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Dynamics of growth and detachment of an isolated bubble on an
inclined surface

M. Lebon,” J. Sebilleau, and C. Colin
Institut de Mécanique des Fluides de Toulouse, Université de Toulouse, CNRS, INPT, UPS,
Allée Camille Soula, 31400 Toulouse, France

® (Received 20 December 2017; published 3 July 2018)

The quasistatic growth of an air bubble nucleated on an inclined plate is investigated.
Three substrates (Teflon, treated glass, and glass) are used to study the influence of the
wetting conditions of the plate. The plate has been drilled to alow air injection and
nucleation of the bubbles on the substrate. High-speed shadowgraphy visualizationsin two
perpendicular planes are used to record the evol ution of the bubble shape during its growth.
Experiments are conducted in quiescent water for different slopes of the plate. The bubble
shapeisextracted from image processing and several geometric parameters are determined.
These geometric parameters are used to evaluate the forces acting on the bubble using a
point-force approach. It appears that the classical expressions of the forces are valid for
small slopes of the surface (less than 15°), while the force balance is no longer verified for
higher slopes. This result is linked to an elongation of the bubble foot that has to be taken
into account in the modeling of the capillary force. Thus an expression for the capillary
forceis proposed and the force balance is used to predict the bubble detachment diameter.

DOI: 10.1103/PhysRevFluids.3.073602

I. INTRODUCTION

Bubble growth on a wall is encountered in many practical situations such as bubble injection
through pierced membranesor porous mediain gasor liquid contactorsin chemical processing, vapor
nucleation in evaporators, or inkjet printing devices. In these industrial situations, it isimportant to
predict the bubble size at detachment, which initially controlsthe interfacial area concentration and
thusthetransfer of mass, momentum, and energy between the phases. Predicting bubble detachment
diameter in boiling is an important issue since most of the mechanistic models for the prediction of
heat transfer in nucleated boiling are based on the bubble detachment diameter and frequency [1,2].

In aquiescent liquid, many authors studied experimentally, theoretically, or numerically the gas
bubble injection through a capillary tube [3-6] or the vapor bubble on a heated surface [7-11]. In
these studies, two main approaches are used to predict the bubble detachment diameter. The first
one is based on the integration of the Young-Laplace equation for the calculation of axisymmetric
bubble shapes. However, the boundary condition at the bubble foot is different for bubble growth
with a pinned contact line and for contact lines that can freely move [12].

The second approach is based on a balance of the forces acting on the bubble: the point-force
approach. A classical example of this approach was used by Tate [13] to predict the radius at
detachment with a balance between buoyancy and capillary forces. In general, the forces are usually
written for spherical bubblesin an infinite medium or in the wall vicinity [14,15]. One advantage of
the point-force approach is its ability to predict bubble radius at detachment in situations where the
bubble is no longer axisymmetric.
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FIG. 1. Experimental setup.

However, in such situations, a modeling of the different forces remains a difficult task. The drag
and lift forces exerted by the flow on a bubble growing at the wall are unknown. Another difficulty
concerns the modeling of the capillary force, when the bubble is deformed by the flow and its foot
elongated. The objective of thisstudy isto improve the modeling of the capillary force on adeformed
bubble, when itsfoot is elongated, in asimple configuration of abubble growing on aninclined plate
inastill liquid. Air bubbles are injected on different substrates and plate inclinations. The capillary
force is assessed from a force balance and a modeling is proposed. Finaly, a criterion for bubble
detachment based on the critical values of the contact anglesis proposed.

I1. EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUES

A. Experimental setup

Experiments on bubble injection are performed in a tank (100 mm wide, 100 mm long, and
150 mm high) filled with deionized water at room temperature (20°C). Air bubbles are injected
through a plate by means of a capillary tube of 0.2 mm inner diameter and 1 m in length. The
capillary tube edge is 1 mm below the upper plate surface. Thus, the bubble is generated on the
substrate. Sincethe pressure lossinside the capillary tube and through the valvesis much higher than
the capillary pressure generated by the bubble formation, air isinjected with a constant volume flow
rate Q throughout the bubble growth. Thus, the equivalent bubble radius evolves as

301\ Y3
Req(t) = <4£n[> :

The surface where the bubble is generated can be tilted from 6 = 0° to 8 = 60° (Fig. 1).

Glass windows are incorporated in the four vertical walls of the tank for optical observation.
Two high-speed cameras are used in two perpendicular planes to visualize the bubble growth and
departure (see Fig. 1).

)

B. Substrates properties

Experimental conditions (horizontal or tilted substrates) and wetting conditions affect the size, the
shape, and contact angles of the bubble but also the sliding or lift-off criterion. At the beginning of the
growth, the bubble emerges from the injection hole. Two possihilities can appear: Either the bubble
foot remains attached on the edge of the injection hole (good wettability) described by Chesters[12]
asthemode A of growth or the foot expands outside of the injection hole (poor wettability) as mode
B[12].
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TABLE . Static contact angles.

Substrate ag (deg) B (deg) H; = ag — B« Roughness (nm)
Teflon 135-140 85-90 50 167
treated glass 108-113 75-84 30 27
normal glass 4048 10-18 30 6

Experiments are performed on hydrophobic surfaces [Teflon (r. = 0.1 mm, r. being the cavity
radius) or treated glass (r. = 0.09 mm)] or a hydrophilic surface [glass (r. = 0.09 mm)]. As the
surface condition (roughness, cleanliness, homogeneity, etc.) can affect the results, we must avoid
as much as possible surface irregularities and achieve sufficient cleanliness. For this purpose, the
substrate is cleaned with acetone and rinsed with water. Measurements of roughness are carried out
using an atomic force microscope. The mean roughnessis measured for thethree substrates (Tablel).
The contact angles (Table 1) are measured with a tensiometer DSA 100 using drop shape analysis
software [16] [the static advancing (receding) contact angle ag (B«) by inflating (aspirating) the
drop until the contact line moves forward (backward)]. The glass is hydrophilic («g, = 40°—48°
and By, = 10°-18°). The supersonic particle deposition treatment has been realized by the LAAS
on glass substrate leading to hydrophobic conditions (s, = 108°-113° and Sg,, = 75°-84°). The
hysteresisangle H; = ag — B« islarger on the Teflon plate due to a higher roughness.

C. Visualization and image processing

Thedynamicsof the bubble growth and detachment i srecorded with two perpendicul ar high-speed
video cameras PCO 1200 HS with 1230 x 501 pixels at frequencies between 300 and 1000 images
per second for different configurations: horizontal surface or inclined surface in a quiescent liquid.
All acquisitions are performed by shadowgraphy. The optical axis of camera 1 is set perpendicular
to the xy plane (see Fig. 1) and perpendicular to the zy plane for camera 2. The projection of
the bubbles on the plane is observed with a spatia resolution of 260 pixelymm (camera 1) and
295 pixels/mm (camera 2). After experiments, the interface shape of the bubble is digitized with
dedicated image processing software, based on MATLAB. The contour of the bubble is determined
with different steps of image processing: subtracting the background image, inverting, binarizing,
filtering, filling the holesin the bubbles, and extracting the contour of the bubble. Once the profile of
the bubble is extracted, the geometrical parameters (see Fig. 1) can be evaluated: equivalent radius
Req based on the bubble volume, foot radius r ¢, contact angles « and g, coordinates of the center
of gravity in the horizontal and vertical directions xg and yg, bubble volume V,,, bubble height #,
etc. A polyfit approaches the bubble contour and its derivative at the bubble foot gives the advancing
and receding contact angles of the bubble & and 8. The contact angles are in good agreement with
those obtained with IMAGEJ software and the plug-in drop analysis DropSnake [16]. The bubble
volume and its equivalent radius [(Req = 3V},/4m)/3] are determined considering that the bubble is
composed of a stack of circular disks (horizontal surface) or ellipses (tilted surface), 1 pixel high.
The minor and major axes of the ellipse are determined with the views of the two cameras on each
image. These geometrical parameters are then used to compute the different forces acting on the
bubble. We compare the bubble behavior on the different substrates and observe the influence of
the wetting conditions on the different geometrical parameters (bubble foot radius, contact angles,
bubble equivalent radius, position of the center of gravity, etc.). The calculations were performed
on five to ten consecutive bubbles to ensure the reproducibility of the experiments. Only data on an
isolated bubble are presented just bel ow.

Measurement errors

At the different steps of image processing, the spatia calibration of the cameras induces an
uncertainty of measurement estimated at 0.02 mm on the bubble radius (5% on the bubble volume)
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FIG. 2. Growth of abubble on thethree substrates (from top to bottom on camera 1): glass, G; treated glass,
TG; and Teflon, T). Theview on the second cameraisthe samefor ahorizontal surface. Here tgroun isthe growth
time of the bubble until its detachment.

and +4° on the contact angles. The control parameters of the experiment are the inclination angle of
the test bench (0°—60°) and the air injection flow rate (0-30 mm?/s). All experiments are performed
for low air injection flow rate, much smaller than the critical flow rate defined by Oguz and Prosperetti
[3] and evaluated to 300 mmd/s. In these conditions, the volume of the bubble at detachment does
not depend on the air injection flow rate.

I11. EXPERIMENTAL RESULTS

A. Horizontal surfacein a quiescent liquid

During its growth, the bubble volume increases and the bubble tends to lift off (Fig. 2). The
bubble equivalent radius evolves as 1/ [Fig. 3(b)] following Eq. (1), characteristic of an injection
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FIG. 3. Horizontal configuration in a quiescent liquid. The evolution of the parametersis shown on (a) the
Teflon substrate and (b) the treated substrate.
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FIG. 4. Evolution of (a) the contact angle and (b) the bubble foot.

at constant volumetric flow rate Q. The flow rate changes between the different experiments but the
growth of the bubble isindependent of the flow rate (quasistatic regime). The time is scaled by the
bubble growth time for comparison. At the beginning of the growth, the bubble has aspherical shape
(Fig. 2): The vertical component of the center of gravity y follows the equival ent bubble radius Req
(Fig. 3). When it becomes higher than R, the bubble loses its spherical shape and a neck appears.
An acceleration of the bubble occurs when the bubble begins to detach (see Fig. 3). Indeed, just
before detachment, the bubble foot radius decreases [see Figs. 2 and 3(3)].

The influence of the wetting conditions is made apparent by plotting the contact angle evolution
and the bubble foot radius for the three substrates (glass, treated glass, and Teflon) in Fig. 4. The
bubblefoot radiusr and the time are scaled by the cavity radiusr,. and the growth time of the bubble
[see Fig. 4(b)].

The Teflon and the treated glass are hydrophobic surfaces. Thus, the bubble expands outside the
cavity. Thebubblefoot radiusr ; ishigher than the cavity radiusr, (r, > 1.8r. andr s, > 1.5r.). For
the glass, the ratio between the bubble foot radius and the cavity radius can reach 1.4. Sincethe plate
is hydrophilic, the bubble spreading on the glass plate is less important (Fig. 4). For a perfect and
ideal hydrophilic surface, the ratio would be equal to 1 and the contact line would remain pinned on
the holeinjection edge. The effect of surface wettability can also be seenin Fig. 4(a), wherethetime
evolution of the contact angle is plotted for the three substrates. For hydrophobic surfaces (Teflon
and treated glass), the contact angleis larger than for the hydrophilic surface (glass), especially just
before bubble detachment. The effect of the surface roughness is also visible in Fig. 4(b), where a
stick-slip motion of the contact line can be seen on the Teflon plate. This phenomenon is linked to
surface imperfections, the bubble sticks on the wall, and the anchoring and sliding of the triple line
occur on defects. The line and the interface are deformed. Beyond a certain deformation, the line
detaches from the defect.

For the glass substrates [glass (roughness equal to 6 nm) and treated glass (roughness equal to
27 nm)], the contact line moves constantly. The irregularities present on the surface do not create
stick-dlip phenomena.

B. Bubble growth on atilted surface

Several experiments are also performed for different inclination angles between 0° and 60°. The
bubble is no longer axisymmetric (Fig. 5). The more the surface inclines, the higher the bubble
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FIG. 5. Experiments on atreated glass plate.

deforms. We show the evolution of the contact angles and the bubble foot radius (on both cameras)
versus the inclination angle of the test bench just before the bubble detachment [see Fig. 6(a)].
The difference between advancing and receding contact angles largely increases with the test bench

inclination.

Whatever the substrate used, the same changesin these two parameters are observed. On camera 2
(c2), the bubblefoot radiusis almost constant and isindependent of the surface slope [see Fig. 6(b)].

‘ 45
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FIG. 6. Evolution of (a) the contact angle at detachment and (b) the bubblefoot radiusfor thethree substrates
in atilted surface on c1 (camera 1) and c2 (camera 2).
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FIG. 7. (a) Evolution of the foot radius , for different inclinations of the surface and (b) evolution of the
contact angles for a surface tilted of 30°.

For small tilts of the surface (less than 15°), the advancing and receding angles increases and
decreases, respectively. Theinclination of the surfaceistoo small to see an elongation of the bubble
foot radius on camera 1 (c1). The bubble spreads beyond the cavity. When the tilt angle is large
enough (6 > 15°), the bubble foot starts expanding. The bubble spreads more and more (see Fig. 6),
reaching r; = 4.3r, for the Teflon, r, = 3.5r, for the treated glass, and r; = 4r, for the glass. A
decrease of the bubble foot radius is observed for all the substratestilted at 6 = 50°. Thisis dueto
the beginning of the bubble sliding. Indeed, beyond a critical angle of the surface, the bubble begins
to dide, the triple line retracts, and the radius at the foot bubble decreases. The advancing angle
reaches a constant value very quickly (76° for Teflon, 80° for treated glass, and 70° for normal glass)
for an angle of inclination of the test bench greater than 10°. The receding contact angle reaches a
plateau around 15°—20° for surface inclination superior to 30°.

On atilted surface, the contact angle evolves all aong the contact line, which hasto be taken into
account in the modeling of the capillary force. On camera 1, the contact angles are different and are
caled o and 8. On camera 2, the contact angles on both sides of the bubble are the same and are
called B,. We plot the evolution of the contact angles on both views [Fig. 7(b)]. The advancing and
receding angles respectively increase and decrease, except just before detachment. The evolution of
Bs from camera 2 seems to be equal to 0%’5. Validation of these results for all surface inclinations
will be important for the modeling of the capillary force.

The evolution of the bubble foot radius for different surface inclinationsis shown in Fig. 7(a) in
both views. For clarity, we plot only two inclinations for the second camera. On camera 1 [closed
symbolsinFig. 7(a)], at small surfaceinclination (6 < 15°), the bubblefoot radiusisamost identical
in both views and quickly reachesits maximal value. The bubblefoot hasacircular shape. For higher
inclination of the surface, the bubblefoot radiusincreases more and more until reaching its maximum
value at detachment. The bubble has an elongated bubble foot but only in the gravity direction. The
elongation of the bubbleis called AL = ry, —ry,. On camera 2 [open symbols in Fig. 7(a)], the
bubble foot keeps the same evolution for all inclinations. No elongation is noticed in this direction.

IV. ANALYSIS

We performed the first set of experiments in the most simple situation, a horizontal surfacein a
quiescent liquid, and then we varied the inclination of the surface. At the beginning of the growth,

073602-7
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FIG. 8. (a) Forces acting on a bubble. (b) Horizontal surface configuration of forces acting on a bubble on
aglass. The error bar in yellow is 10% of the capillary forces.

the bubble has a hemispherical shape, which evolvesinto atruncated spherical shape and thento an
almost spherical shape prior to the formation of aneck at its detachment (Fig. 8). When the surface
istilted, the bubble can be deformed and may slide along the wall before lifting off.

For a bubble growing on its nucleation site in a quiescent liquid (see Fig. 8), the force balance
can be written

—PlndS—i—/ —P,ndS +Fc =0, 2
Sy

ngbg + /

Sy

where V,, is the bubble volume, n is the vector normal to the surface, S, is the bubble surface S
the bubble foot surface (S = nr?), Fc isthe capillary force acting at the contact line, and P, and
P, are the pressure in the liquid and in the gas bubble, respectively. Since the bubble growth is
guasistatic, the pressure distribution in the liquid is hydrostatic. Thus drag and inertia forces are
neglected. Equation (2) becomes

(pg _pl)ng+ (PI _Pg)’ndS+FC =0. (3)
Sy
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TABLE Il. Calculated volumesin units of mm?®.

Substrate Vrae [EQ. (7)] Vratesin) [ VraeSiN(a)] Vexpt age (deg)
Teflon 4.65 4.25 451 67
treated glass 4.15 4.02 3.76 77
glass 415 2,66 258 40

The first term of Eqg. (3) is the buoyancy force Fp. It is composed of the weight of the bubble and
the Archimedes force.

The second term is the contact pressure force due to the overpressure inside the bubble and to
the fact that the bubble isin contact with the wall, instead of being completely surrounded by liquid
(see Ref. [14]). This contact pressure force isafunction of the pressure differenceinside and outside
the bubble. The pressure difference across the bubble interface at its foot can be expressed versus
the equivalent radius at the bubble top R (Laplace equation) and the hydrostatic pressure difference
between the bubble top (y = /) and the bubble foot (y = 0) (see Ref. [17])

Fep = | (P —P;)-ndS =[P,(y=0)—P(y=0)]Ss8
Sy
2
=[P =)= Py = )+ rsilsyey = (5 + e )31, @

where y; isthe surface tension and S, the contact surface between the bubble and the wall.

The last term is the capillary force which keeps the bubble foot in contact with thewall. It acts at
thetripleline (of the solid, liquid, and gas) and is expressed as afunction of the polar angle ¢ of the
bubble surface in contact with the wall:

Fe = fo 2 iy T(9), 5)

where T isthe unit vector tangent to the interface and normal to the triple contact line. The buoyancy
and the contact pressure promote the bubbl e detachment, whereasthe capillary force keepsthe bubble
attached to the wall.

A. Horizontal surface

In this case the bubble grows axisymmetrically and the contact angle is constant and equal to «
over the circumference of the bubble foot. The surface tension force is thus

Fc = —27'[rfy1 Sm(a)ey (6)

In the horizontal configuration, the force balance is only in the vertical direction (since F¢, =
Fg, = 0). We assume that the force balance is satisfied if the sum of the forcesis inferior to 10%
of the capillary force (see error barsin Fig. 8). The force balance [using Egs. (4) and (6)] is plotted
in Fig. 8 for the glass plate. It is satisfied for this configuration for the three substrates. At the
instant of detachment, the contact pressure is small and the buoyancy force balances the capillary
force.

In aquasistatic regime, the detachment volumein aquiescent liquid is close to Tate'svolume [13]

277)’1"(-
glor — pg)’

For a spherical bubble on a Teflon, treated glass, or glass wall, the volume calculated from the
detachment equivalent radius is 4.51, 3.76, and 2.58 mm?®, respectively (Table I1). It has an error of
3%, 10%, and 40% by comparison to the volume of Tate (Vrxe = 4.65, 4.15, and 4.15 mm?®). Tate's

)

VTate =

073602-9



M. LEBON, J. SEBILLEAU, AND C. COLIN

x107°

x 107

(b)

g of :
o Mﬁw“& o
8o g 5.
Wﬂm
voerror| e _F
—Total m}% - 2¢ FBY
[|F P i, —
Cx T Wi | Al [ttt cP__ |
_.F BTl 3 [ ™
L Bx kN | ek
‘ ‘ ‘ -4 ‘ ‘ ‘
0.6 0.7 0.8 0.5 0.6 0.7 0.8
t (s) t(s)

FIG. 9. Force balance in both directions for atilted surface of 9.5° on treated glass (a) paralel to the wall
and (b) perpendicular to the wall.

calculation of volume considers only two forces: the buoyancy force and the capillary force for a
contact angle at detachment equal to 90°. However, in our experiment, the contact angle at detachment
iscloseto age = 67°, 77°, and 40° for Teflon, treated glass, and glass substrates, respectively (the
contact angle at detachment was taken just before the neck formation). The correction of Tate's
volume by the contact angle [ Vrae Sin(w)] at detachment reduces the error (6%, 7%, or 3%).

B. Small slope of the surface

In some cases (inclined surface or in shear flow, etc.), we must differentiate between the advancing
anglea andreceding angle 8 of thebubble. Klausner et al. [ 18] proposed an expression of thecapillary
forcein both directionsfor acircular bubble foot and alinear evolution of the contact angle between
the advancing angle and receding angle:

Fo = ~2r D lan(g) + sin@le, ®
Foy = ~2r/y———[cos(p) — coslo)le. ©

a—p

The results of Klausner et al. [18] on numerical integration of the capillary force show that Fcy
given by Eq. (8) must be corrected by afactor of 1.25, while Fcy does not need correction. For an
inclined test bench, we need to evaluate the forces acting on a bubble in both directions (parallel and
normal to the plate). In the direction parallel to the plate, the buoyancy acts for bubble detachment
against the capillary force. In the direction perpendicular to the plate, the same forces act on the
bubblefor atilted bench asfor an horizontal bench. The advancing and receding angles of the bubble
are different. Equations (8) and (9) for the capillary force are used in the force balance for low
inclination (less than 15°). The force balance is verified in both directions for an inclination of 9.5°
for the three substrates. Results are plotted for treated glassin Fig. 9. For higher inclinations of the
plate (28.4°), the modeling of the capillary force does not alow one to satisfy the force balance as
pointed out in Fig. 10.
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FIG. 10. Force balance in both directions for atreated glass tilted surface of 28.4° on (a) the x component
and (b) the y component using Egs. (8) and (9) for the capillary force.

C. Highly inclined surface

It is observed that when air bubbles grow on an inclined surface, the bubble foot elongates only
in the x direction [Fig. 6(b)]. This elongation modifies the capillary force and the contact pressure
force and thus the force balance commonly used. This elongation appears to be similar to the studies
of Furmidge [19] and Dussan V. et al. [20], who studied the different shapes of the foot for a drop
or abubble stuck on atilted surface. When the inclination of the surface increases, the bubble foot
isno longer circular. An elongation is observed in the tangentia direction of the plate (cf. Fig. 11).

The capillary force is then changed. Its modeling will depend on the bubble foot shape and the
value of the contact angle all along the contact line.

The evolution of the bubble foot elongated radius r » scaled by the bubble foot radius rq at 0° of
inclinationisplotted versusthe surfaceinclination 6 for thethree substrates (Fig. 12). Inthe preceding
section we noticed when the slope of the surfaceislow (6 < 6, = 15°) the elongation of the bubble
foot is not important enough to modify the capillary force. The bubble foot remains circular and
with aradiusvery closeto ro. When 6 > 6, = 15°, the bubble elongates only in the direction of the
inclination (filmed by camera 1). The elongation AL is equal to the difference between the bubble
foot radii on the two views. An expression of the bubble foot radiusis found versus the bubble foot
at 6 = 0° (which is the same whatever the plate inclination on camera 2),

rr=ro+ AL = ro[14+ AH(6 — 65)(Sind — sindy)], (10
a+p
2
a B i B

FIG. 11. Shape and settings of the bubble shape.
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FIG. 12. Evolution of the bubble foot radius r, scaled by the radius ro at 0° of inclination versus the
inclination surface .

where A = 4.69, AL isthe bubble elongation, and # is the following Heaviside function, equal to
0if9 < 6y andequal to 1if 6 > O.

Thiselongationislinked to the inclination of the surface. The bubblefoot isassumed to follow the
contour givenin Fig. 11. An additional hypothesis on the contact angle evolution along this contour
isrequired for the modeling of the capillary force. The contact angle is assumed to be constant and
equal to # on the straight line segment AL (see Fig. 11) and we suppose a linear evolution of the

contact angle between the advancing angle « and # and between # and the receding angle 8.

According to these assumptions, the component of the capillary force perpendicular to the wall is
written

T . o+
Fey = —2r0yla —5 [cos(B) — cos(a)] — 2A Ly, sin ( 5 ﬂ). (12)
The component of the capillary force Fc, remains unchanged. Finally, the force balance in the

direction parallel to thewall is

In the perpendicular direction, the force balance becomes

[sin(B) + sin(e)] = O. (12)

28y
Rf + Sypigh — 2roy

(o1 — pg) Vg COS(0) +
S o

= 5 [0os(p) — cosa)]

— 2y ALsN ("“2”3> —0, (13)

where Sy = mrg + 2roAL is the surface of the bubble foot used in the calculation of the contact
pressure force. The force balance for two inclinations on a Teflon plate is plotted in Fig. 13. These
different forces show the importance of the boundary conditions at the triple contact line. The force
balance iswell satisfied in both directions for al the substrates and all the surface inclinations.
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FIG. 13. Force balance on a Teflon plate with elongated bubble foot on an inclined surface of 28.4° (a)
parallel to the wall and (b) perpendicular to the wall [Eq. (11)] and on an inclined surface of 50.9° (c) parallel
to thewall and (d) perpendicular to thewall [Eqg. (11)].

D. Detachment model

In the quasistatic and dynamic regimes, bubble detachment is most of the time predicted from a
force balance applied to abubble assumed to be spherical. Zeng et al. [21,22] developed amaodel (for
pool and flow boiling) which simultaneously cal culatesthe bubble diameter and theinclination angle
of the bubble at detachment. Duhar and Colin [17] proposed a predictive model of the bubble radius
at detachment in a Couette flow for small bubble Reynolds numbers. It is based on the resolution of a
system of two equations (momentum balance equations in the directions parallel and perpendicular
to the wall). The detachment criterion was based on a given value of the advancing contact angle o
and the system of two equations was numerically solved to calculate the two unknowns g and the
bubble radius at detachment Rqe. This model predicts the bubble radius at detachment in a viscous
liquid at low air injection rates (less than 40 mm?3 s~1) and shear rates below 10 s~. This approach
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FIG. 14. Evolution of the receding angle and radius at lift-off.

will be applied to predict the bubble detachment diameter on atilt surface. A criterion for the bubble
lift-off based on acritical value of the advancing contact angle is being sought.

We plotted the contact angle values at the bubble detachment versus the inclination angle of
the bench for the three substrates (Teflon, treated glass, and glass) in Fig. 6(a). We have the same
evolution of the contact angle for al the substrates. The advancing angle « at detachment increases
and reaches aquasiconstant value (76° for Teflon, 80° for treated glass, and 70° for glass) for atilted
surface with an angle superior to 10°. Thereceding angle 8 decreases[see Fig. 6(8)]. The wettability
of the substrates does not have a significant influence on the contact angle at detachment but it affects
the value of rq. At detachment rq is about equal to r. on the glass substrates and to 1.3r. for the
Teflon plate. If ro and age are known, Egs. (12) and (13) are written as follows:

(01 = Vi S(0) — 125 x 2roy—— o2 —P)_rein(p) + sinfu)) =0, (14)
e — (Oldet - ,3)
2
(o1 — pg)Vig cOS(O) + % + Sroigh — 2roy; T [cos(B) — cos(aget)]
eq odet — B
— 2ol AH(6 — 6,)[SN(0) — Sn(@.,)]) sin (“"‘*; P ) 0 (15)

At detachment, the bubble is assumed to be spherical (V, = gnRga, h = 2rget, s = Fget, and
Sy = mg + 2rgAL). We obtain a system of two equations with the two unknowns: the receding
contact angle 8 and detachment radius Rqe for a set of parameters (aqe, 0, and rg). We compare
the experimental values of bubble radius and receding angle at lift-off and the calculated values
from the satisfied force balance. For an inclination angle of the test bench superior to 5°, the model
provides a reasonable prediction of the data. Indeed, the calculated values of the two unknowns are
in good agreement with the experiments (see Fig. 14). For an inclination of 5°, the advancing angle
on the Teflon surface is 65° instead of 80°, the value assumed for the prediction. It is normal that
the calcul ated values do not match the experimental values for thisinclination. The same comments
can be made for the glass substrates. For this model, the knowledge of rq is very important and it is
directly linked to the substrate wettability.
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V. CONCLUSION

Theinjectionof air bubbleson atilted plateinaquiescent liquid wasstudied. Image of bubbleswere
taken with two perpendicular high-speed cameras. Theinterface shape of the bubble and geometrical
characteristic parameters were determined with image processing software, based on MATLAB. From
these parameters, the different forces acting on bubbles in a static regime were quantified. In a
quiescent liquid, for an inclination of the surface greater than 20°, an elongation of the bubble foot
was noted. The modeling of the capillary force and the contact pressure force wasimproved and the
force balance was satisfied. We proposed the prediction of the bubble radius at detachment with a
model based on aforce balance and limit values reached by the contact angles. The bubble radius and
thereceding angle at detachment werewel| predicted inaquiescent liquid by using Egs. (12) and (13)
for an inclination angle 6 between 10° and 50°. The lift-off criterion is based on the contact angles
(¢ = 70°, 76°, or 80° for glass, treated glass, and Teflon substrates). Further experiments should be
performed to determine the hydrodynamic forces acting on an isolated bubble in a shear flow.
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