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ABSTRACT

Void fraction profiles in upflow (five different cross-
- sections) and downflow (rectangular cross-section) have
been measured and interpreted with the aid of the
migration dependencies. The dependencies of the

bubble-to-plug flow pattern transition on void fractions,
tube diameter and temperature have been measured. If
the bubble diameter, D,, exceeds 1mm, the bubble
moves to the wall if D, < 6mm and if flow is upward. In
downflow, the opposite behaviour is found. In a rec-
tangular cross-section, these bubbles preferably migrate
towards the largest side in upflow because of secondary
flows.

INTRODUCTION

The transition from bubble- to plugflow can be
recognized from the void fraction profiles (pprs). These
profiles show a high concentration of void in the centre
of the channel (approximately 0.20). The exact value of
this- concentration are not important here since that
value is related to instabilities that develop in the flow
direction in the channel (Lammers [1]). High concentra-
tions of void (upto 50%) have been recorded without
there being any transition to plugflow. Because of the
difference between bubble- and plugflow, different
surface-energies, the conditions for the coalescence of

-bubbles need to be favourable (Chesters [2]). These
4 conditions are governed by hydrodynamical and phy-
sicochemical factors, both of which are not the subject of
this paper. Here, it is tried to create one single condition
in five channels of varying cross-section and at several
¢ average void fractions. The question is addressed
whether the void fraction in the centre of the channel is
more important than the average void fraction under

conditions that usually prevail in the laboratory. At the
same time, the influence of channel diameter on the
bubble-to-plug transition will be considered.

Over the years many experiments of this kind were
performed by others. Most of these were performed in
circular channels with small diameters. Void profiles
were explained by considering the migratory behaviour
of individual bubbles. See e.g. Zun, Serizawa, Sekoguchi
and others [3-5]. Downflow was studied by e.g.
Oshinowo & Charles [6]. The motion of individual
bubbles and the possible mechanisms were studied by
e.g. Zun [7] and Aybers & Tapucu [89]. Forces on a
bubble were studied by e.g. Leal [10] and Auton [11].

In this paper, the equivalent diameter is determined at
which the larger bubbles do not go to the wall but stay in
the centre. Also the influence of the shape of the channel
(circular or rectangular) on migration and void fraction
profiles is examined. Tube diameters up to 90 mm have
been employed. Again, these result are related to the
transition to plug flow.

1. EXPERIMENTAL

1.1 Test rigs

Two test-rigs have been used in the experiments. (See
table 1.) The first one consists of four vertical, circular,
perspex channels of different diameter. These channels
are being fed from one storage tank so that the water
quality, ambient pressure and temperature are the same
for all channels. Superficial water and air velocity are
controlled separately for each channel. Each channel has
a length of at least 75 equivalent diameters. In it present
form, it can only be used for upflow experiments.

The other test-rig consists of a single vertical rectangu-
lar channel. It is constructed in a modular way. Most
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Table 1

The test rigs used :

Loop Dimensions Flow Exp
s H L1 L2

IChannel 26mm & 40 3.0 U VI

40 mm @ 50 38 3.0 U VIM

60 mm & 59 45 29 U VIM

90 mm & 77 60 44 U VIM
Rectangular 100 x 35 mm? 3.0 28 24 U/D VIM
TS cross-section, H: total height [m], LI1: Distance
between bubbly flow air inlet and local void probe [m],
12: Distance between single bubble injector and optical
observation point [m], Exp: Experiments performed, U:
Upflow, D: Downflow, V: Void measurements, T:
Transition from bubble to plugflow, M: Migration
experiments.

sections (or modules) are “blind” stainless steel sections,
but the relevant sections have glass walls along the long
walls. This test-rig can be configured for both up- and
downflow experiments.

Both rigs are loops, open to the atmosphere.

The water used in all experiments is a mixture of 50%
tap water and 50% demineralized water. The air comes
from a central air supply net and is filtered using an oil-
catcher and a 5um filter.

1.2 Bubble generators

To create a “flow” of single individual bubbles, each

bubble at least 10 bubble diameters apart from the next
one, bubble injectors of different size and material have
been employed: ranging from glass capillaries with an
orifice of 20um at the end to brass capillaries with an
orifice of 10mm in the side-wall. A needle-valve is
mounted just in front of the injector to allow accurate
control over the amount of air injected and thus over the
bubble size. The injectors can be moved so that bubbles
are injected in the centre of the channel or near the wall.
These injectors have been used for the migration experi-
ments in all channels. In the rectangular section, bubbles
have been injected in the centre and near the shorter wall
of the rectangle. '

For void-distribution measurements, other injectors
have been employed. In the 4-channel loop, bubbly flow
is created using an air-inlet of sintered glass, flush
mounted in the wall in each channel. In the rectangular
section, the air inlet consists of four panels of sintered
bronze, also flush mounted in the wall.

1.3 Bubble size and migration measurements

In the migration experiments it is essential to deter-
mine the position of each individual bubble in the
channel. In both test-rigs, this is done by using a set of
mirrors (see figures 1 and 2). The result is recorded using
photography, video and high-speed cine-film. Shutter
times of 1/1000t of a second are used with the still-
photo and video-camera. Upto 1000 frames/second are
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Figure 1: Photograph of the Figure 2: Rectangular sec-
rectangular section with  tion: Bubble position
mirrors determination

used with the high-speed cine-film camera. The channels
are illuminated using a 1000W incandescent lamp with
reflector and diffuser.

The position of a bubble is calculated from the frontal
view and the images in the mirrors. The refractive index
of the water and the perspex and the curvature of both
inner and outer channel wall (for the circular channels)
is taken into account. The position of the bubbles is
determined with an accuracy better than 3%. The bubble
size is also determined using these images.

The position of the same bubble is determined in
several consecutive frames of the video- or high-speed
cinefilm. That way, the path of the bubble is traced out,

both in stagnant water and in flow.

1.4 Void fraction measurements

Local void fractions have been measured using so
called Local Void Probes (Lvrs).

Two different types have been used: In the circular
channels, conductivity probes have been used. These
probes have their tip bent upstream to prevent bubbles
from either being deflected by the flow around the probe
(and thus never be measured) or from becoming entan-
gled in the wake behind the probe (and thus disturbing
the measurement too much). The probes are calibrated
using a separate calibration rig with quick closing valves
(see e.g. Hetsroni [12]). To correctly interpret the results,
software is developed with two trigger levels. These
levels allow the easy discrimination of consecutive
bubbles. The observation point is at least 65 equivalent
diameters downstream of the bubble generator. The
probes can be traversed along the radius of the channel.

In the rectangular channel, an optical LVP is used.
Again, it has its tip bent upstream for the same reasons
as stated above. A special feature of this probe i that,
after calibration, it gives the rise-velocity of a bubble a8
well. Since the flow pattern in a rectangular channel 18
not rotational symmetrical, a special mounting has been
developed which allows for the scanning of an entir
quarter section of the cross-section.

To verify the void profiles in both test-rigs, an Overall
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Void Meter (ovM) is being used. This sensor measures
the overall-mixture conductivity over the channel's
cross-section and compares it to a reference ovM in the
feeding pipe that is always immersed in 100% water
(Van der Geld & Van Koppen [13]).

2 RESULTS

In this section, the measurements results are being
presented that will be analyzed an discussed in section 3.

2.1 Migration experiments

Bubbles, at least 10 equivalent diameters, Deq,b/ sep-
arated, have been generated in the centre of the channel
with an equivalent diameter ranging from 0.8 to 15mm.
The position has been determined for a large number of
bubbles at 30cm and 65 channel diameters downstream
of the injection point. In some experiments, bubbles have
also been injected near the wall. Water velocities range
from stagnant to 90cm/s. The results are summarized in
table 2.

In figures 3 to 5, each mark represents an individual
bubble passage. The closer the marks, the higher the
chance to find a bubble in the area occupied by the
marks. To quantify the notions of “near the wall” and
“In the centre” the ratio of this area to the channel cross-
sectional area is also given in table2. The lower the
number, the more the bubbles move in one specific
region. A distribution is said to be spread out when the
marks cover a disc with radius of at least half the chan-
nel. In this case, the area-ratio has a value of 0.5 or more.
Usually “spread” means that the bubbles do not tend to

the wall. An example is given in figure 5.

The path of individual bubbles is determined. Three
types of bubble path are distinguished for stagnant
water and for flow. ‘

I Bubbles that move virtually undisturbed upwards.
These bubbles have a diameter of around 1mm or
less.

I Bubbles that display a helical-path or zig-zag

[mm]
Figure 3: Wall-distribution. D,,;, =40 Figure 4: Central-distribution. D,;, =
60 mm,v;;=0.25m/s, D,y =09 mm Dy, = 90 mm, U5 =0.0m/s, Dgyp =6

[T P

-50 -40 -30 -20 -10 © 10 20 30 40 50
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Figure 5: Spread-out distribution.

mm.

motion with an amplitude that exceeds Dg, by at
least a factor 2. These bubbles have an equivalent
diameter of around 2 mm. See figure 6.

Il Bubbles that display a rocking or wobbling motion
with an amplitude in the order of D, ;- All bubbles
with D,.; > 2mm exhibit this motion. These bub-
bles deform into asymmetric shapes. See figure 9.

See figure 7 for both the side-view and the view from

above of a typical bubble path as recorded by high-

speed cine-film with v, = 0.25m/s in the 90 mm channel

(1000 frames/s, 20 frames between consecutive marks).

In the circular tubes, no helical motion has been

measured if the bubble was moving close to the wall. In

that case, the bubble path was zig-zag in a plane tangent
to the tube wall. See figures 6 and 7.

2.2 Void fraction distribution experiments

Bubbly flow has been generated using sintered mater-
ials as described in section 1.2. Again, the water velocity
ranged from stagnant to 90cm/s. The superficial air
velocity has been raised up to the point where spherical
cap bubbles became visible in the flow. Typical void
profiles are given in figure 8 for circular channels and
figure 10 (upflow) and figure 11 (downflow) for the
rectangular channel.

Reversal of the flow direction reverses the migratory
behaviour and the void distribution. OQur experiments
with downflow show that:

* Bubbles do not move to the wall. :
* The bubble categories listed above apply equally well
for downflow.

2.3 Bubble-to-plug transition experiments

The experiments show that for an increasing channel
diameter, the transition from bubble- to plugflow occurs
at higher superficial gas velocities. For increasing
temperature, the transition occurs at lower superficial
gas velocities. The temperature has been increased from
21°C (ambient temperature) to 40°C and 60°C.

The average void fraction, approximately 20%, at the
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Figure 6: Path of a type Il bubble. D;,;, = 60 mm,v,; =
0.25m/s, Doy p =2 mm.

transition is independent of the channel diameter and
weakly affected by the superficial water velocity. The
void profile becomes parabolic near the point of bubble-
plug transition. Le., no wall-peaking occurs.

In downflow, the void profile observed near the point
of bubble-plug transition is parabolic, as it is in upflow.

3 ANALYSIS AND CONCLUSIONS

3.1 Bubble migration

Only the smallest bubbles, Deq,b < 1mm, do not show
helical or zig-zag motion. Larger ones all have a wob-
bling or rocking motion, even if water is flowing. It has
been shown (see e.g. Duineveld [14]) that this zig-zag or
wobble path is intimately connected to the shedding of
vortices downstream of the bubble.

Turbulent diffusion causes a stochastic spread of
bubbles over the channel diameter around the injection
point. This explains the increasing spreading for 0.8 mm
bubbles in the 60mm channel with increasing v,;. See
table 2 and the appendix.

Bubbles that do move towards the channel wall

probably do so because of the Auton/Zun [7,11] liftforce.

-

Fh.ﬂ=p

1 3 4 2
(5 T Deq’b o % (ub-uf)

where p; denotes the fluid mass density, D,, ; the equiva-

lent bubble diameter, & the vorticity, i, the velocity of
the bubble and # the velocity of the fluid. This expres-
sion for the liftforce was derived [11] for small velocity
gradients and small bubble sizes under the assumption

that: lw D,/U,,| « 1, where o is the vorticity and U,,; the
relative velocity.

Left mirror Central image Right mirror

-
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Figure 7: The path of a type III bubble filmed with
high-speed camera. Dy, = 90 mm,v;; = 0.25 m/s,
D, = 10 mm. Left: dimensions in mm, right: distance
between lines in reality 90 mm.

Note that lﬁ.:,,- changes sign when the liquid flow is
reversed, Wth{I‘l explains the opposite migration trends

in up- and downflow.

The maximum diameter of bubbles that still move
towards the wall, around 6mm, exceeds the diameter
found by other people for smaller bore channels. E.g.

Sekaguchi (Zun [4]) found wall-peaking in a 17,7mm @&
channel with v; = 2m/s for bubbles with D, , = 3.0 and

4.0mm, but core-peaking for D, ; = 5.0mm. Zun [4]
found wall-peaking in a 12,7 mm square channel with v,
=044m/s for bubbles with D, = 47mm, but core
peaking for D, , = 5.1 mm.

Bubble motion for diameters larger than lmm is
hardly affected by the presence of surfactants (Duinev-
eld [14]). So for those bubbles of concern, physicochemi-

cal influences cannot explain the difference of our
migration measurement with those of Sekaguchi and
Zun. It might be that the bubble diameter for which the
migration towards the tybe wall stops depends on the
tube diameter, although this does not follow from our
present set of data.

If bubble diameters exceeds 6 mm, the bubbles spread
out and do not move to the wall any more. Our
measurement clearly show that in this case migration is
as if the liftforce was absent. There is no need to invoke a
force that drives bubbles to the core. There is a need,
however, to explain what keeps these large bubbles from
migrating to the wall. Especially so, since these large

bubbles still follow a helical or zig-zag path and since Fyz
is proportional to D3, ;.

Turbulent diffusion, see the appendix, does not have a
directional preference and can hardly be a counteracting
agency As for the effect of turbulence bursts, expeti-.
ments by Yung et al. [15] show that only larger particles
may be expelled from the wall by bursts originating at
the wall. This effect has not yet been quantified for
bubbles , as far as the authors know. However, the
authors feel that it is more appropriate not to look for 2
compensating mechanism but to search for a physical
mechanism that makes the lift force inactive. TwO
suggestions will be given below in section 4.

Bubble migration in the rectangular channel is charac-
terized by a tendency in upflow for bubbles to stay away
from the short wall. This striking difference with migra-
tory behaviour in circular channels has not been
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reported in the literature so far. This trend is understood
by the secondary flows that appear in rectangular
channels and in helical tubes (Vlaicu et al [16]).

Secondary flows cause a so called pressure gradient
force (see Meng & Van der Geld [17]) acting in lateral
direction. For a circular tube, Wang et al [18] used the
two-fluid model to derive the following expression for
this force:

b r

{ aw) W) - (w'f)z}

Frp=p e lnD { L + L

Here, u’; and w’; denote the (undisturbed) liquid
velocity fluctuating components in radial and circumfer-
ential direction. A similar expression holds in a
rectangular channel and can be used to quantify the
effect of secondary flow if experimental values for the
resulting velocities u” and w” are employed.

3.2 Void fraction determination

As migration measurements show, core-peaking is
caused by larger bubbles that diffuse mostly in the
centre and the wall peaking is caused by smaller bub-
bles, D,, , < 6 mm, that move towards the wall.

The construction of the air-inlets is such that at differ-
ent superficial air- and water velocities bubbles of
different D,, ;, will be produced. So different bubble-size
pDFs occur in different flow conditions, which largely
explains the different void profiles as those shown in

figure 9. If one eliminates bubble-bubble interaction by
releasing a very low quality flow of individual bubbles
then one gets two peaks, each of which corresponds to a

9.0

<80 ® »

2 j

E 60| 4 C Ly
é soll | F:"r.:’f/t il
8 40| — ™ g —ul et |
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Figure 8: Void profiles in circular channels

A: core-peaking, Dy, = 26 mm, vy = 0.15m/s, Dy =
5.5+ Imm.

B: wall-peaking., Dy,p, = 60mm, 05, = 0.50m/s, Dy =
4+1.5mm

C: flat with some wall-peaking, Dy, = 90 mm, v, ; =
0.26m/s, Dy =5+ 1mm.
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different bubble diameter (Zun [5]). _
Core peaking can be explained by assuming a great

production rate of large bubbles. However, it might well
be that also bubble-bubble interactions is involved in the
core peaking of flows with relatively high mean void
fraction (g,, ~ 3 — 30%) that we study. See also the

numerical work by Zun et al. [7].

Wall-peaking increases with increasing superficial
water velocity by constant central void fraction. This is
due to the increase in gradient dvg,,;/dr and due to the
occurrence of more smaller bubbles as explained above.
This effect is independent of the channel diameter and
independent of the mean bubble size (decreased from
approx 5.5mm to approximately 1.5mm by adding a
very small volume percentage of ethanol to the water
during a particular set of experiments).

The position of the maximum void peak, &p,, is
independent of the channel diameter but is clearly
dependent of the bubble size. Under all flow regimes,
€max lies approximately at distance D, ;, from the wall.
With constant superficial water velocity and constant
average void fraction, the ratio ,,,/, is also indepen-
dent of the channel diameter. Here, £, denotes the local
void fraction in the centre of the tube.

3.3 Bubble to plug transitions

Coalesce of bubbles not only takes place in the bubbly
mixture as a result of density waves (Lammers [1]) and
favourable coalescence conditions (Chesters [2]) but also
at the injection point. The fact that with increasing
superficial gas velocity the wall peaking disappears may
imply that, on average, larger bubbles are formed at the
inlet and that the bubble-bubble interaction becomes
important. If due to the dense packing of bubbles their
relative velocity is reduced, flow conditions are such that
they favour coalescence (Chesters [2]). In larger bore
tubes, the core region that is occupied by larger bubbles
is larger than in smaller bore tubes, see also figure 9. The
parabolic void fraction profile, characteristic for the
transition from bubble to plugflow is therefore more
flattened for larger tube diameters. This, and the fact that
£, is independent of D,,, at bubble-plug transition,
implies that &, decreases for increasing D, at bubble-
plug transition, as also follows directly from our
measurements. This is attributed to bubble-bubble
interactions being such that in larger bore tubes the
relative bubble velocity is less and coalescence is
fostered.

4 SOME CONCLUDING REMARKS

The preferred location of bubbles with D, , < 6 mm in
the rectangular section, near the larger wall, is a striking
phenomenon that shows the importance of secondary
flows. The fact that in downflow these bubbles stay

away from the wall is important since it demonstrates
the applicability of a lift force proportional to
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Figure 9: Deformation of type IIl bubble. Vertical lines
are the channel wall, in reality 90 mm apart. v,; = 0.

@ x (ﬁb-z}' ) HoWever, the fact that bubbles with Deq,b >

6 mm do not go to the wall rather than go to the channel
centre is a conclusion that deserves further elaboration.
Two hypotheses have come up to explain this tendency
to inactivate the lift force:

* These bubbles have an asymmetrical shape that may

induce an asymmetrical flow field on its own right
that in combination with the velocity gradient in the
liquid flow field may generate a force on the bubble
that compensates the usual action of the aforemen-
tioned lift force.
The gradient is much less in the centre of the channel
so the effect is much less there. The asymmetrical
deformation may affect the lift force if the bubble
experiences a velocity gradient near the wall in such a
way that the net lift force is zero near the wall. So on
average, large bubbles are kept away from the wall.

* Measurements in the rectangular channel show the
effect from secondary flow. It might be that larger
bubbles create secondary flows in their wake that are
persistent in the channel affecting trailing bubbles.
The main flaw in this reasoning is the persistency of
these secondary flow: They need to be more persistent

than at least 10 equivalent bubble diameters in a
flowing medium.

NOMENCLATURE

D, Bubble diameter

D, Equivalent bubble diameter

Dy, Tube/channel diameter

At Time of flight

£ Average void fraction over cross-sectional area

£, Central void fraction

£, Maximum void fraction in a channel

L Bubble lateral displacement

L, Characteristic eddy length

ﬁliﬂ Liftforce

‘,lift Pressure gradient force

r Radial distance in channel

Pf Mass-density of fluid

i, Bubble velocity

i Fluid velocity

u's Radial liquid velocity fluctuation

Vg1 Superficial water velocity

w’  Circumferential liquid velocity fluctuation

oo  Vorticity
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APPENDIX

Estimate for the turbulent diffusion on bubble size

Following Riquarts [19], we assume that a bubble is
moving with relative velocity v, with respect to the
fluid flow with mean velocity uf and a fluctuating
component u perpendicular to the flow direction. The
fluctuating velocity is due to turbulence. The following
equation is derived for the lateral displacement L, (Itis
noted that in eq. (23) of Riquarts [19] an error occurs and
that his particle mass density is replaced by % pybecause
of added mass):

202
7 |4t
(uf)
L, = sz
1+ & b flvrell
18 2“y'f L

Here, D, is the bubble diameter, pf is the mass density
of the fluid, 4; is the dynamic viscosity of the fluid At is

the time of flight. Note that Ly, ~ (u'f)2 if Dy, is neglig-
ible small as expected.

L, is the typical eddy length estimated by Gosman &
Joannidas [20] as:

32
= Jrk
L= o’

where k is the kinetic energy of the tur
f:he corresponding energy disgi};ation rate.bgézlf]fciii:rr:? ce
is 0.09lfor shear flow. The energy dissipation rate is
approximated (see Hinze [21]): ¢ = psc k2 /i, where u, is
the .tftiull::(l'ﬂent viscosity. In first aplll:)roxi;nation #tthe
specific kinetic is gi isot
tgrbulence: e ;r('frg);zy/ 125 given by the value for isotropic

To estimate the lateral bubble displacement, k is taken
to bg 0.1'% u}. The time of flight, At, is given b,y 3u, since '
3m is the typical distance from the injection point fFor u
=043 m/§ and physical properties that are typi'cal for
our experiments, L, turns out to be negligible if D
6.0mm and of the order of the tube diameter if D
0.8mm. So the lateral displacement of small-
bubbles is enlarged by turbulent diffusion.

egb =
eqb =
sized
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Table 2: Results of Migration measurements, Upflow

D, V., 400 60 D 0D Rect

0810 000 ¢ 009 c 008 c 0301
0.15 c 0.38
025s 1.00I ¢ 0331
0.30 c 0.48
0.50 c 042
0.75 c 042
0.90 c 050

T2-1.7 0.00 s 067 s 0.80
0.06 s 0.60
0.09 w*0.30
0.12 w*0.30
0.15 w*0.40
0.20 w*0.30
0.25 I w*0.30
0.30 w*0.40
0.35
0.45 (1) 0.11
0.50 c 050 s 0.80
0.66 (1) 0.44
0.75 ¢ 0.50
0.90 s 058

7.0-25 0.00 ¢ 048 s 075
0.06 s 0.60
0.09 s 1.00
0.12 s 1.00
0.15 w 0.04 s 0.55
0.20 w 0.04 w*0.30
0.25 w 0.04 w*0.30 I
0.30 w 0.04 s 0.65
035 w 0.09
0.50 w 0.48
0.75 s 1.00
090 s 1.00

7937 0.45 (D) 0.25
0.66 (1) 0.27

446 0.00 s 092
0.15
0.25 w 0.12
0.50 w 0.12
0.75 w 0.12
0.90 w 0.12

5.5-6.5 0.00 w 0.25 s 092
0.15 w 0.16
0.25 w 0.09 Il I
0.30 w 0.10
0.50 w 0.09
0.75 w 0.09
090 w 0.13

80 000 c 043

>74  0.00 Mls 092 s 0.1

' 0.15 s 0.58
0.25 s 0.67 11 I
0.30 s 0.58
0.45 s 0.58
0.50 s 083
0.60 s 0.67
0.75 s 0.67
0.90 s 075

Table 2 continues: Downflow

D, Vy, 400 600 900 Rect
T30 0.66 5050
200 045 ' s 05711

D, equivalent bubble diameter [mm],

V, s superficial water velocity [m/s].

*: Injected near the wall

(1): Rectangle only: centre of long wall of rectangle
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Figure 10: upflow in rectangular channel, v, ;= 0.45 m/s
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Figure 11: downflow in rectangular channel, v,; = 0.45
m/s ’
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