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Visualization of the flow around a bubble moving in a low viscosity liquid
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A new technique to visualize the flow around a bubble rising in a low viscosity fluid is presented. With this technique it is possible to
observe streak lines of the flow as well as the shape and position of the bubble. The visualization of the streak lines is obtained by open-
diaphragm photography of laser-sheet illuminated micro-tracers. The shape and position of the bubble is obtained, in the same photo plate, by
simultaneously illuminating the flow with a stroboscopic light. The experiments were performed in a closed acriliciamiks0fx 50 cm?,

in which bubbles were injected using a capillary tube. Filtered water was used as the working fluid. Pure Nitrogen was used to form the
bubbles. Experimental results were obtained for a range of bubble sizes. The size of the injected bubbles was controlled by a fixed volume
switch valve. We have identified a change of the bubble trajectory, from rectilinear to zig-zaging, as its volume increases, in accordance
with previously reported studies. A characteristic change of the velocity field around the bubble is observed when the trajectory instability
appears. We conclude that the point of inflection in the velocity-volume plot is directly related to the appearance of the trajectory instability.
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Presentamos unadnica para la visualizamn del flujo alrededor de una burbuja que se mueve eiguidb newtoniano de baja viscosidad.
Esta &cnica nos permite observar lasdas de corriente, Bsomo la forma y posiéin de la burbuja de manera sinariea. La visualizabin

de las Ineas de corriente se logra a teawde la fotograé por obturador abierto de micro-patlas trazadoras iluminadas por una hagel.

La formay la posidn de la burbuja se captan en la misma imgne$otogéfica iluminando al flujo, de manera simultanea, con angoara
estrobosbpica. Los experimentos se realizaron en un tanque cerrafio de50 x 50 cn®, en el cual se inyectaron las burbujas aésde

un capilar. Se utiliad agua filtrada y nitsgeno puro para formar las burbujas. Obtuvimos resultados experimentales para el flujo de burbujas
de diferentes tanfs. El tam#éo de las burbujas se contbgpara un mismo capilar, con unalvula de conmutadin de volumen constante.
Con estas mediciones se idenfifia transicbn de trayectoria, de redtilea a oscilatoria, para una burbuja en agua, de manera similar a lo
reportado con anterioridad en la literatura. La apariael cambio en la trayectoria @stsociada con un cambio importante de la estructura
del flujo alrededor de la burbuja. Adés, obtuvimos una correldri del punto de inflexin de la curva velocidad-volumen con la apanici

de la inestabilidad de trayectoria.

Descriptores: Burbujas; velocidad terminal; inestabilidad de trayectoria; visualiraci

PACS: 47.55.Dz; 47.20.Ky; 47.20.Ft; 47.55.Kf

1. Introduction The value of the bubble terminal velocity has been also
obtained by many investigators [4]. For air-water systems, it

] . . . is generally agreed that the velocity increases monotonically
The study of the fluid motion around immersed objects hagyitn pubble size up to a size of approximately 1.6 mm. For

played a significant role on the development of modem fluidy,ppes of a larger size, the velocity does not continue to in-
dynamics. In particular, the motion of bubbles in liquids ¢rease. It remains relatively constant for a certain size range,
have captured the attention of scientists for many yearsynqg eventually, continues to increase for larger bubble sizes.
This apparently simple problem has many practical appliresuylts obtained for Nitrogen bubbles in ultra-pure water [5]
cations [1, 2] and is also of fundamental importance for theyre in agreement with theoretical predictions based on po-
proper characterization of gas-liquid flows [3]. tential flow assumptions [8]. However, contamination in the

The motion of bubbles in different liquids has been stud-gas-liquid interface has also a significant effect on the value
ied extensively for decades [4]. Many experiments haveof the terminal velocity and the appearance of the plateau in
demonstrated that millimetric size rising bubbles do not fol-the velocity curve. Itis not clear whether the inflection point
low a straight trajectory. In pure water, bubbles of ellip- N the velocity-size curve is related to the appearance of the
soidal shape transition from a straight to a zig-zag trajectoryscillatory nature of the trajectory. Moreover, recent inves-
for sizes larger than 1.8 mm [5]. Many studies have foundigations [6] have shown that the terminal velocity and the
that surface impurities produce significant changes in the beshape are also affected by the formation process of the bub-
havior of these systems; even tiny amounts of contaminantgle-
cause the transition to appear at much smaller sizes. The sta- We consider that in order to further improve the general
bility problem has been studied both experimentally and theunderstanding of the transition to an oscillating trajectory and
oretically (see Refs. [6] and [7] for recent accounts). Therats relation to the bubble terminal velocity and shape, the flow
is still a lack of general agreement on the fundamental mechfield around the rising bubbles has to be studied. In this pa-
anisms that trigger the transition. per a new technigue to visualize the flow generated by rising
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bubbles is presented. Previous attempts to visualize the floa frame grabber (EPIX Inc. card). The individual digitized

have been limited to a 2-D configuration [9]. images showed the bubble in different positions, shifted in
) time. In order to calculate the bubble velocity, the displace-
2. Experimental setup ment of the geometric center of the bubble images between

nﬁpe consecutive frames was calculated using a computer soft-
ware (PIXCI SV4). By knowing the frame rate and the dis-

of 50 x 50 x 50 cm?, shown schematically in Fig. 1. The walls . .

. ! . . lacement of the bubble, the velocity was calculated. Fig-
were fabricated with transparent acrylic sheets of a thlcknes%re 5 shows a tvpical sequence of diditized images at differ-
of 13 mm. The tank was filled with filtered tap water. The wa- o yp q 9 9

Fnt positions.

ter was filtered several times using an recirculation loop tha
had a dual filtering device. The first filter, an activated carbon
column, was used to eliminate organic compounds. To elimi-
nate dust and particulate matter a cloth filter, with a mesh size
of 1 um, was used. Pure Nitrogen was used to form bubbles
that were injected through a 1 mm inner diameter stainless
steel capillary centered at the bottom of the tank. To vary
the size of the bubble to be injected, we used a micro-volume
commutation valve (VICI model C14WEE.06) similar to that
used in Ref. 5. This valve has a fixed volume chamber that
can be filled with a gas and commuted into a liquid stream.
The fixed volume is then transported by a small liquid cur-
rent until it is gently pushed through the capillary and into
the tank. The size of the bubble to be released in the tank can
be changed by changing the pressure at which the Nitrogeh!GURE 2. Example of digitized bubbles images in a sequence.

is injected in the fixed volume. With this technique it is not

necessary to change the size of the capillary to form bubbles 1. Flow visualization

of different diameters.

Afirst set of experiments was performed to determine theThe main objective of this investigation is to visualize the
terminal velocity of Nitrogen bubbles in water. The motion of flow around the bubble and, in a simultaneous manner, ob-
the bubbles was captured using a high speed camera (Kodgkrve the shape and size of the bubble. With common tech-
Motion Corder 1000) capable to record up to 1000 frames pefiques it is normally not possible to obtain these two images
second. To achieve a proper magnification of the bubble sizgimultaneously. We propose a new technique to achieve this
a Nikkor 105mm Macro 2.8D lens was used. Indirect andgoal.
diffuse light was used to ensure a good contrast of the bubble  The experimental arrangement is shown in Fig. 3. The
with the background. Once the motion of the bubbles wagiow field around the bubble was visualized with the aid
obtained, the images were transferred into a computer usingf nearly-neutrally buoyant microspheres. The tracers used

were silver-coated 1m hollow glass spheres. These were il-

The experiments were performed in a square closed tal

Filtered Closed container luminated with a thin red laser sheet. The laser sheet was pro-
water p duced with a He-Ne laser (Metrologic, Class lllb, 20 mW),
= that had a cylindrical lens. To obtain streak lines of the flow
High Speed
Camera CONTAINER
]
Y o
o
single
bubbles
o
HzOl Q smoggﬁoplc gﬁég‘;\
\H/\ Switch valve
N2 CAPILLARY
FIGURE 1. Schematic of experimental setup. FIGURE 3. Detalils of the visualization setup.
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open diaphragm photography was used. Atthe moment when
the bubble passed through the field of view, the diaphragm of
a digital camera (Fuji SIPro, 6Mpixels) was opened. It was
kept opened for approximately one second to capture the mo-
tion of the tracers. These images had to be captured in a
dark environment. The lens used in the camera was a Nikkor
105mm Macro 2.8D. Simultaneously, the flow was illumi-
nated with a stroboscopic lamp. The light emitted by this
lamp was intense but of very short duration (less thams)0
Since the experimental environment was dark, the light from
the lamp was reflected only by the gas-liquid interface at the
bubble surface; hence, the shape of the bubble could be ob-
served. The flashing frequency of the lamp was controlled by
a signal generator (HP 33120A). By increasing the number
of flashes per unit time, the shape and position of the bubble
could be captured in different positions within the same pho- ‘
tographic plate. Bubble images appeared superposed on tIEFGURE 4. Visualization of the flow around a 1.17 mm bubble;
flow streak lines. Figures 4 to 7 show examples of the phog,_ 140, We=0.25.

tographs obtained with this technique. These results will be
discussed in the next section.

3. Results

The first set of experiments was conducted to measure the
terminal bubble velocity as a function of the bubble size, and
to determine whether or not the path instability occurred for
our experimental conditions. Once these measurements were
obtained, experiments were conducted to observe flow fields
around bubbles before and after the path instability.

The dimensionless groups that are relevant for this flow
are the Reynolds number and the Weber number. The
Reynolds number is defined as

UpDeqpy
pr o

Re = (1)

FIGURE 5. Visualization of the flow around a 1.47 mm bubble ;
where U, is the mean bubble velocityD,, is the bubble Re=230, We=0.51.
equivalent diameter (defined below) angd and p; are the
viscosity and density of the liquid. A large Reynolds number
denotes that inertial effects are more important than viscous
ones. The Weber number is defined as
UZD.
We = PL2b Zea 2)
g

whereo is the surface tension of the liquid-gas interface. A
small Weber number denotes the dominance of surface ten-
sion effects over inertial effects. The shape of bubbles with a
small Weber number is closer to spherical.

3.1. Bubble velocity

Since only a plane image of the ellipsoidal bubbles can be ob-
tained through photography, a proper measure of the bubble .
size has to be defined. The bubble equivalent diamétgr,  Ficure 6. Visualization of the flow around a 1.93 mm bubble;
is calculated as, Re=320, We=0.73.
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this point the vertical bubble velocity ceases to increase and
remains rather constant despite the fact that the size, hence
the buoyancy, increases. At the same point, the mean abso-
whereD,,,, is the long axis length of the oblate bubble andlute value of the horizontal velocity increases suddenly. The
Dgyore is the short axis length. For this measurement it isincrease of the horizontal velocity indicates that the bubble
assumed that the bubble is axisymmetric with respect to it&s no longer moving is a straight trajectory. The oscillations
short axis direction. increase both in amplitude and frequency as the bubble size
keeps increasing. The spread observed in the data in this size
range depicts the unsteady nature of the flow. The magnitude
of the measured vertical velocity is smaller than that reported
for pure water [5]. Although our system cannot eliminate all
the impurities in the liquid, we do observe the appearance of
the inflection point is which has been associated with clean
Nitrogen-water systems [4]. The difference found may arise
from the 'gentle push’ injection technique used in this study.
A recent investigation [6] showed that bubbles in ultra clean
liquids can have smaller velocities if these are injected into
the tank by the 'gentle push’ technique.

The transition from rectilinear to oscillatory trajectory ap-
pears for the present experimental conditions. Using the pro-
posed visualization technique, the flow fields can be observed
for different ranges of behavior.

Deq = (Dl20ng X DShO’I’t)l/37 (3)

3.2. Photographs

FIGURE 7. Visualization of the flow around a 2.13 mm bubbile;
Re=364, We=0.89.

The cases shown in Figs. 4 to 7 are typical photographs that
correspond to different bubble sizes. All the experiments
) ) ) were performed in water. The addition of tracers can, in
Figure 8 shows the mean vertical and horizontal bubblegme cases, modify the surface properties of the gas-liquid
velocities as a function of the bubble gquwalent ‘_j'ameterinterface. The tracers were thoroughly washed with pure wa-
Each data point was calculated from a single experiment ang, rior to their addition to the test fluid. To verify that the
itis the result of averaging the velocities obtained from eachuffect of the tracers was minor. an additional series of mea-
image pair. For each point, a minimum of 30 image pairs wagrements to determine the terminal velocity of the bubbles
used. For the case of the horizontal velocity, the average i§55 carried out. The results were very similar to those pre-
obtained considering the absolute value of the measurementanied in Fig. 8, which were performed without tracer parti-
~ For bubbles smaller than 1.6 mm, the vertical velocitycles. Hence, we are confident that the tracer “contamination”
increases monotonically and the horizontal velocity is practigoes not affect the results significantly.
cally zero. For Fhis size range, the trajectory of the ascgnding In all the photographs both the bubble shape and the mo-
bubbles is rectilinear. At approximately 1.65 mm, a point oftjon of the fluid are captured. The bubble images corresponds
inflection is observed in the velocity-size curve. Beyondig the discrete instants at which the strobe light illuminated

the bubble surface. The fluid streak lines depict the motion

e l 100 of the fluid particles for the time that the camera diaphragm
b ‘ 50 ° remained opened. The bubble trajectory also results from
180 .- - r 8o E the open diaphragm time. It must be noted that, on the pho-
0| B O Ll o RS tographs, due to the nature of the technique, the fluid streak
2160 L " 60 8 lines may appear to occupstreanof the bubble image.
%150 . 150 = Fig. 4 shows the case of a 1.17 mm bubble. The trajectory
2140 I o od 40 £ of the bubble can be observed at the center of the photograph.
L1430 . a et B%o - § This line image results from the reflection of the laser light on
g o oe o . . 2 the gas-liquid interfase of the bubble. Clearly, for a bubble of
" ., & o g this size the trajectory is rectilinear. The velocity field can be
b 0B B 595 ° e 10 observed at the bottom of the photograph. Both the particles
IRG=- e e e e upstream and downstream of the bubble move upwards. This
100 125 150 175 200 225 250

equivalent diameter, mm

FIGURE 8. Bubble velocity as a function of bubble size.

is a characteristic of the flow around an object that ‘slides’
through the fluid. It is, hence, similar to that predicted from
an inviscid model. For the chosen flashing frequency, the
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bubble appeared twice in the photo plate. For this case thd. Summary and conclusions

position of the bubble has been highlighted. In the original

set of photos the velocity field appears colored in red, whileThe visualization technique presented in this article was used
bubble appears in a blue tone. For publication purposes, th® analyze the nature of the flow around Nitrogen bubbles ris-
images are presented in a grey scale format. Original imageag in clean water.

can be obtained from the authors. Based on the observations presented in this study, it can
The Reynolds and Weber numbers for all cases are showse argued that the appearance of the trajectory instability and
on the figures’ captions. The values of the physical propertiege velocity-size curve inflection point are directly related to
needed to calculate these numbers were obtained from tablqﬁ:\e appearance of detached vortices from the rear of the bub-
(py = 1000 kg/m?, g = 0.001 Paso = 0.07 N/m). ble (transition to unsteady flow). We can also conclude that
Figure 5 shows the motion of a 1.47 mm bubble. The ve+the vortex detachment is not the only mechanism responsible
locity field does not appear to deviate largely from a potentiakrom the appearance of the trajectory instability. Our obser-
flow prediction; however, a small amplitude oscillation of tra- yations are in accordance to other investigations.
jectory can be observed. For the case shown, the bubble ve- \ye consider, on the other hand, that the reason behind
locity has not reached the value at which the inflection poin, anhearance of the inflection point in the bubble velocity
is observed. Hence, the beginning of the bubble trajectory e results from the detachment of vortices. Since these
instability manifests itself before the flow around the bubblefiq structures transport a considerable amount of energy
separates. The bubble shape and position are, in this casg,ay from the gas-liquid interfase, the bubble terminal veloc-
clearly observed in the bottom end of the plate. The bubbl(?ty cannot increase in the same manner as the case in which

image appears only once for this case. o vortices remain attached to the surface.
For larger bubbles the shape of the velocity field changes Modern velocimetry techniques, like particle image ve-

drastically. Figures 6 and 7 show bubbles for sizes IargerOcimetry (PIV), could be used to obtain quantitative mea-

than that at which the inflection of the velocity curve OCCUIS. o mants of the flow around bubbles. We plan to continue

Clearly, the velocity field is much more agitated. It is evi- . T .
. our investigation in this direction to further improve our un-
dent from the photographs that vortices have detached frorHerstanding of the motion of a bubbles in a liquid

the surface of the bubble. The structure that is observed is
similar to the so-called Karman vortex street. In Fig. 6 the

bubble is observed in several locations and the vortex detach-

ment can be seen to alternate from left to right. In Fig. 8/ ACknowledgements
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