n s  Lid = 25 
(left hand side) and L/d = 120 (right hand side) for angles of inclination 0 °, 5 ° and 15 ° . b. Pictures of the two-phase flow i 
( W b o =  0 .8  m . s  1; wG0 = 0.1,  0.5,  1.0 and  2.5 m . s  - ~ )  a t  p o s i t i o n  L/d = 25 (left hand  s ide)  and  L/d = 120 ( r igh t  h a n d  s ide)  for ~,i: 
a n g l e s  of i nc l ina t ion  30 ° , 60  ° and  75 ° . ,, . . . .  ~: ' 

tube is inclined, the bubbly flow pat tern disappears 
because of high local concentrations of voids at the 
upper part of the cross-section. The flow pat tern 
transitions can be seen in changing equivalent bubble 
dialneters. For tile vertical two-phase flow, a maximunl  
in the void fraction profile appears in the tube axis for 
w a o  > WLo. F o r  WLo > W a o ,  a v o i d  f r a c t i o n  m a x i m u m  
near the tube wall is found. For tile inclined tube, 
all gas is in the upper part of the cross-section 
for 0.75 < WLo/Wao < 1.15 and angles of inclination 

< 45 °. At WLo/Wao = 2, this occurs already for 
< 30 °. In spite of recent advances, there is much 

further work to be done on the subject of two-phase 
flow in inclined tubes in general, and on flow boiling 
in inclined tubes in particular, in order to analyse the 
local flow conditions for flow pat tern transitions. The 
experilnental data  can be used for the validation of two- 
phase computer codes. The effect of flow length nmst 
be considered due to coalescence effects. 
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