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BUBBLE FORMATION FROM A FLEXIBLE HOLE SUBMERGED IN

AN INVISCID LIQUID.

Karine Loubiére, Gilles Hébrard

Laboratoire dingénierie de®rocédés de Environnement, Département G.PlhstitutNational desSciencesAppliquées,

135 avenue de Rangueil, 31077 Toulouse Cedex 4, FRANCE

Abstract

In the waste water treatment industry, a novel gas sparger based on flexible membranes has been used for the last
ten years. The objective of the present work is to study the bubble formation generated from a flexible orifice
(membrane). Firstly, the membranes are characterised with regard to their properties: wetting critical surface
tension, expanding hole diameter, orifice coefficients, flexibility, critical and elastic pressures. The bubble
formation phenomenon in an inviscid liquid at rest is studied experimentally for different membranes and gas
flow rates. The variation in the bubble diameter, the bubble centre of gravity and the bubble spread on the
membrane are determined as a function of time. An analytic model is proposed to describe the bubble growth
and its detachment at a flexible orifice. This theoretical approach, developed by Teresaka & Tsuge (1990) for
rigid orifices, is adapted to take into account the membrane features (elastic behaviour and wettability). The
predicted bubble diameters at detachment agree with the experimental measurements; however, the model
underestimates slightly the bubble formation times. The calculation of the various forces acting on the bubble in
the vertical direction indicates that the real forces governing the bubble growth are the buoyancy force, the

surface tension force, and near detachment the inertial force.

Keywords: Waste water treatment industry; Aeration; Flexible membrane sparger; Bubble formation; Image

acquisition and treatment; Non spherical model.
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1. Introduction

The aeration of a liquid with air or other gases occurs in a large number of chemical processes
(oxidation, absorption, waste water treatment...). The gas, distributed by aeration systems, is
released in the form of small bubbles to yield a large surface for mass transfer. In addition to
the mass transfer quality, it is very important to inject and distribute the gas efficiently, that is
to say, with low pressure drop and hence energy saving. In chemical industries, the aeration of
liquids is mainly performed with rigid nozzles (perforated plate or porous disk diffuser) as
they are able to withstand high temperatures and pressures. For waste water treatment, carried
out under atmospheric conditions, a novel gas sparger based on flexible membranes was
developed. This rubber punctured sheet has been reported to produce very uniform size
distribution of small bubbles which leads to large increases in gas hold-up and mass transfer
area (Rice & Tupperainen, 1981). Moreover, it is found to be self-cleaning and does not suffer
the usual clogging problems when aeration is stopped in the tank (anaerobic period).
However, these membranes are not well characterised with regard to their elastic properties,
which are responsible for the advantages previously described; only a limited number of
studies (Rice & Lakhani, 1983; Rice & Howell, 1986; Bischof & Sommerfeld, 1991) have
been carried out on this aspect. Even though a lot of research have been performed on the
behaviour in the reactor of bubbles generated from a membrane sparger, few authors have
concentrated on the bubble formation and its detachment from the flexible membrane orifice.
By contrast, the bubble formation at a fixed orifice has been the subject of many experimental
and theoretical studies. Two detailed reviews of the literature up to 1986 and up to 1997 are
respectively given by Tsuge (1986) and Sadhal et al. (1997).

The objective of the present study is to focus on the bubble formation generated from a
flexible orifice in order to understand better what parameters govern the bubble size at its

detachment from the orifice. For this purpose, it is first necessary to characterise the



membrane spargers: these industrial membranes are defined in terms of wetting critical
surface tension, expanding hole diameter, orifice coefficients, deflection and flexibility,
critical pressure and “elastic” pressure. Secondly, an experimental data bank is compiled: the
bubble formation phenomenon in an inviscid liquid at rest is studied for different membranes
and for different gas flow rates. Working from these two data sources, an analytic model is
proposed to describe the bubble growth and detachment at a flexible orifice. The predicted

bubble diameters and bubble frequencies are compared to the experimental data.

2. Theoretical model

Terasaka & Tsuge (1990), Yoo et al. (1998), Li (1999) have proposed an analytic model to
describe the dynamics of the bubble growth process generated from a fixed orifice. The main
points are the following: a non spherical bubble formation is considered and no empirical
detachment condition is required. The objective of the present work is to make this theoretical
approach suitable for predicting the bubble growth generated from a flexible orifice
(membrane sparger orifice).

The modelling of bubble formation is based on the following main assumptions: the bubble
grows axisymmetrically about the vertical axis on the orifice centre (2D geometry); the liquid
around the bubble is incompressible, is at rest (no wake effects) and of infinite extent; the
effects of the side walls and of the free surface are negligible; the gas flow is adiabatic; the
gas pressures inside the bubble and in the chamber are both assumed uniform within their
respective volumes.

When the increase in the pressure in the gas chamber balances the sum of resistances due to
hydrostatic pressure, surface tension and, in the case of the membrane, “elastic” pressure, gas
flows across the orifice and a bubble begins its growth procedure. The bubble surface moves

as a result of pressure difference between the inside and the outside of the bubble. The bubble



rises during bubble growth, and the neck is formed in the final period. The bubble detaches
itself when the bubble neck is closed.

2.1 Equivalent radii

The bubble surface is divided into a number N of one-dimensional axisymmetric elements
which are characterised by two principal radii of curvature R and R’ shown in Fig.1. R’ is the
radius of the circle which has the centre O and passes through the elements i-1, i and i+1, and

the other radius R is the distance from the bubble’s symmetrical axis to the element i through

the point O. Pinczewski (1980) used the equivalent ratusiefined by Eq. (1) as the

characteristic radius for any point on the bubble surface:

If a sufficient number of points is chosen to adequately represent the topology of the bubble
surface then the trajectories of these points describe the movement of the gas-liquid interface.
2.2 Pressure balance on gas-liquid interface

This motion equation describes the radial expansion of the bubble. The conservation of
momentum for liquid around a spherical bubble in the radial direction (axisymmetric
geometry) is applied and coupled with the continuity equation for the purely extensional,
incompressible and irrotational flow. The continuities of the normal stress vector and of the
velocity at the interface are considered as boundary conditions. The effect of gas momentum
is neglected. It leads to the modified Rayleigh equation given by Eq. (2):

d?R  3(dRY*| 20, 4u, dR
Pe = Pn p{ dt’ z(dtj} R R dt @)

The three terms on the right-hand side of Eq. (2) represent inertial, surface tension and
viscous forces respectively. This equation is assumed to be valid for any point i on a non
spherical bubble interface by replacing the global spherical radius R with the local radius of

curvature R



2.3 Motion equation of the rising bubble

The motion equation governing the vertical bubble ascension is described by a balance of
several forces: inertial, buoyancy and viscous drag forces, the vertical component of surface
tension force as well as gas momentum rate through the orifice. This force balance, applied at

the bubble centre of gravity, is expressed by Eqg. (3):
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C, is the added mass coefficient. Generally, the authors (Davidson & Schiuler, 1960; Terasaka
& Tsuge, 1990; Li, 1999) take theg @alue of 11/16 which is based on the hydrodynamics of

a sphere moving perpendicularly to the wall in an inviscid fluid (Milne-Thomson, 1955).
However, Marmur & Rubin (1976) use an empirical value of 0.85 to take into account the
expansion motion of the bubble. The choice of 11/16 is certainly not ideal for a non spherical
growing bubble in contact with a wall, but no precise information concerning this particular
case is available in the literature, so it was left unchanged.

The bubble rise velocity gJis here equal taly/dt (vertical velocity of the bubble centre of

gravity). G is the drag coefficient; for each operating condition, an averagen @he bubble
formation time is deduced from experimental measurements of vertical velocity and bubble
diameter, by the Schiller correlation expressed as Eqg. (4) and (5):
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G, = 044 Re;>1000 (5)
The force balance described here takes into account the special nature of membranes (i.e. their

hydrophobic surface and their elastic behaviour) insofar as:



- Including the surface tension force, the orifice wettability is considered through the
real surface/bubble contact diametgr@hd the contact angf (Fig.1). In the present
model, ¢y and B, are assumed to be constant during the bubble growth and deduced
from experimental measurements.
- The expansion of the membrane orifice as the gas flow rate (Fig. 3) is considered in
the model.
2.4 Pressure change in the gas chamber
The thermodynamic system is defined as the sum of the gas in the bubble, in the chamber and
the gas that enters the chamber during the time interval dt. Assuming a polytropic behaviour
of gas in the gas chamber and no pressure drop at the level of gas supply, the mass

conservation equation is expressed as Eq. (6):
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The gas chamber volumecMis measured experimentally. In the known literature, the
polytropic coefficienty is defined between 1 for isothermal change (Terasaka & Tsuge,
1990), and 1.4 for adiabatic change (Mc Cann et al., 1971; Li, 1999). Even though the
thermodynamic behaviour of the membrane gas chamber is not usual, the polytropic
coefficient is assumed to be equal to 1.4.

2.5 Orifice equation

The pressure in the bubble is related to the pressure in the gas chamber by the orifice equation

2 2
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as follows: |pc—pB|:(kq ] =5 ( dtBj @)
OR OR

The pressure drop of the gas through the orifice results from the contracting section and from
the membrane elastic properties, and is characterised by the orifice coeffigie@Gekerally,

the authors use empirical correlations to estimgtgrkthe case of rigid orifices. For flexible



orifices, no specific correlation exists, and thsk kalues used for rigid orifices are not
appropriate because of the membrane elasticity. So, to take into account this membrane
feature, the orifice coefficients included in the model are the experimental ones (Fig.6).
2.6 Initial and boundary conditions

* Initial conditions
The bubble is initially assumed to be a hemisphere with radius equal to the real
surface/bubble contact surface diametgi(\@hich may or may not be equal tegddepending
on the membrane wettabilitity) in static equilibrium with the surrounding liquid. The reality is
somewhat more complex, as the liquid flow field is affected by the preceding bubble wake.
Since these effects are difficult to determine, the actual initial conditions are generally
unknown and the initial bubble shape chosen represents a compromise.
The velocities and accelerations of all elements are initially taken as zero.
The initial pressure in the gas chamber is taken as the sum of the hydrostatic pressure at the

orifice, the surface tension pressure and the “elastic” pressure as:

4o
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The originality of these initial conditions is to add in Eq. (8) the “elastic” presswiph is
a feature of flexible orifices (membrane). This pressure is determined experimentally for each
membrane (Table 2).
* Boundary conditions
The element of the bubble apex i=1 moves on the symmetrical axis of the bubble.
The element contacting the orifice edge i=N does not move, so that the velocity and
acceleration of this element are usually zero (“no slip” condition).
The bubble surface does not cross the orifice plate. The velocity of a downward moving point

on the bubble surface is taken as zero when its trajectory intersects the plate floor.



2.7 Numerical resolution

Egs. (1), (2), (3), (6) and (7) coupled with the initial and boundary conditions describe the
dynamics of the bubble formation process. They are solved by means of a finite-difference
method (Fortran 90 program). The associated algorithm is shown in the Appendix. The
numerical computation is finished when the bubble neck is closed (i.e. when any element
other than the apex of the bubble touches the vertical axis): the bubble also detaches from the
orifice.

In order to have an accurate representation of the bubble surface, a routine is introduced
which automatically inserts or deletes points when the point spacing falls outside a specified
range (the initial point spacing). Moreover, a variable time step procedure is introduced;
indeed, during the initial growth period, the growth rate is small, allowing a large time step,
whilst near detachment a smaller time step is necessary. The approach adopted here is to
halve the time step when instabilities are detected or when the time to bubble detachment is
exceeded.

Typically, a calculation begins with 5-10 surface points and finishes with 40-80 surface

points.

3. Experimental set-up and methods

3.1 Experimental set-up

Fig.2 shows a schematic diagram of the experimental set-up. The experiments are carried out
in a glass parallelepiped vessel (1), 0.40 m in width, 0.40 m in length, 0.30 m in height,
regulated in temperature (water circulation). The flow rate of air is controlled by a pressure
gauge (5) and regulated by a gas flow meter (6). The membrane sparger is assembled on a
circular clamping ring (2) composed of two jaws; this fixing system coupled with the use of a

dynamometric spanner (0-5 Nm) enables the same initial tension to be applied, thus giving



reproducible results whatever the membranes. The pressure drop created by the membrane is
determined using an electronic manometer type BIOBLOCK 915PM247 (7). The bubbles are
generated by a single puncture located at the membrane centre. The average gas flow rate is
measured using a soap film meter (4) , through a funnel (3) put on the clamp. Water is used as
the liquid phase; for each experiment, the water physical properties are measured and are the
following: 6, =71.8 mN/m . =8.74 .10} Pa.sp, =997 kg/ni. The operating conditions are as
follows: liquid height H=20 cm, gas chamber volume:3107-111 cm (depending on the
membrane bulging). The gas flow rates studied correspond to those used in industrial aeration
tank (typically about 0.4-0.8 ml/s by hole).

Referring to Tsuge (1986) and Rabiger & Vogelpohl (1986), dimensionless numbers are
defined to characterise the bubble formation from a fixed orifice: the dimensionless
capacitance number JN(gas injection condition), the dimensionless gas flow raje N
(bubbling regimes) and the Weber number We (transition to the jetting regime). They are
mentioned in Table 1 for the operating conditions studied. Even though the bubble generation
system used is not usual (flexible orifice), all the Malues are well above 9, which
corresponds to the constant-pressure condition (i. e. there is no fluctuation of the pressure in
the gas chamber). TheyN\values are below 16: the bubbling regime is also dynamic; the
jetting regime is not reached (low We numbers).

3.2 Membrane spargers

Four different types of industrial rubber membrane spargers are studied: M1, M2, M3 and
M4, which have a diameter of 60 mm. Punctures were distributed over all the surface sheet.
Consequently, it was necessary to close all the holes except for the central one, without
modifying the elastic membrane properties: a silicone elastomer glue applied on the inner

surface (gas chamber side) was used.



In Table 2, the membranes thickness and their wettability property are given. The wetting
critical surface tension of the membrarnyesiescribes the membrane surface property and is
determined experimentally by the method developed by Fox & Zisman (3832 )\ery low
(very similar to that of silicone material): the membrane surfaces are clearly hydrophobic,
especially for the M4 membrane.
3.3 Image acquisition and treatment systems

During their formation, the bubbles are photographed with a Leutron LV95 camera (360
images/s). Images are visualised on the acquisition computer through the Leutron vision
software. The measurements of membrane deflections at the centreline are also performed by
this acquisition system. Without liquid phase, the hole diameter measurements are based on
the joint use of a Sony DXC 930P 3CCD Colour camera and a Nikon SMZ-U microscope.
The image treatment is performed with the Visilog 5.2 software. It consists of a thresholding,
followed by different arithmetical and geometrical operators (ogram). As a result, the
following parameters are determined: equivalent bubble (or hole) diameter, centre of gravity
co-ordinates, shape factor, contact angles and neck diameter. The bubble frequency is
deduced from photographic analysis. The experimental errors on the bubble diameter, hole

diameter and neck diameter measurements are respectively 10 %, 12 % and 15 %.

4. Resultsand discussion
4.1 Membrane sparger characterisation
» Equivalent hole diameter.
The dynamic rubber membrane behaviour was studied experimentally. Using the image
acquisition system previously described, hole diameters are measured. They correspond to the

equivalent diameters defined from the area assuming a circular hole, given by Eq. (9):
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These equivalent hole diameters are calculated from an area which is determined from the
image considered; so, it is difficult to say with certainty that this measured area is the same
through the entire membrane thickness and that the equivalent diameter is the effective one.
Nevertheless, Fig.3 shows that, for all membranes, the apparent equivalent hole diameter
increases with an increase in gas flow rate: this dependence of the orifice diameter with the
gas flow rate is a major difference with regard to a rigid orifice. It can be explained by the fact
that, when the pressure increases, the hole expands owing to its elastic nature. Moreover, the
orifice size varies in shape: at low expansions (small applied pressures), the puncture appears
as a slit and as the pressure increases, the slit expands to form a more circular shape (cf.
photographs in Fig.4). The largest and the smallest hole diameters are obtained respectively
with the M1 and M4 membranes.

« Relation between applied pressure drop and gas flow rate; Orifice coefficients.
The experimental curves relating the applied pressure drop and the gas flow rate through the
hole are presented in Fig.5 for the four membranes. It is noted there is a hysteresis when
comparing the flow as pressure increases to the flow as pressure decreases. This is more
severe with the M1 membrane. This phenomenon is observed for all the measurements (hole
diameter, deflection..). All the results presented were obtained as pressure decreases.
Moreover, Fig.5 highlights some different membrane behaviours in terms of pressure drop;
for a given gas flow rate, the applied pressure for the M1 membrane is four times greater than
the three other membranes. The M2 membrane needs the lowest applied pressure. This
experimental observation has important consequences in terms of energy consumption in a

waste water treatment plant.

11



The data of Fig.5 are translated into dimensionless numbers: the discharge factor f and the
Reynolds number Re for gas through the orifice. The relation between f and Re is expressed
as Eq. (10):

fzqRP = 2P (10)
E'pG'Ué
The a and 3 values for the four membranes are presented in Table 2 (Re: 5-1000). By

combining the expression of discharge factor (Eq. (10)) and the orifice equation (Eq. (7)), the

experimental orifice coefficient can be deduced as Eq. (11):

md2,
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[pc-psldis assumed to be equal to the applied pressure measured experimentally. The

(11)
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experimental orifice coefficients as a function of hole diameter are shown in Fig.6. It can be
noted that orifice coefficients increase with an increase in hole diameter and a decrease in
discharge factor. The greatest discharge factors are obtained for the membrane M1.
The orifice coefficient characterises the pressure drop of the gas through the orifice. Low
values of kr are linked to high discharge factors, so to large pressure drops. Compared to a
rigid orifice, the orifice coefficients are widely lower with membranes, resulting from the
membrane elasticity.

» Deflection and flexibility
As increasing pressure is applied, it causes the membrane to bulge: the membrane takes on
thus the shape of a spherical cap. Using the acquisition system, membrane deflections at the
pole are measured experimentally for each applied preABurghe curves relating deflection
W, versus pressure drop are shown in Fig.7. It can be observed that the deflection at the pole
increases with pressure for all membranes. The largest and the smallest deflections are

obtained with the membranes M4 and M3 respectively. Rice & Lakhani (1983) have
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developed a theory to show the connection between elastic and flow mechanics in order to
describe the membrane behaviour when subjected to pressure from below. They show that
excess tension T can be related to applied pressure by Eq. (12):
T=KAP" (12)
where T is a function of applied pressure, deflection, membrane radius; K and n are
characteristic properties of the membrane determined experimentally. K and n values for the
four membranes are shown in Table 2. Large values of K are associated with small
deflections. For the M3 membrane, K is equal to 1.84 whereas K is about 0.20 for the others.
This result agrees with deflection measurements (Fig.7). In view of these results, it appears
that the M3 membrane has the lowest flexibility.
» Critical pressure and “elastic” pressure
Rice & Howell (1986) and Bischof & Sommerfeld (1991) have proposed the force balance
described in Fig.8 for a bubble formed at a flexible nozzle. In contrast to a rigid nozzle, the
force due to the elasticity of the material has also to be taken into consideration. The required
pressure which allows the formation of a bubble is given by Eq. (13):
Ap> R~ Py * Pus ~Ps ~Po (13)
where the capillary pressurg 5 equal to 4/dor, assuming no bubble spreading on the

membrane. The hydrostatic correction for bubble height €pgrg) is negligible. The

“elastic” pressure ¢ which depends on the properties of the flexible membrane is unknown
and has to be determined experimentally. The present authors decided to define the critical
pressuré\pc to just initiate bubbling as Eq.(14):

40,
dor

Apc = *+Po (14)

The critical pressure is essentially a measured quantity, determined as the lowest pressure

necessary to induce the formation of the first bubble. Thpse&alues for the membranes are
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shown in Table 2. The highest and the lowest critical pressures are obtained for the M1 and
M2 membranes respectively: this observation agrees with g¥(&P) results in Fig.4.
Hence, it is possible to deduce the “elastic” pressyregm Eq. (14) with measured critical
pressure and associated hole diameter. The experimegnialyes are expressed in Table 2.
The same conclusions as for the critical pressures are observed.
4.2 Study of the bubble formation generated from a flexible orifice

* Dynamics of the bubble formation
Fig.9 (a) and (b) show typical photographs of bubble formation generated from the M2 and
M1 membranes (respectivelys€0.09 ml/s and 0.03 ml/s). Thanks to image treatment, the
bubble formation process is described experimentally, from bubble birth to its detachment.
Fig.10 illustrates an example of the centre of gravity curves versus growing time (M1
membrane @=0.03 ml/s). The centre of gravity abscissa is nearly nil during formation time:
the bubble symmetry about the vertical orifice axis is proven. A good agreement between the
centre of gravity ordinate and the bubble radius is obtained, thus the bubble growth is
spherical. As shown in Fig.10, two stages appear during the formation : the “expansion stage”
where y<R (radial expansion) and the “detachment” stage where; {bBbble elongation,
neck formation). These stages in bubble formation correspond to those of Ramakrishnan &
Kumar (1969).
Fig.11 shows a typical trace of the bubble vertical velocity versus formation time (M1
membrane). At the beginning of the bubble formation, the vertical velocity (dy/dt) decreases
until it reaches an almost constant velocity; afterwards, the velocity increases continuously
until the bubble detaches. Such a behaviour can be confirmed by the vertical acceleration
trace shown in Fig.12 (M1 membrane): at first, the acceleratibpd(® is negative
(deceleration) and becomes nearly nil; then, the bubble begins to accelerate until its

detachment. Moreover, an increasing gas flow rate tends to increase the vertical velocity and
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acceleration (Fig.11 and Fig.12). The profiles of centre of gravity, vertical velocity and
acceleration presented in Fig.10, Fig.11 and Fig.12 are observed whatever the gas flow rates
and whatever the membranes, except for the M4 membrane. In fact, the orifice of this
membrane is perforated not vertically with regard to the thickness, but slantwise. As a result,
the bubbles generated are not perfectly symmetrical about the vertical orifice axis.

» Bubble adhering to membrane surface
As mentioned previously, membrane surfaces are clearly hydrophobic. This observation has
consequences for the contact between the gas bubble and the membrane surface. In order to
highlight this phenomenon, two parameters are chosen and determined experimentally: the
surface/bubble contact diametey dnd the contact angl€s and 8,. The ratio ¢l/dor as a
function of formation time is plotted in Fig.13 for different gas flow rates (M4 membrane).
Whatever the gas flow rate, this ratio is clearly higher than 1: gas bubbles spread over the
membrane surface; the line of contact between the bubble and the solid doesn’t correspond to
the orifice perimeter. An increasing gas flow rate tends to intensify this phenomenon. It has
important consequences on the bubble formation time and on the detached bubble diameter.
When the membrane nature is hydrophobic, the surface tension force applied on the bubble is
increased, which tends to keep the bubble attached to the orifice: the bubble formation
process is also slower, generating larger bubbles. So, to produce smaller bubbles, a membrane
surface treatment is necessary: a higher wetting critical surface tension should be obtained to
limit the bubble spread on the membrane.
Fig.14 shows the typical variation of the two bubble contact an@lemd 6, during the
bubble growth (M3 membrane;80.03 ml/s). There is no difference between the two
contact angles, which confirms the symmetrical formation of the bubble. It can be noted that
the contact angle decreases with the formation time. No significant effect of gas flow rate is

observed on the contact angles.
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Fig.15 compares the curves for the ratigéddr for the four membranes ¢20.26 ml/s). The
bubble spreading phenomenon is the most pronounced for the M4 membrane: this observation
agrees with the wetting critical surface tension (Table 2).

» Bubble diameter and bubble frequency
Fig.16 shows the relation between bubble diameter and gas flow rate for the four membranes.
At first, it can be noted that bubble diameter increases logarithmically with gas flow rate.
Such a behaviour is specific to membrane spargers : an inverse behaviour is observed for
bubbles generated from perforated plate spargers (Hebrard et al., 1996). The bubble diameter
trace presented in Fig.16 is caused by the fact that with higher gas flow rates, the pressure
below the membrane increases and yields a larger hole in the material when it bulges. Hebrard
et al. (1996) and Couvert et al. (1999) have obtained similar profileg gérdus @Q in
bubble columns and in an air-lift reactor equipped with membrane spargers respectively.
These observations would indicate that the size of the bubbles generated by the membrane is
determined at the moment of detachment and appears to be maintained afterwards in the
reactor. It is likely the small size of these bubbles which renders them stable to coalescence
and breaking phenomena. It becomes also very important to be able to predict the bubble
diameter generated from a flexible membrane orifice.
Comparing the four membranes, the largest bubbles are produced with the M1, whatever the
gas flow rate. The differences between membranes are more pronounced with (logloly
0.5 ml/s) than for high @(above 0.5-0.8 ml/s): generally, the M2, M3 and M4 membranes
generate bubbles of comparable sizes (about 10-20 % difference).
The bubble frequency curves as a function of gas flow rate are given in Fig.17 for all
membranes. The lowest and the highest bubble frequencies are found for the M2 and the M1
membranes respectively, but differences in behaviour are also observed. For the M1

membrane, bubble frequency clearly increases with an increaggwhépeas for all the other
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membranes, the bubble frequency reaches a constant value above a critical gas flow rate. For
any given bubble diameter, the different bubble frequencies obtained for the four membranes
should involve different gas hold-up and mass transfer coefficients.

» Comparison between experimental and calculated bubble growth curves
Firstly, the resolution of the equations system presented previously is tested for bubbles
generated from fixed orifices. Table 3 shows a comparison of experimental data of Terasaka
& Tsuge (1990) with results calculated by the present model. These authors studied the
bubble formation generated from a fixed orifice in distilled water and in a highly viscous
liquid (glycerol) for different gas chamber volumes. The initial time step |gs50he initial
surface point number varies between 4 and 15, depending on the case. At detachment, an
average of 80 points describes the bubble surface. As shown in Table 3, a good agreement is
observed between the experimental and the computed bubble diameters and bubble formation
times. The differences are below 15 %, which corresponds to the experimental error. Our
numerical resolution is also validated.
As shown in 82, the model has been adapted to predict the bubble formation generated from a
flexible orifice. The membrane features (i.e. elastic behaviour and wettability) are taken into
account through several parameters: the orifice coefficiggttke elastic pressure,pthe
expanding hole diametepg the surface/bubble contact diametgradd the contact angéz.
An example of the theoretical bubble shape variation with time is shown in Fig.18
(Membrane M3 @=0.49 ml/s). Obviously, the change in shape predicted by the present
model proves that the bubble detachment is a natural consequence of the dynamics of the
bubble formation process. Furthermore, this development in spherical shape and the neck
formation agree with the experimental observations made by the camera visualisation and

image analysis.
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Typical traces of the bubble volume versus formation time are plotted in Fig.19. A quite good
agreement is observed between the experimental and calculated bubble volume. It can be
noticed that at the beginning of the bubble growth (radial expansion stage), the model tends to
underestimate the bubble volume.

Comparisons of the detached bubble diameter and of the bubble formation time are presented
in Fig.20 and Fig.21 respectively between the experimental measurements and the numerical
results, under different operating conditions (two gas flow rates per membrane). For all the
simulations, the initial time step is s and the initial surface point number is 5. At
detachment, about 50 to 100 points describe the bubble surface. The predicted and the
measured bubble diameters are in good agreement: the difference is below 15%. However, the
model underestimates the bubble formation time in most cases: an average difference of 30%
is observed. This is especially true for low gas flow ratesQ® ml/s).

Two hypotheses can be put forward to explain this result. Firstly, the model resolution is very
sensitive to orifice coefficient and initial elastic pressure applied. It can be observed that the
experimental orifice coefficients are generally underestimated; to have accurate results, a
corrective factor is applied to the experiments Bnd varies between 1,5 and 7 for high gas

flow rates (above 0.5 ml/s) and between 7 and 15 for low gas flow rates. Moreover, the
experimental g values are too high, which provokes a premature detachment. In most cases,
the elastic pressure imposed in initial condition (Eq.8) should be below 50 Pa in order to
obtain accurate formation time values. These two remarks provesthahd [ are two key
parameters and at present, they are not well managed. The second hypothesis to explain these
calculated formation times concerns the triple point i=N where the bubble, the liquid phase
and the membrane surface are in contact. The present model assumes that this point does not
move during the bubble growth; its abscissa is taken as the surface/bubble contact diameter

dw divided by two. Experimentally, it has been shown that the bubble spread on the
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membrane surface varies with the growth time (Fig.13 and Fig.15). In the future, a slip
condition on the triple point has to be included to take into account this experimental
observation.

Typical variations in the calculated pressures in the gas chamglbemdpin the bubblegp

during the bubble growth are plotted in Fig.22 (Membrane M31Q0 ml/s). The pressure in

the bubble decreases slightly as a function of the formation time. The pressure in the gas
chamber is nearly constant whatever the formation time. This last observation agrees with the
calculated values of the capacitance numbefTdble 1); indeed, the operating conditions

lead to N values above 9, corresponding to the constant-pressure condition. Moreover, some
experimental measurements of the pressure in the gas chamber were performed using a
piezoresistive pressure transmitter (sensitivity of 1mbar): no pressure variation was observed
under the membrane orifice.

To understand the dynamics of the bubble growth, the various forces acting on the bubble in
the vertical direction are calculated using experimental data (the co-ordinates of bubble centre
of gravity and the associated velocities and accelerations, the bubble volume and the
surface/bubble contact diameter variations in the growth time). These forces are expressed as

follows:

the buoyancy forcedr

Fs =L —Ps)9 Vs (15)

the force related to the gas momentum through the orifice F

dv
4p¢ -(TtB)z
F, = —T[d2 (16)
OR

the surface tension force:F

k =-md, o, .sin@®,) a7

the viscous drag forcesF
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2
== o () Co (D)2 (18)

- the inertial (or added mass) force F

11 dy dvgy d
F=-(pc + L)|: d)t/ dtB + dtZ.VB} (19)

The force values deduced from experimental data are compared with the forces predicted by
the present model. This comparison is shown in Fig.23 for the membraned¥B.1Q ml/s).

A quite good agreement is observed between the “experimental” and the “numerical” forces,
even though the model tends to underestimate the forces. Concerning the surface tension
force, the difference is caused by the fact that a constant surface/bubble contact diameter is
considered in the model whereas the experimegjalaties with the formation time (Fig.13

and Fig.15). Nevertheless, some interesting conclusions can be drawn. The drag and the gas
momentum forces are negligible throughout the bubble growth. The inertial force is small
during the initial growth period, whilst near detachment it becomes more important (about
10° N), resulting from the final bubble acceleration (Fig.12). The real forces governing the
bubble growth are, on the one hand, the buoyancy force (abGt0fON) which tends to

detach the bubble and, on the other hand, the surface tension force (adbiitvttich keeps

the bubble attached to the orifice. This last observation confirms the importance of the

membrane wettability.

5. Conclusion
The bubble formation in an inviscid liquid at rest has been investigated for different flexible
orifices (industrial membrane spargers) and gas flow rates. The following conclusions can
been drawn from this work:

- Concerning the membrane characterisation, it has been shown that the membrane

surface is clearly hydrophobic. The dynamic membrane behaviour has been proven
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(expanding hole and membrane bulging). The orifice coefficiegts Have been
determined: compared to rigid orifices, they are widely lower. The critical and the
elastic pressures have been measured for each membrane.

The bubble formation mechanism has been studied experimentally by measuring the
bubble diameters and the variation in its centre of gravity position during bubble
growth. These findings confirm the bubble symmetry about the vertical axis and the
existence of two phases in the bubble growth.

The phenomenon of the bubble spread on the membrane surface has been demonstrated:
an increasing gas flow rate intensifies this phenomenon.

The variation in the bubble diameter at detachment as a function of gas flow rate is
logarithmic, as Hebrard et al. (1996) had obtained within bubble columns equipped with
membrane spargers. This result would indicate that small bubbles generated by the
membrane remain stable in the face of coalescence or breaking phenomena.

The industrial membranes produce bubbles of comparable sizes. Nevertheless,
significant differences in the bubble frequencies between membranes are observed,
involving different gas hold-up.

A non spherical bubble formation model at a flexible orifice has been proposed:
developed by Teresaka & Tsuge (1990) for rigid orifices, this model has been adapted
to take into account the membranes features (elastic behaviour and wettability). The
predicted bubble diameters at detachment agree with the experimental measurements;
however, the predicted bubble formation times are widely underestimated. Even though
the calculations are globally acceptable, this model has to be improved: the orifice
coefficient, the elastic pressure and the surface tension force appear to be key

parameters and at present, they are not well managed.
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- The calculation of the various forces acting on the bubble in the vertical direction
indicates that the drag and the gas momentum forces are negligible during the bubble
growth; for the bubbles generated from a flexible orifice, the real forces governing the
bubble growth are the buoyancy force, the surface tension force and near detachment

the inertial force.

Notation

a membrane radius [m]

Co drag coefficient [-]

C added mass coefficient [-]

ds bubble diameter [m]
Dmax  maximum horizontal bubble diameter [m]
dor equivalent hole diameter [m]

dw surface/bubble contact diameter [m]
dy/dt  vertical velocity of the bubble centre of gravity [m/s]
d?y/df® vertical acceleration of the bubble centre of gravity [m?/s]

fa bubble frequency [s7]

Fg buoyancy force [N]

Fo viscous drag force [N]
F inertial (or added mass) force [N]
Fm force related to the gas momentum through the orifice [N]
Fs surface tension force [N]
g gravity acceleration [m/s]

H. liquid height [m]

K constant from Eq. (12) [-]

kor orifice coefficient [m”kg"?]

n constant from Eq. (12) [-]
N surface element number []
Patm atmospheric pressure [Pa]
Ps pressure inside the bubble [Pa]
Pc pressure in the gas chamber [Pa]
Ph hydrostatic pressure at the element i [Pa]
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PH
PHB
Po
Po
Ap
Apc

hydrostatic pressure{p+ p..g.H.)
hydrostatic pressure for bubble height.§.Rs)
pressure due to surface tension (capillary)
pressure due to membrane elasticity
applied pressure drop

critical pressure

gas flow rate through the orifice (q=g¢ldt)

gas flow rate

bubble radius of curvature defined in Eq. (1)
bubble radius of curvature defined in Eq. (1)

equivalent bubble radius from Eq. (1)
bubble radius

excess tensionT= A pa / 4W, + ApW,, /4

bubble formation time

bubble rise velocity

gas velocity through the orifice

gas chamber volume between the control valve and the orifice
bubble volume

abscissa of the bubble centre of gravity

ordinate of the bubble centre of gravity

membrane deflection at the pole

Dimensionless numbers

f
Bo
Fr
Nc
Nw
Re
Res

We

discharge factor defined by=Ap/@/2p..UZ)

Bond number defined bBo=p, d3; g/0,

Froude number defined biyr= U3 /(dog 9)
capacitance number defined by, = 4\ p, g/(Md3zpy)

gas flow rate number defined by, = BoFr®°
hole Reynolds number defined Re= U p;dor/He
bubble Reynolds number defined Rg, = Uz p, dg /1,

Weber number defined bye= UZ dogps /0,

Greek symbols

a

constant from Eq. (10)
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[Pa]
[Pa]
[Pa]
[Pa]
[Pa]
[Pa]
[rVs]
fe]
[m]
[m]
[m]
[m]
[Pa.m]
[s]
[m/s]
[m/s]
1 [m
[fh
[m]
[m]
[m]



oL liquid hold-up (1 in our case) [-]

B constant from Eq. (10) []

Yc wetting critical surface tension of the membrane surface [N/m]
UG gas viscosity [Pa.s]
ML liquid viscosity [Pa.s]

P gas density [kg?m

oL liquid density [kg/th

oL liquid surface tension [N/m]
0, 6,  bubble contact angles [°]

X polytropic coefficient []
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Appendix

To solve the non spherical bubble formation model numerically, the following algorithm of

the finite-difference procedure is used:

1) Definition of the operating conditions, of the initial time step and of the initial surface
point number; Parameter initialisation.

2) Provided that the bubble does not detach (principal loop)

(a) For each point i of the bubble surface:

« TheradiiR|_, . R

. and ﬁi‘t—m are calculated geometrically (using the co-ordinates

of the point i at tAt).

24



The modified Rayleigh equation is solved by the Runge-Kutta method (order 4) giving

2
d ?i . The radial velocity and the radial displacement of each element are also:
t
2
dR, _dR .d Fji (A-1) AR, | :At.ﬁ (A-2)
dt |, dt|_, dt* | ! dt |,

(b) Calculation of the intermediaryB|t (only the bubble radial expansion is considered).

2
(c) The force balance is solved by the Runge-Kutta method (order 4) g%%% The
t

vertical velocity and the vertical displacement of the bubble centre of gravity are

described by:

_dy
. dt

dy

dy d’y
dt

dy
A-3 Ay, = At—
t2 ( ) y|t dt

+At.
t-At

(A-4)

t t

(d) Calculation of the new co-ordinates of all elements and of the new bubble volume at
time t.

(e) The change in pressure in the gas chamber at time t is obtained from an integral

equation:
i\ dv
fh:{QG‘m? }
Fb|t = pC|t—At £ ! (A'S)
() The pressure inside the bubble is:
2
1 (dV
pB|t = pC|t _Z—(d—B ] (A_6)
kor \ dt ¢

(g) Comparison of the bubble volumes calculated in the steps (b) and (d). The error is
verified to be negligible.
(h) Test on the required conditions to halve the time step. If necessary, the procedure is

repeated from step (a) with/2.
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(i) Test on the required conditions to insert or to delete surface points. Calculation of the
co-ordinates of the new points.

(j) If any surface point £1) touches the vertical axis (i.e. if the bubble does not detach),
the procedure begins to the principal loop (2. (a)) witht &#gain. Else, the bubble
detaches, the procedure continue on the step (3)

3) The bubble detaches. The final bubble diameter, the frequency and the variation in all

parameters as a function of growth time are given.
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Figurelegend

Figure 1: Schematic diagram of non spherical bubble formation model
Figure 2: Schematic diagram of the experimental set-up

Figure 3: Equivalent hole diameter versus gas flow rate

Figure 4. Hole photographs

Figure 5 : Gas flow rate through the hole versus applied pressure
Figure 6: Experimental orifice coefficient versus hole diameter
Figure 7: Membrane deflection at the pole versus applied pressure
Figure 8: Force balance during bubble formation at a flexible nozzle
Figure 9: Bubble formation photographs

Figure 10: Bubble radius, co-ordinates of bubble centre of gravity versus formation time

Figure 11: Vertical velocity of the bubble centre of gravity versus formation time for
different gas flow rates

Figure 12: Vertical acceleration of the bubble centre of gravity versus formation time for
different gas flow rates

Figure 13: Ratio of surface/bubble contact diameter and hole diameter versus formation
time for different gas flow rates

Figure 14: Contact angles versus formation time

Figure 15: Ratio of surface/bubble contact diameter and hole diameter versus formation
time for the four membranes

Figure 16: Bubble diameter versus gas flow rate
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Figure 17: Bubble frequency versus gas flow rate
Figure 18: Bubble shape variation with time

Figure 19: Calculated (continuous line) and experimental (symbols) bubble volume versus
formation time

Figure 20: Comparison of experimental and calculated bubble diameter
Figure 21: Comparison of experimental and calculated bubble formation time

Figure 22: Calculated pressure changes in the bubble and in the gas chamber against bubble
formation time

Figure 23: Variation in the experimental and the calculated forces acting on the bubble as a
function of growth time
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Fig.1. Schematic diagram of non spherical Fig.2. Schematic diagram of the

bubble formation model experimental set-up
1: Bubble generation vessel, 2: Membrane clamp,
3: Funnel, 4: Soap film meter, 5: Pressure gauge, 6:
Gas flow meter, 7: Electronic manometer, 8: Video
camera, 9: Acquisition computer, 10: Halogens
lamp
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Fig.3. Equivalent hole diameter versus gas Fig.4. Hole photographs
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Fig.5. Gas flow rate through the hole Fig.6. Experimental orifice coefficient
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Fig.9. Bubble formation photographs Fig.10. Bubble radius, co-ordinates of
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Fig.11. Vertical velocity of the bubble Fig.12. Vertical acceleration of the bubble
centre of gravity versus formation time for  centre of gravity versus formation time for
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Fig.17. Bubble frequency versus gas flow
rate
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Fig.14. Contact angles versus formation
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Tablelegend

Table 1: Bubble formation dimensionless numbers
Table 2: Geometrical and physical membrane characteristics
Table 3: Comparison of experimental data of Terasaka & Tsuge (1990) with results

calculated by the present model

Membrane Q (ml/s) N¢ Nw We
M1 0.01-2.53 163 - 66 0.04-6.6 1.6.16-2
M2 0.09 - 0.77 219 - 185 0.32-2.6 0.016 — 0.91
M3 0.03-1.10 126 - 96 0.10-3.2 0.001-0.71
M4 0.05-0.87 602 - 426 0.22-3.6 0.021-4

Table 1: Bubble formation dimensionless numbers

Membranes  Thickness vy f=o.Ré’ T=K.AP" Apc Po
(mm) (mN/m) a B K n (mbars) (mbars)
M1 2.15 23 1.71.10 -1.47 0.22 0.81 115 104
M2 2.06 22 6.3.10 -1.42 0.22 0.81 35 22
M3 1.85 24 3.3.10 -1.49 1.84 0.60 63 55
M4 2.26 21 6.3.10  -1.45 0.17 0.83 45 27

Table 2: Geometrical and physical membrane characteristics

LiqUid VC (m3) tB modelling(ms) E experimenta(ms) dB modelling(mm) dB experimental
(mm)
Distilled water 4.25.10 39 40 6,6 5.7
pL=997 kg/ni; 9.75.10° 45 47 6.9 7.5
1 =8.74.10" Pa.s
0,=71.8mN/m 3.005.10° 63 56 9.1 9.6
Qg=2.1.10' m¥/s
Glycerol 4.25.10° 232 270 10 9.4
p.=1260 kg/n; 9.75.10° 233 290 10.1 10.5
u=1.11 Pa.s
0,=62.2 mN/m 3.005.10° 378 320 13.3 12.8

Qg=1.1.10° m¥/s

Table 3: Comparison of experimental data of Terasaka & Tsuge (1990) with results calculated
by the present modek=1.1; H=0.2m; @r=1.47mm; kr=1.76.1m"?kg*? Co=f(Re)
calculated by Yoo et al. (1997) correlation.
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