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An experimental study of the void fraction distribution
in adiabatic water-air two-phase flows in an inclined tube
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Abstract — A fibre optical probe is used to measure the radial distribution of void fraction and bubble frequency of adiabatic
water-air two-phase flow in an inclined tube. Three typical void fraction distributions can be established for vertical two-phase
flow: sliding bubble flow, coring bubble flow, and an intermediate type. These typical distributions 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 position. 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 flow pattern transition can also be seen in the change
of equivalent bubble diameters. © Elsevier, Paris.

two-phase flow / inclined tube / water-air / void fraction / bubble frequency / equivalent bubble diameter / fibre optical probe

Résumé — Etude expérimentale de la distribution de la fraction de vide dans des écoulements diphasiques adiabatiques
eau-air en tube incliné. Une sonde & fibre optique a été utilisée pour mesurer la distribution radiale de la fraction de vide et
la fréquence des bulles dans un écoulement diphasique adiabatique eau-air & l'intérieur d’'un tube incliné. Trois distributions de
fraction de vide typiques peuvent étre définies pour I'écoulement diphasique vertical : bulles glissant le long de la paroi, bulles
en écoulement central et cas intermédiaire. Ces distributions types sont influencées par Finclinaison du tube. Dans le cas d'un
écoulement central des bulles, le maximum de la fraction de vide, situé au voisinage de I'axe du tube, se déplace vers la partie
supérieure d’'une section transversale lorsque 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 supérieure de la section) ou
diminue (partie inférieure de la section) quand Finclinaison varie de la position verticale a la position horizontale. La transition de
la configuration de I'écoulement peut aussi étre représentée par le changement des diamétres équivalents des bulles. © Elsevier,
Paris.

écoulement diphasique / tube incliné / eau-air / fraction de vide / fréquence des bulles / diamétre équivalent des bulles / sonde
a fibre optique

Nomenclature R inner tube radius.................... m
r/R dimensionless radial position
d inner tube diameter . ................ m wp  bubble velocity ..................... m-s~ !
D bubble diameter .................... m wg  gas velocity.......o m-s™!
fioc  local bubble frequency............... g1 wq, superficial gas velocity............... mes~?
Fg buoyancy force...................... N wr, superficial liquid velocity ............ m-s~!
Fn dragforce.......................... N
Fi, lift force. ... ... N Greek symbols
T radius.........o i m
€av  cross-sectional average void fraction .. %
€loc local void fraction................... %
* Correspondence and reprints. Emax Mmaximum void fraction.............. %
pm@itw.uni-stuttgart.de ¢ angle of inclination.................. °
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1. INTRODUCTION

Two-phase flow in 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
production up to temperatures of about 150 °C (e.g.
[1]). Boiling water is used as working fluid in order to
achieve high system efficiencies. The tilt of the boiler
tubes corresponds to the degree of latitude of the system
location. Another application is the two-phase flow in
the absorber tube of a concentrating parabolic trough
collector with direct steam 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 the 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 inner
surface. Otherwise, high local wall temperatures will
occur as shown by Heidemann et al. [3]. This will cause
thermal stress and deformation of the tube. A uniformly
high heat transfer coeflicient inside can be achieved by
sufficient wetting of the total inner surface with liquid.
This is affected by the void fraction distribution and
the two-phase flow pattern.

2. LITERATURE

Most of the work on two-phase flow in inclined tubes
has been done with adiabatic two component systems
water--air [4] or oil air [10-13]. Transparent tubes were
used for visual observation of the flow pattern and flow
pattern transitions.

Beggs and Brill [14] found that the liquid hold-up
in inclined two-phasc flow reaches a maximum (i.e.
nminimum in void fraction) at an angle of inclination of
approximately 50° from horizontal. This phenomenon
may be explained by considering the effects of gravity
and viscosity on the liquid phase. As the angle of the
tube is increased from 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 further, the liquid bridges the entire tube,
reducing slip between phases and thus decreasing hold-
up. This fact is confirmed by a maximum of the bubble
propagation velocity at angles of inclination between
30° and 60° [15-17]. The fact that liquid hold-up is the
same at angles of 90° and 20° explains why vertical hold-
up correlations can be used successfully 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°. The 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 part of the
inclined tube. Local void fraction measurements across
the flow cross-section are not given in the literature for
inclined tubes.

A few experimental studies on flow boiling in inclined
tubes are reported in the literature [20-26]. Krishna
[20] found that in bubbly or intermittent flow, the heat
transfer coefficient passed through a minimum 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 optimum value of the heat
transfer coefficient at an angle of inclination equal to
30°. Fedorov and Klimenko [22] showed that the local
heat transfer coefficient depends on the orientation
of the channel. The heat transfer coefficient in the
upper circumference of the channel showed a somewhat
weaker dependency on the heat flux than in the lower
circumference. This effect is obviously connected to
the asymmetry of two-phase flow structure. Simon [25]
performed experiments with water/steam two-phase
flow in a stainless steel tube (inner diameter 15.7 mm.
length 5 m) at pressures up to 100 bar, mass fluxes
between 70 and 280 kgs™'m~? and heat fluxes up
to 100 kW-m~2. The angle of inclination was varied
between (0° and 45°. Flow patterns were detected
using an optical system. The flow pattern changes
at angles between 0.1° and 0.4° from stratified to
slug flow. The slug frequencies increase with increasing
angles of inclination. A new flow pattern map using a
modified Froude number and a dimensionless parameter
containing the vapour mass quality and the density ratio
of vapour and liquid was presented. Hahne et al. [26]
studied the effect of tilt on flow patterns of water/steam
flow in a heated tube (inner diameter 23.4 mm, length
8 m) at pressures up to 100 bar and tube inclinations
of 0°, 4° and 8°. The results show that the minimum
mass fow required to avoid stratified flow increases
with pressure and heat flux. but decreascs strongly with
upward tilt.

The mechanism of boiling heat transfer in inclined
channcels is closely related to the distribution of the
liquid and vapour phases, as well as the flow pattern.
Therefore, in order to identify the flow boiling heat
transfer phenomena, it 18 necessary to know the
local two-phase flow conditions at different angles of
inclination.

3. EXPERIMENTAL SET-UP

3.1. Two-phase flow loop

As a first step we started to study the adiabatic two-
phase flow. Water and air werc chosen hecause of easy
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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 min, respectively.
The length of the test section is 4 000 mm. 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 mixer 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.

CCD-camera

fiber optical probe

-x

storage
tank

pressure
reducer

© pressurized air

circulating
cooler pump

© M
F

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

3.2. Fibre optical system

Local void fraction measurements are performed 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 pm/230 um 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 concentrically into stainless steel tubes. The inner
one surrounding the fibre has a diameter of 0.5 mm
to provide stiffness. Thus the sensitive diameter of the
optical probe is 0.5 mm. A larger diameter (3.0 mn)
outer tube serves to further stiffen the probe and connect
it to the positioning system shown in figure 3. The probe
can be positioned along the tube diameter 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 4 shows the schematic arrangement of the
fibre optical measuring system. IR-light is sent continu-
ously from the optical emitter 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
quartz/quartz/polyimid
200/220/245 pm

stainless steel tube
20,5 x 0,125 mm, V2A

180 mm

stainless steel tube
#3x 1 mm, V2A

shrinking hose

1000 mm

stainless steel spiral
fiber glass wrapping
silicon covering

shrinking hose

-SMA-plug

Figure 2. Fibre optical probe.
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clamping device

) two-phase flow tube

S /{,,,

E stuffing-box
spring A I packing
E fiber optical probe
sliding " ' 1
support
micrometer-
screw

Figure 3. Positioning system for the fibre optical probe.

real signal

two-phase flow

digital signal

voltmater

Figure 4. Fibre optical electronic equipment.

is obtained by summing up the duration of all these
digital signals and dividing by the integration time.
The integration time is set to 1s. With an external
voltmeter, the void fraction signal is measured over
20 s, 5times at each measuring point. The average
values are presented in the figures. The bubble frequency
is obtained by counting the digital signals. Detailed
descriptions of the optical probe, the signal processing
and the measuring accuracy are given by Spindler et al.
[29] and Spindler [30]. The integrated void fraction
profiles measured by the fibre optical probe show mean
deviations of about — 20 % and maximum deviations of
about —40 % compared with the global void fraction
measured by a ~y-densitometer.

308

3.3. Video system

In addition, pictures of the 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 tube. Stroboscopic lightning in connection with a
CCD camera (Pulnix 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 the
camera. The pictures supplied by the video recorder
(Panasonic AG 4700) were analysed in a freezed frame
mode and in slow motion to identify the two-phase flow
pattern.

two-phase flow
in inclined tube

stroboscopic
lightning

ground-glass plate

CCD-camera with
electronic shutter

Figure S. Optical arrangement for taking video pictures.

3.4. Experimental procedure
and parameters

The temperature of the two-phase flow was kept
constant at about 25 °C. The pressure in the test section
was close to the ambient pressure. The superficial
velocity of water and air and the angle of inclination
were varied so that dispersed bubble flow, slug flow
and stratified wavy flow could be observed. The radial
distributions of void fraction and bubble frequency were
measured diametrically from bottom to top of the cross-
section. In total, 23 measuring positions were chosen.
The distance between two positions is 1 mm with the
exception of the wall region. The closest distance to
the tube wall for which measurements were still feasible
was (0.5 mm. The integration time was 20 s for each
point. The optical probe was located at a distance of
60 diameters (inner tube diameter 22 mm) downstream
of the mixing chamber.

The table shows the superficial velocity combinations
for water (wy,) and air (wg,) which were studied. A
comparison with the flow pattern map for vertical two-
phase flow by Govier et al. [31] and the flow pattern
map for horizontal two-phase flow by Baker [32] indicate
that all points are situated in the slug flow region.
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TABLE
Superficial velocity combinations.
wry (ms™ 1)
0.75 1.0 1.5
0.5 S S s
wa, (ms™?) 1.0 i i 8
1.3 c c [¢

s: sliding bubble flow (emax near the tube wall); c: coring
bubble flow (emax near the tube axis); i: intermediate

type.

An equivalent bubble diameter Dg could be calcu-
lated assuming spherical bubbles:

3 Eloc

Dp = —w
BT 2R e

with local void fraction e, and the local bubble
frequency fioc. The velocity of the bubbles is assumed to
be ws = wg = wg, /€av. The average void fraction eay
is obtained by integration of the local void fraction over
the cross-section. For the vertical tube, this integration
is performed over concentric annuli; for the inclined and
the horizontal tube, this is done over chordal sections.

4. MOTION OF BUBBLES IN INCLINED
TUBES

In vertical tubes, the transition 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 that decreasing the
angle of inclination causes the bubbles to migrate to the
upper pipe wall. This results in a high local void fraction
there. Transition to slug flow takes place even when the
cross-sectional average void fraction is less than 25 %.
However, the transition 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 Fg, the drag force Fp
and the lift force Fi,. When the tube is slightly inclined
the buoyancy force can be split into a radial component
normal to the tube axis Fg: and an axial component
parallel to the tube axis Fga. Fi: tends to keep the
dispersed bubbles at the upper half of the cross-section
and enhances the transition to slug flow. On the other
hand, the lift force Fi tends to disperse the bubbles,
maintaining the bubble flow pattern. Sometimes a zig-
zag path of bubbles could be observed in the video
pictures, while the bubbles move away from the pipe

buoyancy force  Fy = ; ﬂdals(Pl ~pg )0

2
drag force Fo =Cwpy v;" zdmz
ift force F.=CLp (wo szln®)2 An
C =04-12
E A"=Z(ydg|)2cos45"
y=11-15
B FL >Fgcos® disperse bubble flow
Ce
—_——— F_ <Fgcos® transition to slug flow

Figure 6. Forces acting on bubbles in inclined tubes.

crown towards the tube axis and then back to the upper
part of the tube.

5. RESULTS

The radial distributions 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-axisymmetrical distributions, the
measurements had to be taken along the diameter from
bottom to top of the cross-section. The dimensionless
radial position r/R (inner tube radius R) starts at
r/R = —1 (bottom 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 = 0.

For vertical two-phase flow, three typical types of
flow can be established [29]: sliding bubble 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 than that of air: see the table. In the
opposite case (lower superficial velocity of water), coring

bubble flow is detected with a void fraction maximum

near the tube axis.

The typical void fraction distributions are influenced
by the angle of inclination in a different manner. In case
of sliding bubble flow, one void fraction maximum is
increased (upper part of the cross-section for inclined
tube) and the other maximum is decreased (lower part
of the cross-section), when the inclination changes from
vertical to horizontal: see figure 7a. The behaviour of
the bubble frequency distribution is quite similar: see
figure 7b. The flow pattern transition (from dispersed
bubble, through elongated bubble, to stratified wavy
flow) can also be seen in changing equivalent bubble
diameter: see figure 7c. In case of coring bubble flow,
the void fraction maximum near the tube axis moves
to the top of the pipe when changing from vertical to
horizontal tube direction: see figure 8a.
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Figure 7. a. Radial distributions of void fraction at wr, = 1.0 ms~! and wg, = 0.5 ms~! (sliding bubble flow). b. Radial
distributions of bubble frequency at wy,, = 1.0 m's™! and wg, = 0.5 m-s~1, ¢ Radial distributions of equivalent bubble diameter

at wy, = 1.0 ms™! and wg, = 0.5 m-s—1,

Figures 7a and 7b show that the maximum in void
fraction and bubble frequency for the vertical tube
(90°) at r/R =0.9 increases rapidly with decreasing
mmclination. The local void fraction reaches a maximum
of 90 % at r/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 = 0.9.
The maximum values measured are about 600 s~!. The
maximum of the void fraction and bubble frequency
at r/R = ~0.7 decreased instantly when the tilt of
the tube deviates from the vertical direction. Bubbles
from the lower part of the cross-section (r/R < 0) are
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moving to the upper part (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 part of the cross-
section (r/R > 0.5), the equivalent bubble diameter
(figure 7c) grows rapidly. This indicates slug flow when
an inclination of 15° is reached. The slug length is
between 20 and 80 mm. These slugs appear in the cross-
section between 0.2 < r/R < 1. The region r/R < 0.2 is
fully covered by the liquid.
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Figures 8a and 8b show that the maximum in void
fraction and bubble frequency near the tube centreline
(r/R =0) for the vertical tube moves rapidly to the
upper part 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 superposition of the effects mentioned above is
seen in the figures 9a, 9b and 9e. The maximum of void
fraction and bubble frequency at r/R = —0.7 decreases,
and the maximum at r/R =0 is shifted to greater
r/R-values with decreasing inclination. This yields a

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

Corresponding to Beggs and Brill [14], it was found
that the average void fraction generally decreases with
increasing inclination, except for a high superficial gas
velocity wa, = 1.3 ms™!. The average void fraction for
horizontal two-phase flow (0°) is approximately the
same as for vertical two-phase flow (90°).

An effect of the entrance length could not be clearly
seen in the void fraction profiles measured additionally
at L/d = 30 and 40. But there is an effect with increas-
ing flow length, which can be seen in the video pictures
taken at L/d =25 and 120: see figures 10a and 10b.
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Figure 9. a. Radial distributions of void fraction at wy, = 0.75 m-s—

distributions of bubble frequency at wy, = 0.75 m-s—1

diameter at wr, = 0.75 m-s~! and wg, = 1.0 m-s™1,

The pictures of the two-phase flow had been taken for
the fixed superficial water velocity wi, = 0.8 m-s~" and
four superficial air velocities wg, = 0.1, 0.5, 1.0 and
2.5 m-s™!. At L/d = 25 (left hand side of figure 10a and
10b), 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
figures 10a and 10b). The smaller bubbles disappeared.
The 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 wg, = 2.5 m-s™', the interface
between liquid and gas is very wavy. A lot of small
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and wg, = 1.0 ms™~.

! and wg, = 1.0 m-s™1 (intermediate type). b. Radial

1 ¢, Radial distributions of equivalent bubble

bubbles can be seen near the interface at L/d = 0.25
(left hand side of figures 10a and 10b). The number of
bubbles near the gas-liquid interface decreased strongly
at L/d = 120 (right hand side of figures 10a and 10b).

6. CONCLUSIONS

The radial distribution 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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a

b

Figure 10. a. Pictures of the two-phase flow (wr,=0.8 m-s~!; wg, = 0.1, 0.5, 1.0 and 2.5 m-s~!) at positions L/d = 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
(wr, = 0.8 ms~!; wg, = 0.1, 0.5, 1.0 and 2.5 m-s~1) at position L/d = 25 (left hand side) and L/d = 120 (right hand side) for

angles of inclination 30°, 60° and 75°.

tube is inclined, the bubbly flow pattern disappears
because of high local concentrations of voids at the
upper part of the cross-section. The flow pattern
transitions can be seen in changing equivalent bubble
diameters. For the vertical two-phase flow, a maximum
in the void fraction profile appears in the tube axis for
Wao > WL,. For wr, > wg,. a void fraction maximum
near the tube wall is found. For the inclined tube,
all gas is in the upper part of the cross-section
for 0.75 < wi,/wg, < 1.15 and angles of inclination
& < 45°. At wr,/wg, =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 pattern transitions. The
experimental data can be used for the validation of two-
phase computer codes. The effect of flow length must
be considered due to coalescence effects.
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