
International Journal of Multiphase Flow 36 (2010) 682–689
Contents lists available at ScienceDirect

International Journal of Multiphase Flow

journal homepage: www.elsevier .com/locate / i jmulflow
Opposed bubbly jets at different impact angles: Jet structure and bubble properties

Francesc Suñol *, Ricard González-Cinca
Departament de Física Aplicada, Universitat Politècnica de Catalunya, Esteve Terradas 5, 08860 Castelldefels (Barcelona), Spain

a r t i c l e i n f o
Article history:
Available online 13 May 2010

Keywords:
Opposed jets
Two-phase flow
Bubble dynamics
Jet mixing
0301-9322/$ - see front matter � 2010 Elsevier Ltd. A
doi:10.1016/j.ijmultiphaseflow.2010.03.009

* Corresponding author. Tel.: +34 934 134 156.
E-mail addresses: francesc@fa.upc.edu, francesc.su
a b s t r a c t

The structure of two colliding water jets containing small gas bubbles is studied experimentally. The
effects of the separation distance between jets, as well as the orientation angle, on the spatial distribution
of bubbles have been considered. Results on the global structure of the final jet and bubble properties
have been obtained using a high-speed video camera, and measurements of the positions of coalescence
events are presented. Jets are introduced through inclined pipes (with a diameter of 0.7 mm) into a large
water tank to avoid wall effects. Inclination angle has been changed from 0� to 45� with respect to the
horizontal, resulting in a 0� up to 90� impact angle between jets. Generation of bubbles is controlled
by a T-junction device where a regular slug-flow is created prior to injection. Bubble sizes have been mea-
sured, and a mean diameter of around 1 mm has been obtained using high values of the liquid flow rate.
In the studied range of separation distances between the bubbly jets, a more homogeneous dispersion of
bubbles is created as the distance between jets is decreased and the momentum flux of each jet is
increased. Higher numbers of coalescences are observed when using smaller distance between jets,
and the obtained measurements revealed that the number of bubble coalescence events is reduced sig-
nificantly using high values of liquid flow rates.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The motion and interaction of gas bubbles in liquid flows have
been extensively studied over many years, due to their fundamen-
tal importance in many multiphase systems. In the last decades,
bubble jets have been the subject of theoretical and experimental
studies since many applications such as aeration control or mixing
devices require the use of small bubbles with high area–volume ra-
tio. Bubble plumes are produced by injecting gas in a liquid tank,
while bubbly jets are produced by injecting gas–liquid mixtures
in liquids. This has additional advantages over the single phase
injection, such as the production of bubbles with controlled size
without the need of porous diffusers, low maintenance, and higher
efficiency for gas transfer to the liquid phase (Lima Neto et al.,
2008b). The sizes of the bubbles present in bubbly jets depend
on the fluid properties, gas and liquid flow rates, and the geometry
of the injection system. Varely (1995) investigated the bubble sizes
in bubbly jets and found that bubble diameters decreases as the
superficial liquid velocity increases, and the measured bubble size
distributions were compared to normal, log–normal and gamma
distributions. However, only size measurements were provided
and no additional information such as bubble velocities or a study
of the jet structure was described. An interesting investigation on
the properties of bubbly jets injected in the vertical direction and
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horizontally has been carried out recently by Lima Neto et al.
(2008a,b). In their work, the bubble properties and the liquid flow
structure has been detailed for a single bubbly jet injected in a
stagnant water tank, but the size of the bubbles is much higher
than those reported in the present work.

On the other hand, the opposed-jet configuration has attracted
special attention in the last decades due to its simple geometry and
physical complexity. Opposed jets have been used extensively for
studying turbulent properties of fluids (Eckestein et al., 2000;
Chou et al., 2004; Eren, 2006; Weifeng et al., 2008) and the rich
behavior of the flow concerning the structure of vortex interactions
(Voropayev and Afanasyev, 1992; Afanasyev et al., 1995;
Voropayev et al., 2003).

Many industrial applications have to deal with the improve-
ment of fluid mixing efficiency, and some of them require a flexible
control according to operation conditions. As investigated by
Tsujimoto et al. (2006), such flexibility in the mixing processes
can be achieved by changing the impact angle between the collid-
ing jets: reducing the impact angle increases significantly the mix-
ing efficiency. In this sense, the opposed-jet configuration with
changeable orientation becomes an attractive method for enhanc-
ing mixing systems at low cost while maintaining high-efficiency
and direct control.

An important area of applications of this kind of flows is the
space industry. Small weight and more efficient thermal control
are characteristics of two-phase systems which make them the
appropriate candidates to replace single phase devices (Jianfu
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et al., 2000; Ohta et al., 2002; Gabriel, 2007). On ground, when the
density difference between the gas bubbles and the surrounding
liquid is large, buoyancy plays an important role since it governs
the dynamics of the mean flow. In space, where gravity can be
neglected and no buoyant forces are present, many kinds of
gas–liquid flows are still poorly understood. Additionally, the gen-
eration and injection of bubbles of controlled size in a microgravity
environment is currently a challenging task. In the last few years,
the bibliography on this subject has grown considerably, due to
the increase of facilities for accessing microgravity platforms. For
example, the reader may refer to Kim et al. (1994), Tsuge et al.
(1997), Bhunia et al. (1998), Nahra and Kamotani (2003), Carrera
et al. (2008), Arias et al. (2009) for interesting studies on bubble
formation in low gravity. The understanding of the bubble behav-
ior such as bubble generation or the structure of bubbly jets arises
as one of the key points for the control of two-phase flows, both in
normal and in low gravity.

In the present work we conduct an experimental study of the
opposed-jet configuration, using gas–liquid jets, with different im-
pact angles between jets and separation distances. The effect of the
momentum flux J, which is indicative of the jet strength, has also
been taken into account. The experimental setup, described in Sec-
tion 2, is designed to study the behavior of such jets both on
ground and in microgravity conditions. On ground results are pre-
sented in Section 3 in order to be compared with those obtained in
a low gravity environment.
2. Experimental setup

The objective is to study the collision of two bubble jets on
ground and in a microgravity environment, and the experimental
setup is designed to be used in a drop tower facility (see Fig. 1).

On ground tests were conducted in a stainless steel rectangular
tank with a length of 160 mm, width of 200 mm, and height of
250 mm, equipped with two methacrylate windows which allow
the visualization of the bubble jets. The size of the test tank is large
enough (compared to bubble diameter which is of order of 1 mm)
to minimize any possible wall effects on the motion of the bubbles
and the resulting jet structure. The test tank is initially filled with
distilled and filtered water by a high-accuracy pump (Ismatec
MCP-Z Standard) which takes the water from the liquid tank. A
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Fig. 1. Experimental setup. Solid lines: electric connections, dotted lines: gas tubes,
dashed lines: liquid tubes, dash-dotted lines: gas–liquid tubes. 1: Liquid tank, 2:
filter, 3: pump, 4: flow meter, 5: power supply, 6: HS camera, 7: test tank, 8: LEDs,
9: injectors, 10: residual tank, 11: gas bottle, 12: pressure controller and flow meter,
13: choked orifice, 14: PC.
T-junction bifurcation is used to divide the liquid flow in two
sub-lines that transfer the water to the bubble injectors (see oper-
ation description below in this section), ensuring an equal and con-
stant flow rate for each sub-line. Liquid flow rates QL range from
15 ml/min to 30 ml/min for each injector, and are measured by a
liquid flow meter (Bronkhorst L30). Gas (CO2) is injected from a
pressure bottle through a pressure controller (Bronkhorst
P-702CV) and a choked orifice, setting the air flow rate QG from
5 ml/min to 20 ml/min for each injector. Gas flow rate is measured
by an air flow meter (Bronkhorst F-201CV). Liquid and gas flow
meters have an accuracy of 0.05 ml/min. Another T-junction bifur-
cation is used in the gas line to provide the air to each bubble injec-
tor. A residual tank is used to empty the excess of gas and liquid
from the test tank, avoiding any risk of overpressure. The liquid
and residual tanks are flexible high-resistance bags protected by ri-
gid plastic boxes. Initially, the bag corresponding to the liquid tank
is completely filled with distilled water while the bag correspond-
ing to the residual tank is in vacuum.

The experiments were conducted at 20 �C and at ambient pres-
sure. A high-speed video camera (RedLake MotionXtra HG-SE) is
necessary to catch all bubble coalescence events and the individual
bubble motions. Lighting was provided by a matrix of 280 ultra-
bright LEDs and homogenized by a diffuser sheet. All the movies
were recorded at 1000 fps with a resolution of 640 � 512 pixels
(7 pixels correspond to 1 mm approximately), and post-processed
by an image processing software. The basic experiment operations
(full control of the gas and liquid lines, lighting and camera) can be
controlled remotely from a computer via wireless, but the change
of the impact angle u and separation distances s between injectors
has to be manipulated manually between two consecutive experi-
ments. A schematic definition of u and s is shown in Fig. 2.

The method used to generate the bubbles consists of a methac-
rylate T-junction with a diameter of 0.7 mm for each branch (see
Fig. 3). Gas and liquid are injected at constant flow rates through
the crossed capillary tubes of the T-junction, creating therefore a
regular slug-flow with nearly fixed bubble size and generation fre-
quency (Carrera et al., 2008; Arias et al., 2009). A capillary tube
with a diameter of 0.7 mm and length larger than 70 mm carries
the bubbles from the injector outlet to the test tank, ensuring sta-
tionary slug-flow conditions.

This method is insensitive to gravity force and is mainly domi-
nated by capillary forces, since Bond number is very low

Bo ¼ Dqgd2
C

c
< 1; ð1Þ

where Dq is the density difference between the two phases, g is the
acceleration of gravity, dC is the capillary diameter and c is the sur-
face tension. With this property, the behavior of the injection device
in low gravity is the same as on ground and we can fully character-
ize the operation of the injectors on Earth. An extensive range of
bubble generation frequencies (up to 600 bubbles per second in
the present study) can be achieved. Bubble sizes and velocities at
the outlet of the injector are controlled by gas and liquid flow rates.
s
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Fig. 2. Definition of the separation between injectors s and the impact angle u.
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Fig. 5. Variation of d with ‘ for different values of J and s. (a) u = 0�; (b) u = 30�.
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The reader may refer to Carrera et al. (2008) and Arias et al. (2009)
for a detailed study of this bubble generation method.

3. Results and discussion

In Fig. 2, a typical image of two colliding bubble jets generated
at 30� with respect to the horizontal is shown. Different bubble
sizes can be seen. These are due mainly to some coalescence
events, although the performance of the injectors has also some
influence on bubble diameters since they generate bubbles of a
certain size with slight deviations.

This section has been divided in two parts: in Section 3.1 the
attention has been focused on the jets structure as a whole, while
in Section 3.2 the behavior of the individual bubbles that constitute
the bubbly jets has been studied. In this second part, phenomena
that do not perturb significantly the global structure of the jets
are described.

3.1. Jet structure

According to Schlichting (1979), the momentum flux J can be
regarded as the main parameter that characterizes the structure
of single phase jets:

J ¼ 2pq
Z 1

0
v2

x rdr; ð2Þ

where vx is the liquid velocity at jet centerline and cylindrical coor-
dinates (r,h,x) are used. If we take into account both liquid and gas
phases, J can be computed by

J ¼ JG þ JL ¼
4

pd2
C

ðqGQ 2
G þ qLQ2

L Þ ð3Þ

where qG and qL are the gas and liquid densities, respectively. The
momentum flux J is indicative of the jet strength, and most of the
results presented in this work are based on this parameter. It is
important to note that high values of J are necessarily due to high
values of the liquid flow rate QL: increasing the gas flow rate QG re-
sults in a very small change in J since we have the parameter qG

multiplying the flow rate and qG� qL. This leads to the physical re-
sult of that smaller bubbles are created at higher momentum fluxes,
while at lower values of J both the gas and liquid flow rates can con-
tribute substantially to modify the momentum flux, and small and
large bubbles can still be found.

Since the velocity of the bubbles inside the jets is very high, the
human eye is not able to see the individual motion of those bub-
bles. Visually, two distinct regions are clearly observed (also ob-
served by Lima Neto et al. (2008b) in their work of horizontal
injection of gas–liquid mixtures in water): a bubbly cone emerging
from the outlet of the capillary tube in the direction of injection,
and a vertical bubbly plume in which the bubbles follow an
approximately rectilinear path (see Fig. 4). In the first region, the
jet strength is very high and is characterized by violent motion.
Bubble dynamics are mainly dominated by inertial forces.
Recorded movies show the paths of individual bubbles presenting
some random oscillations typical of turbulent flows, and the shape
of this zone is very similar to the conical shape of the single phase
jet, but slightly deviated upwards in the vertical direction. On the
contrary, the second region is formed by bubbles rising vertically
at a constant and much slower velocity, the buoyancy is compen-
sated by the drag force and no significant occurrence of coales-
cence events is observed. This bubbly plume is formed by
bubbles that escaped from the bubbly jet, either by turbulent dif-
fusion or by previously coalesced bubbles submitted to a strong
buoyant force due to their larger size. It is important to note that
the width of this bubbly plume is of the order of the separation be-
tween injectors, and in some cases of low impact angles with high
values of J, the width of this bubbly plume is larger than the sepa-
ration distance between injectors (as can be seen below in Fig. 9a
and b).

As a first approximation, the separation between the cone and
plume zones near the injection outlet can be considered a straight
line that coincides with the aperture of the semi-angle of the con-
ical bubbly jet. This approximation can be applied for a single bub-
bly jet, as done previously by Suñol et al. (2009). However, when
dealing with the opposed-jet configuration, we have to take into
consideration that the interaction between jets modifies the global
resulting structure. In this perspective, the straight line approxi-
mation may not be valid anymore, and the length d is defined as
the distance between the injection axis and the point where bub-
bles start a vertical rise. The parameter d will thus give information
about the areas where the inertial forces become negligible. If a
bubble is located above d, its motion can be regarded as determin-
istic and is dominated by the buoyancy and drag forces. On the
other hand, if a bubble is located below d, the flow field is turbulent
and it is mainly dominated by inertial forces. The distance d is mea-
sured along the injection axis as can be seen in Fig. 4.

The variation of d along the injection axis distance ‘, for differ-
ent values of the impact angle u and the separation s between
injectors, is presented in Fig. 5. The behavior is almost linear for
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Fig. 6. Average bubble velocity at visual jet centerline. (a) J = 22 g cm/s2; (b)
J = 54 g cm/s2. Fitted lines correspond to Eq. (6).

Table 1
Values of the fitting parameters h and x0.

J (g cm/s2) s (mm) h (cm2/s) x0 (cm)

22 45 332 ± 33 3.1 ± 0.4
22 25 194 ± 14 1.9 ± 0.2
54 45 494 ± 29 3.3 ± 2.5
54 25 306 ± 22 1.8 ± 0.2
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small values of ‘ in all cases, which reflects that the straight line
approximation can be still considered a valid approach, especially
if the interaction between the opposed jets is negligible.

There can be observed a slight increase of the slope at high val-
ues of ‘ in the case s = 25 mm. This is due to the interaction with
the incoming jet: since the distance between jets is small, the flow
field generated by one of them is significantly disturbed by the
other. A certain amount of bubbles coming from the opposed jet
entrains to the zone of the outgoing jet, resulting in an increase
of the number of bubble collisions and coalescence events in the
central zone. This interaction between jets increases as the dis-
tance between them decreases, and in the case of s = 45 mm no
considerable increase in the slope can be observed at the studied
range of the momentum flux J, although it is expected to occur
when using higher values of J. Data corresponding to s = 45 mm
can be measured at higher values of ‘ than data corresponding to
s = 25 mm, because when the injectors are far from each other,
the interaction zone between the two colliding jets is located far
from the outlet of the injector. It is also important to note that as
J increases (with fixed values of u and s), d decreases, which is re-
lated to the fact that bubbles are smaller and they leave the injec-
tor outlet at high velocities, so they can reach higher distances
from the nozzle before entering the bubbly plume zone.

Concerning the velocity field of the bubbly jet, it is necessary to
take into account the bubble velocities and the liquid flow struc-
ture. As reported by Lima Neto et al. (2008b), the liquid velocity
field differs from the motion of bubbles at a certain distance from
the nozzle. In their work, both liquid velocity field and bubble
properties were examined separately. It was observed that the
water jet follows approximately the trajectory of the bubbles in
the bubbly jet region, as inertial forces are much higher than buoy-
ancy, and after some distance from the outlet the water jet
partially separates from the bubble core. This leads to the assump-
tion that, near the outlet of the nozzle, one can consider that bub-
bles are moving passively through the jet without perturbing
significantly the flow field, where gravity forces can be neglected.
Carrera et al. (2008) investigated the bubble velocities of bubbly
jets in microgravity, and found that the motion of bubbles could
be considered as passive tracers with respect to the carrier mean
flow. To reinforce the basis of this approximation, the velocities
of the bubbles at the jet centerline have been measured at u = 0�,
with two different values of the momentum flux J and different
separations between injectors s. Averaging the velocities of five
sample bubbles in each case, the variation of the velocity with
the distance to the injector outlet has been obtained for
J = 22 g cm/s2 and J = 54 g cm/s2, and is presented in Fig. 6a and b,
respectively.

Following the procedure used by Carrera et al. (2008) to study
the velocity of a bubbly jet in microgravity, we consider the Sch-
lichting solution (Schlichting, 1979) for a single phase turbulent
jet, where the x component of the velocity reads

vx ¼
3

8pe0

J
qL

1

ð1þ g2=4Þ2
1
x
; ð4Þ

where e0 = At/qL is the virtual kinematic viscosity, At being the tur-
bulent mixing coefficient, defined as the coefficient of proportional-
ity between the Reynolds stress and the gradient of the mean
velocity. The virtual kinematic viscosity is assumed constant over
the whole of the jet (Schlichting, 1979), and

g ¼ 1
4e0

ffiffiffiffiffiffiffiffiffi
3J
pqL

s
y
x
: ð5Þ

To avoid the divergence at x = 0, a parameter x0 is introduced in
order to take into account the finite size of the nozzle. In the jet
centerline, y = 0, the modified equation becomes:
vx ¼
3

8pe0

J
qL

1
xþ x0

� �
� hðJÞ 1

xþ x0
: ð6Þ

The lines of Fig. 6a and b correspond to a fit of the measured
velocities using Eq. (6). The values of the fitting parameters are
shown in Table 1.

It can be observed in Fig. 6a and b that velocities corresponding
to a separation between jets of s = 25 mm are lower than those cor-
responding to s = 45 mm for J = 22 g cm/s2 and J = 54 g cm/s2,
respectively. This fact can be due to the interaction with the oppos-
ing jet: when s is small the jets are closer to each other and the
flow field generated by the opposed jet can decrease the mean
velocity in the jet centerline. This decrease in velocity should be
larger at higher values of x. In fact we can observe that at large x,
the measured velocity values are lower with respect to the fitting
curves. Although there are only a few data points, this is a tendency
which can be justified by considering the interaction with the op-
posed jet. We conclude that the presence of the opposed jet de-
creases the average jet velocity as bubbles reach the central zone
where the two jets are colliding. The interaction between jets is
thus not negligible and the velocity field can only be compared
with that of a single injector at low values of x.

Except for a velocity scale, the structure of the turbulent liquid
jet solution is independent of J. Consequently, all the velocity mea-
surements of Fig. 6a and b should collapse on a single curve. In
Fig. 7, we show a good fit of the measurements to the Schlichting
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solution, which confirms the validity of considering bubbles as
passive tracers near the nozzles.

For some industrial applications, it can be important to know
the bubble spatial distribution in the bubbly plume zone, and
how it changes when the jet strength, impact angles or separation
are modified. In order to determine the bubble distribution, it is
appropriate to measure the horizontal position (from now on, we
will call x and y coordinates the horizontal and vertical position
of a certain bubble, with respect to the left injector nozzle) of the
bubbles when they are rising vertically. These measurements are
related to the bubble motions inside the jets, and they can reflect
which is the optimal jet configuration to achieve the most uniform
bubble spatial distribution.

The method used to measure the probability for a bubble to rise
in a determined x coordinate, consists of performing a line profile
measure of a time averaged series of consecutive frames (see
Fig. 8). The line profile measurements have been done at a height
where almost all the bubbles rise vertically, and no more coales-
cences are expected to occur, so the distribution will not present
considerable changes above this height. Following this procedure,
a line profile measure has been carried out at a height of
h = 3 cm from the injectors outlet for a series of 1000 consecutive
frames (corresponding to Dt = 1 s). Two different values of the im-
pact angle (u = 0� and 30�) have been considered in order to see the
influence of the opposed jets orientation in the bubble spatial dis-
tribution. The data have been normalized to the number of bubbles
that crossed that line to obtain the probability Px that a bubble rise
vertically in the coordinate x. The line profile measure has been
done for two different values of the momentum flux (J = 22 g cm/
s2 and J = 54 g cm/s2) and two values of the separation between
injectors (s = 25 mm and s = 45 mm).

In Fig. 9a and b the probability Px vs. the normalized distance
x/s, at u = 0� and u = 30�, respectively, are presented.

It can be observed that when using high values of the momen-
tum flux J (this is, small bubbles), the probability for a bubble to
rise in the central zone (x/s � 0.5) increases. In the case
s = 25 mm and J = 54 g cm/s2 the bubbles are widely dispersed in
Line profile

Fig. 8. Picture illustrating the line profile measurement method.
F
u

the range x 2 (0,s), in both orientation angles u = 0� and u = 30�. At
fixed values of the momentum flux J, we observe that the bubbles
are more uniformly distributed at u = 0� than in the case u = 30� in
both situations s = 25 mm and s = 45 mm. This fact can be ex-
plained since there is a vertical component of the mean flow field
when the orientation angle is different from zero. This upwards
velocity, with the help of the flow field of the opposed jet, causes
the bubbles to rebound and rise in a more enclosed region. This
is in agreement with the results of Tsujimoto et al. (2006), who
showed that the mixing efficiency of opposed jets increases at
low impact angles. If the injectors are separated by s = 45 mm,
the probability to rise in the central zone is nearly zero, especially
in the case of J = 22 g cm/s2, since in this case the jet strength is still
not high enough to push the bubbles towards x � s/2. This is an
indication that at low values of J, if the maximum distance that
individual bubbles can reach along the jet axis is smaller than
s/2, then the collisions of bubbles from different jets is not ex-
pected to occur, and no coalescences events will be encountered
in the central zone. On the other hand, when the bubbles can reach
distances of the order of s/2 or higher, the interaction between jets
becomes important and the coalescences of bubbles from different
jets can take place. In this situation, the interaction between jets
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becomes important and the behavior of bubbles differs from that of
an individual jet.
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3.2. Bubble sizes and coalescence events

With the aim to know what is the order of magnitude of the
bubble sizes we are dealing with, the diameters dB of approxi-
mately 1000 bubbles have been obtained for two values of the
momentum flux J. These diameters have been measured from 10
sample frames, with an automatic count of around 100 bubbles
in each frame. Fig. 10 presents an histogram with the obtained re-
sults, where we can see that the sizes of the bubbles are in the
same order of magnitude as the capillary diameter.

The dispersion in size of the bubbles is due to two facts: first,
and most important, are the coalescence events. With the flow
rates that have been used, multiple coalescences were observed
in some bubbles, and this is the reason for the presence of this long
tail in the diameter distribution. A more detailed discussion about
coalescence is given at the end of this section. Second, is the fact
that the injector has a little dispersion in the sizes of the bubbles
generated, and this dispersion increases when high values of J
are studied. This phenomenon is the reason why there are bubble
diameters smaller than the capillary diameter, since no bubble
breakups have been observed. It can be seen in Fig. 10 that the bub-
ble diameters are smaller when J = 64 g cm/s2, which is due to the
higher amount of liquid flow rate used. In the studied range of
injector operation, for any value of the liquid flow rate QL using
low values of the gas flow rate QG, an increase of the gas flow rate
results in an increase of the bubble generation frequency, and not
on the bubble sizes. When the gas flow rate is higher than a certain
critical value (about 10 ml/min for an injector of 1 mm diameter
and QL = 20 ml/min), the generation frequency saturates and
increasing QG leads to higher bubble diameters (Arias et al.,
2009). The measured bubble size distribution is very similar to that
obtained photographically by Varely (1995), although the sizes of
the bubbles studied in his work ranged from 0.2 mm to 1 mm. Bub-
bly jets with mean bubble diameters between 1 mm and 5 mm
were studied by Lima Neto et al. (2008a,b) and they also obtained
a similar shape of the size distribution. Kamp et al. (2001) investi-
gated the size of bubbles in bubbly flows through pipes (with bub-
ble mean diameters ranging from 2 mm to 20 mm) and found
distributions close to the present one, but with no such long tails
due to the coalescence events, which occur very frequently after
the bubbles have left the pipes creating therefore the bubbly jet.

It is possible that bubbles experience an expansion upon release
into the tank due to the pressure difference between the capillary
pressure and the tank pressure, which were not measured. In any
case, since all bubbles have similar sizes (for fixed QL and QG), this
J = 64 g cm/s2
J = 22 g cm/s2
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Fig. 10. Distribution of bubble diameters at J = 22 g cm/s2 and J = 64 g cm/s2.
expansion would be similar for all of them, and thus the peak in
Fig. 10 would probably be slightly shifted to the right.

The CO2 solubility in water could become an important factor in
the bubble diameter determination. However, we have neglected
the effects of solubility in bubble size since, according to Epstein
and Plesset (1950), Ljunggren and Eriksson (1997), the lifetime of
a CO2 bubble of 1 mm diameter in water at our experimental con-
ditions is of the order of several hours. Although our experiment
runs for some minutes (between 2 and 5 min to ensure a steady
state) before recording the high-speed sequence, a negligible
amount of CO2 is dissolved in water during this time. Moreover,
the bubble diameter does not experience any significant change
during the time interval (approximately 50 ms) in which the bub-
ble enters the zone of observation and exits it. Thus, we consider
that the concentration of CO2 in water is steady in a time interval
of 50 ms, which does not affect to the bubble diameter.

In order to have an image of the regions in the bubbly jets
where the coalescence events take place, we have measured the
(x,y) coordinates of such events that took place in Dt = 0.2 s.
Fig. 11a and b show the positions of the coalescences that occurred
for J = 54 g cm/s2 with two values of the separation s and with
u = 0� and u = 30�, respectively. When u = 0� (Fig. 11a) and
s = 45 mm, the coalescence locations are more or less uniformly
dispersed, while in the case s = 25 mm the coalescence events oc-
cur more frequently and appear to be more concentrated in the
central zone. This could be expected since the jet strength com-
bined with the incoming flow of the opposed jet is forcing a high
number of bubbles to collide.

It is important to note that some of the coalescence events oc-
cur near the injector outlet (see, for example, Fig. 11b). This fact,
also observed by Carrera et al. (2008) using a single bubbly jet in
microgravity, is due to a sudden decrease of velocity observed in
some bubbles: when they have just detached from the nozzle they
slow down drastically in an unexpected way. This decrease in
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Fig. 11. Position of coalescence events in Dt = 0.2 s, for J = 54 g cm/s2. (a) u = 0�; (b)
u = 30�.



Fig. 13. Sequence of snapshots showing the coalescence process of four bubbles
into a single daughter bubble.
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velocity facilitates the impact of the following bubble with the
slow bubble, creating a larger bubble that, in turn, is more capable
to coalesce since its size is larger and presents a higher cross sec-
tion. From the movies recorded it is easy to see that when using
high values of the gas flow rate QG and low values of the liquid flow
rate QL (thus resulting a low value of the momentum flux J), the
majority of the coalescence events occur just at the outlet of the
nozzle. These coalescences are produced by bubbles from the same
jet, since for low momentum fluxes bubbles are much higher in
size and consequently slower. Only a small amount of coalescences
are produced by bubbles coming from different jets, since bubble
approach velocity is higher, and they take place in the central re-
gion where the opposed jets are colliding.

Finally, the coalescence probability Pcoal vs. J has been studied at
different orientation angles u and separations s. The measurements
have been carried out manually by following the bubbles individ-
ually frame by frame, counting the number of bubbles generated
by the injectors and the number of coalescence events in a time
interval of Dt = 0.2 s.

It can be observed in Fig. 12 that at low values of the momen-
tum flux J, the number of coalescences is really high (nearly 70%
of bubbles coalesce). This can be explained since the size of the
generated bubbles is larger for low values of J, and larger bubbles
suffer a decrease in their velocity just when they are in the outlet
of the nozzle. A high diameter bubble moving slowly near the
injector increases the probability to collide with the following bub-
ble, and when this collision occurs, the size of the daughter bubble
is even bigger increasing even more the coalescence probability.
On the other hand, using high values of J the bubbles are smaller
and they are injected at high velocities (around 100 cm/s), so the
probability to collide with the following bubble is reduced drasti-
cally. The probability of coalescence at high values of J is still large,
due to the fact that high-speed bubbles tend to collide with the
bubbles of the incoming jet rather than with the preceding bubbles
of the same jet. To clarify the ideas considered when creating the
plot in Fig. 12, it should be noted that the coalescence probability
has been measured considering that a coalescence is the collision
of two bubbles creating a single larger daughter bubble, no matter
if the coalescing bubbles have suffered any previous coalescences
before. In fact, many bubbles can suffer coalescence more than
once. An example of this is presented in Fig. 13, where a sequence
of images with four bubbles coalescing into one large bubble (the
smallest bubble do not coalesce) is shown. Four bubbles that coa-
lesce into a single one, means that three coalescence events have
been occurred using the definition already explained. The time
interval between consecutive snapshots presented in Fig. 13 is
1 ms, meaning that the whole process takes place in 12 ms. The
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Fig. 12. Coalescence probability vs. J, at different angles u and separations s. For the
squares, s = 25 mm. For the rest, s = 45 mm.
size of each snapshot is 42 � 43 pixels, corresponding to
6 � 6 mm approximately.
4. Conclusions

We have designed an experimental setup for the study of bub-
ble jet interactions and bubble coalescence on ground and in
microgravity. The injection device can control bubble generation
frequency, size and velocity, and the experimental apparatus per-
mit us to modify the impact angle and separation between jets.
We have presented on ground results concerning both the jet
structure and bubble properties. The obtained results will be a ref-
erence for those to be obtained in a forthcoming drop tower
campaign.

Two distinct regions of the bubbly jets have been observed. A
first region where inertial and drag forces are predominant, gravity
is negligible, and bubbles move passively through the turbulent li-
quid jet, and a second region where the bubbles rise vertically with
constant velocity. The separation between these regions can be
approximated as a line with constant slope, so the distance from
the jet axis where the inertial forces are negligible increases line-
arly with the distance from the injection point. A substantial veloc-
ity decrease has been observed at the central zone of the opposed-
jet configuration due to the strong interaction between the two
jets. In the bubbly plume zone, where buoyancy is opposed to
the drag force, bubbles appear to be more dispersed using larger
values of the momentum flux and lower impact angles between
jets. The sizes of the bubbles have been measured and diameters
around 1 mm have been obtained. A large number of coalescence
events occur at very short distances from the nozzle when using
low values of the momentum flux, so the vast majority of the
coalescences are produced by bubbles from the same jet. The coa-
lescence probability is reduced considerably when increasing the
momentum flux J.

The probability distribution Px would certainly vary in micro-
gravity depending on the height of the line profile. We expect to
find a peak in Px at the intersection between the two jets. We also
expect to observe a global increase in Pcoal in microgravity condi-
tions. The reason for this is that in normal gravity the bubble aver-
age velocity is higher, while bubble collisions at higher relative
velocity result in lower coalescence rates. Considering that the rel-
ative velocity between bubbles is smaller in microgravity, more
coalescences would take place and Pcoal would globally increase.
Concerning the bubble diameter distribution in microgravity, we
expect to find a similar form of the peak, which is mainly governed
by the injector performance. Considering that there would be more
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coalescences in low gravity conditions, this would result in a larger
tail of the diameter distribution.

Further studies are required both in normal gravity and in
microgravity conditions in order to get deeper insight into the role
played by the gravity force on the bubbly jet structure. New
methods that permit us to visualize separately the liquid flow
are also necessary to quantify the deviation of the bubble trajecto-
ries from the liquid jet.
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