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Abstract

In this work, the rising velocities of gas bubbles in a still liquid are measured and compared with available theories. In order to separate
the mechanical effects from the thermal and mass exchange ones in bubble dynamics, adiabatic two-phase flow conditions were establishe
by injecting gas (nitrogen) bubbles in a fluoroinert liquid (FC-72) at ambient temperature and pressure through an orifice (about 0.1 mm
diameter) drilled on a generatrix of a horizontal tube. Bubble size, aspect ratio, detachment frequency, velocity and frequency of shape
oscillations were measured by processing of high speed video images (at 1500 fps). A sensible steady oscillation of velocity, with a
amplitude up to 20% of the mean value, was evidenced after the initial acceleration region. This oscillation was well correlated with the
one in aspect ratio, thus providing evidence of the separate influence of this last parameter on drag coefficient. Available correlations did not
give fully satisfactory results in predicting the mean rising velocity, showing a general tendency to underprediction. Sensible wake effects
were excluded. Finally, the frequency of shape oscillation and the mean aspect ratio were compared with available models, evidencing their
limitations.
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1. Introduction the motion of bubbles in a one-component system consisting
of saturated FC-72, investigating the effect of pressure up to
1.1. State of the art the critical one. The present work bridges the gap between

the former ones on adiabatic systems and the work of Celata

Several experimental and theoretical studies, on theetal. on FC-72, in that for the first time rising velocity data
motion of gas bubbles in a liquid have been performed since are reported for an adiabatic system in which FC-72 is the
early 60s, and it is impossible to deal exhaustively with them operating fluid.
all in this limited space. The problem was tackled, among
the others, by Peebles and Garber [1], Davidson and Schulerl.2. Dynamics of bubble motion
[2,3], Kumar and coworkers [4—7], Wraith [8], Tsuge and
Hibino [9], Zun and Groselj [10], Park et al. [11], Bhaga In this paper the vertical motion of a gas bubble in a still
and Weber [12], Grace et al. [13], Pamperin and Rath [14], liquid is studied. The liquid is of different nature than the gas
Buyevich and Webbon [15], Tomiyama [16], Tomiyama Of the bubble. If evaporation of liquid and gas dissolution are
et al. [17]. Good reviews on the subject were compiled Neglected, the bubble has a constant mass, and furthermore,
by Clift et al. [18], and Tsuge [19]. All of these studies if the variation of temperature and pressure along its path
are performed using two-component immiscible fluids (gas are negligible, the volume of the bubble is constant too.
into liquid), in adiabatic conditions, and most of them were Under these assumptions, the momentum equation along the
related to the motion of air bubbles in water or water-based Vertical(y) axis can be written as
mixtures. Only a few works were focused on different fluids d
(e.g., [9,11)]) and, as far as known, none of them on organic VBE[('OZJ +Cupnug] = (o1 = pg) Vg — Fp 1)
refrigerants. Very recently Celata et al. [20,21] considered \yherey 4 is the velocity of the center of mass of the bubble.

The contribution due to the inertia of the gas, represented by
* Corresponding author. pg On LHS of Eq. (1), is always neglected. If the trajectory
E-mail addresslothar@ing.unipi.it (P. Di Marco). of the bubble does not deviate significantly from the vertical,
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Nomenclature
A =1 D m v VOIUME .. oo 3m
A, amplitude of velocity oscillation ........... m We Weber number= pu%deq/cr
a bubble minoraxis ..................... pixel x horizontal coordinate (parallel to tube). . .. .. m
a’ acceleration to buoyancy ratio y vertical coordinate........................ m
b bubble majoraxis...................... pixel §; error in measuremeint
c bubble size in motion direction ............ m y bubble distortion factor
Cp drag coefficient e integer number of half periods.............. S
Cu virtual mass coefficient A oscillation wavelength .................... m
deq bubble equivalent diameter, Eq. (4)......... m u dynamic viscosity .................... Ral
E bubble aspect ratio v frequency of shape oscillations............ Hz
E bubble mean aspect ratio 0 density......cooviiii kg3
Eo EO6tvOs number, Eq. (7) o reduced densitys (o1 — pg)/ o1
F force ... N o surfacetension ................ ... ... .
f detachment frequency.................... Hz filter function
g gravity acceleration................... N2 .
Kur  Hadamard reduction factor, Eq. (10) Suffixes
M Morton number, Eq. (8) B bubble
p PIESSUME . ..\ttt e e e e eenn s, Pa D drag
Oin gas volumic flowrate ............... s~ 1 eq equivalent
R FadiUS .. ..ot m g gas
r radius of curvatureofcap ................. m G center of gravity
Re bubble Reynolds number, Eq. (6) in inlet
s distance between two consecutive bubbles .. m/ liquid
Sr Strouhal number, Eq. (27) max maximum
T temperature ... °C, K med mean
t time ..o s R Rayleigh (frequency of)
u VElOCItY ..ot sl T terminal
up can be assumed as the total velocity of the bubblergnd According to Clift et al. [18] and to Tomiyama et al. [17]
as the drag force exerted on it. Semi-empirical constitutive the value ofCp can be correlated by Reynolds, E6tvds and
models are necessary to represent the te¢ys (virtual Morton numbers:
mass coefficient), and’p (drag force). Generally}Cy, is 1t pdeq
given as 0.5 for a sphere in a fluid and/16 for a sphere e= T (6)
attached to a plane [22]. When the bubble has reached its 2
terminal velocity, or whenever the inertial contribution can gq_— (p1 — pg)8deq )
be neglected, the former equations reduces to o .
Fp = (o1 - pg)Vag @ = PTLds ®)
Several models have been developed for the drag force, A
which can be expressed as [18] Alternatively, the Weber numbéwe= pu%deq/a) could be
2 2 adopted, though its use is generally more common for drops
Tdgq pruy
Fp=Cp (3) than for bubbles.

4 2 Three different regimes of terminal velocity of an isolated
where Cp is the drag coefficient andeq is the bubble bubble can be distinguished as follows.

equivalent diameter, i.e., the diameter of the sphere having

the same volume as the bubble (1) A first region (viscosity-dominated), for very low
4/6V3 Reynolds number, in which bubbles are spherical, vis-
deq= 7 4) cosity forces dominate the terminal motion and terminal

velocity increases with diameter.
(2) An intermediate region (surface-tension-dominated), in
which surface tension and inertia forces determine the
4p'gdeq 5 terminal velocity. Bubbles are no more spherical in
3Cp ) this region and terminal velocity may either increase,

By substituting Egs. (3), (4) in Eq. (2), the terminal velocity
of the bubble can be derived as

Up,T =
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remain constant or decrease with equivalent diameter.velocity. After manipulation, it results in an expression of
According to Clift et al. [18], at least for air—water the drag coefficient (defined by Egs. (3) and (5)) given by
systems this regime holds for abou®8 < Eo < 40,

however the boundaries (especially the lower one) are Cp =
somewhat arbitrary [23].

(3) A last region (inertia-dominated), for hid#p, in which where r is the radius of curvature of the spherical cap.
the bubbles are spherical-cap or bullet-shaped and theSince for Re> 150 the bubble becomes a spherical cap
motion is dominated by the inertia forces. Velocity With a wake angle of approximately 5¢18], after some
increases with equivalent diameter in this regime. manipulationdeq/r = 0.89 is found, which givesCp =

8/3. This value is advised fadre> 150, Eo > 40 in [18,
Besides, a distinction has been made among slightly Chapter 8]. Extension to ellipsoidal cap can be found in the
contaminated or fully contaminated systems, in which, due same reference.

to the accumulation of surfactants, the interface tends to  Inthe intermediate region, models were proposed by Ishii

behave as a rigid one and pure systems, in which the liquid-and Chawla [28]

gas interface does not behave as a solid body. The latter 2

d
— (11)
p

bubbles show a reduced drag due to internal circulation, Cp = é«/E_O (Eo< 16)
which reduces skin friction, and to the shifting backwards 8 (12)
of boundary layer separation. Cp=3 (Eo>16)
In the viscosity-dominated region, a number of relation- i
ship forCp has been proposed in the general form and by Tomiyama et al. [17]
A A _8 FEo
Cp = R—;+ Rézn + A3 ©  PT3Ect28, (13)

Some of the proposed coefficients are reported in Table 1.Where Bs =2 was originally proposed for air—water (adia-

The accuracy is in the order of 5%. More sophisticated ex- Patic) systems, thoughs = 2.4 seems to give better results

pressions have been proposed as well. They are extensiveljor air bubbles in pure stagnant water [21].

treated by Clift et al. [18, Chapter 5]. Wallis [29] has noted that in the past several authors
The Hadamard—Rybczynski [26] reduction factor have identified a part of this region as characterized by a

constant value of Weber number: e.g., Peebles and Garber

KiRr = At/ [1] proposedVe= 3.65 for bubbles. By simple manipulation

2/3+ g/

(10)
this condition results irCp = const- Eo. Wallis proposes
has also been used to divide the calculated valuggofor

We= 4 and this results ip = Eo/3.
a rigid sphere, in order to use them for pure systems, though ~ Tomiyamaetal. [17]reconsidered former approaches and
rigorously this correction can be applied to the Stokes developed a general correlation foi, valid throughout
law only. For gas-liquid systems, in whiqly >> g, KHR all th(_a regions above, which fitted niC(_er the available
reduces to 1.5. This correction leads to overestiniador experimental data and can be expressed in the general form
Re> 20 [18, Chapter 5].

Inthe third region, according to [18], the model by Davies

B
Cp= max{min[R—l(l—i- 0.15R&-687),
and Taylor [27] gives an accurate prediction of terminal €

% (1- BgRe°~5)}, 275 EOZB } (14)
Table 1 € O+ 2B4
Coefficients in Eg. (9) where the coefficient®; assume different values according
Aq A A3 m Ref. Remarks the nature and the contamination of the system, see Table 2.
24 0 0 o [24] Classical Stokes’ law, This model has recently extended by Celata et al. [21] in or-
rigid sphereRe< 1 der to fit refrigerant data and the corresponding coefficients
24 0 0 0188 [24] Oosen solution, rigid are reported as well.
sphereRe<5
24 36 0 0313 [18]  Schiller and Nauman, rigid
sphereRe< 800, Table 2
48 0 0o o [25]  Levich, pure system, Coefficients in Eq. (14)
Re> 100,
48 -106.1 0 15 [18] Moore, pure system, Bi B B3 By Ref. Remarks
20 < Re< 1000 16 48 0 2 [17] Pure adiabatic system
72 0 0 0 [17]  Levich, slightly cont. sys- 24 72 0 2 [17] Slightly contaminated ad. syst.
tem 24 00 0 2 [17] Fully contaminated ad. system
24 24 0 025 [17]  Ishii and Chawla 16 48 221 5 [21] FC-72, diabatic system
0 187 0 068 [1] Peebles and Garber 16 48 221 4 [21] R-114, diabatic system
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As reported in [17], comprehensive expressions of the 2.0 ot
same kind as Eqg. (14), can be derived also from the work 19 F ¥ -
of Ishii and Chawla [28] L @ o -iomm

24 75 | 2 8 8y gj :i ZZ -
Cp= max{ R—e(1+ 0.1Ré& ) mm[gx/ﬁ, :—3“ (15) 17 by A d:: o]
I d =89mm )
and by Peebles and Garber [1] s 16 %ﬁ vV o4 ]
24 187 = i
Cp= max{max[R—e, W}, \m 1.5 T %0 X .
_ S 14+ o .
min[0.0275E0Wé, O.82Eo°'25We0'5]} (16) o o _
13 | ‘<>‘ VN -
In this equation,EoWe& has been used in place of the I oo O l
original Ré*M in order to stress that the terminal velocity 1.2 i o °4 A ]
does not depend on viscosity in the second and third region 11 F M o i
(viscosity cancels out in the produB&'M). Peebles and - @ j
Garber [1] noted also that the rightmost expression implies 1.0 —————"—————————rdr
a terminal velocity independent of bubble diameter, which is 0 10 20 30 40 50
in contrast with Davies and Taylor model, Eq. (11). s/d,,

A general correlation for bubble velocity has been pro-
posed by Wallis too [29]. He distinguished among five re- Fig. 1. Terminal velocity of bubbles in train (normalized to the one of an
gions (some of them subdivided in sub-regions) correlating isolated bubble) vs. dimensionless bubble spacing, adapted from Tsuge and
. . . . A . . Hibino [9].
the data with simple relationships containing a dimension- ibino 9]
less velocityv™ and a dimensionless radius. By recasting

his expressions for fluid spheres, the following relationship This expression can be recognized as a modified version of
is achieved Eqg. (13) in which the coefficients are made dependent on

. 16 136\ 48 andg. _ _ . .
Cp= max{mm[max(—, —_8), —}, So far, the interaction between succeeding bubbles in a
Re Ré Re column has been neglected. Tsuge and Hibino [9] reported
min[@, 0.47TEP 255, §“ (17) data of large bubbles rising in watedefy = 5—9 mm) at
3 3 different detaching frequencies, which have been re-plotted
According to the models above, the shape of the bubble as a function of dimensionless spacing between bubbles,
does not play an independent role on its terminal velocity, s/d, in Fig. 1. Here, the increase of terminal velocity with
i.e., itis assumed to be a single-value functiofRef M, Eo. reducings/d may be interpreted as a wake effect, which is
Very recently, Tomiyama et al. [30] provided experimental increasing with bubble diameter.
evidence that this is not true, at least in the intermediate re-  Finally, it is worth stressing that, while a considerable
gion of terminal velocity. Consequently, they proposed a new amount of research was devoted to the drag forces acting
model which includes the bubble shape as an independenon a bubble rising in a still liquid, far less attention has
parameter. This new model can be considered as an extenbeen paid on the lift forces, which are responsible of the
sion of Davies and Taylor approach to the surface-tension-oblique, zig-zag or helical motions so often encountered in
dominated region and it is supported by experimental data experiments. These motions are generally attributed to wake
for an air-water system. The bubble is assumed to be a dis-shedding.
torted oblate spheroid, so that two new parameters are intro-
duced: the aspect ratib (i.e., the ratio between minor and
major axes of the bubble) and the distortion fagtowhose 2. Experimental apparatus
value ranges from 1, for an ellipsoid, to 2, for a hemispheiro-
dal cap bubble. In the assumption that the potential flow re-  Adiabatic two-phase flow conditions were established by
gion is restricted to the bubble tip, the following expression injecting gas bubbles in a liquid through an orifice. The
of Cp results experimental cell consisted of an aluminum box of about
2.5 dn? volume, monitored by temperature and pressure

Cp(Eoy. E) 2Eo sensors (see Fig. 2). The cell was provided with windows on

=—2 5 7 3[1:(7/15)]‘2 (18) two sides and on the upper part, to allow visualization and

y E¥/2(1 - y?E®)Eo+ 16y EY/ video shots of phenomena occurring inside. The working
where fluid was FC-72 (GF14) a fluoroinert liquid manufactured

sinlv1—22—zJ1—22 by 3M, used in electronics cooling. The geometry of the test

F(z) = 1_ .2 (19) section was derived from the one of an analogous apparatus



P. Di Marco et al. / International Journal of Thermal Sciences 42 (2003) 435-446 439

operated at Pisa University, to study boiling phenomena During the experiments reported herein, measurements
[31], in order to compare the results. It consisted mainly of bubble volume, aspect ratio and velocity were taken by
of an horizontal copper tube (1 mm o.d. 0.2 mm i.d.) digital processing of video images taken with a high speed
connected to the gas injection device. The nitrogen was camera (Phantom V4.0 by Vision Researchs) at a frame rate
injected from a pressurized vessel into the fluid via a of 1500 fps and with a resolution of about 20 pixein.
circular orifice (0.13 mm diameter) drilled in the upper The detachment frequency was measured by analyzing the
part of the tube. An electric field could also be generated signal of a photodiode hit by a He—Ne laser beam, which
by imposing a d.c. potential drop to a 8-rod cylindrical was intersected by the rising bubbles, as this method is more
squirrel cage surrounding the tube. Though the rods wereconvenient, fast and accurate than the use of the high speed
left in place, this feature was not utilized for obtaining camera. The optical arrangementis sketched in Fig. 3.
the results described herein. The facility was intended for The data reduction procedure and the related uncer-
operation in microgravity conditions too [32]. To this aim, tainties are reported in Appendix A. Typical uncertainties
the fluid container was connected to bellows in order to in equivalent diameter and aspect ratio measurement were
allow for volume dilatation due to temperature changes and around 2%, and those in velocity (for a single bubble) ranged
gas injection, without leaving a free surface above the liquid. from 3% to 4.5%.

To measure and control nitrogen mass flow a digital
mass flow controller (model El-Flow by Bronkhorst) was
used in each cell: this device guaranteed a stable inlet flow3. Resultsand discussion
(proportional to an input voltage) in the chamber below the
orifice. The outlet flow rate from the orifice stabilized at In this work, values of rising velocity of bubbles were
the same value within some seconds. The apparatus wasneasured in a wide range of detachment frequency and
intended to work in “fixed flow” conditions; these were volume. This was achieved by varying the inlet gas flowrate
achieved mainly by reducing the volume of the gas chamberfrom 1.5 to 53 mm.s~1. All the tests were carried out at
under the orifice. The conditions to ensure “fixed-flow” atmospheric pressure (1853 kPa) and in a range of fluid
operation are discussed in detail by Danti et al. [33]. temperature from 21 to 2&. In this range, the viscosity

of FC-72 varies from 0.68 to 0.63 mBa(3M Handbook,

Nirogen flow meler |yc.ion e Copper apilery pipe [34]). The Morton numben ranged from 719 x 10~10to
R 0.13 mm dia 1 mmoes X Fill valve 8.41x 10~10, Refrom 300 to 450, an&ofrom 0.7 to 1.4.
PN | 1
N\ o | 3.1. Detachment diameter and frequency
\ :; l| )
The detachment diameter vs. the flowrate followed a
L = \ | Drainvaive characteristic trend reported in Fig. 4. The plot of detach-
s 200mm b votage rods < ment frequency is reported in Fig. 5.
Peek Insulating Frame (not used here) '
L 11 ~rr-rrrrrTrTrrTrrTrT
Pressure w
compens. —L“"r’.\_] - B 7]
bellows 2 r
Exhaust valve \
(open to the ;.‘ TEST SECTION 1.0 F o -1
atmosphere) SIDE VIEW 000
: ) i o ¢ ]
Fig. 2. Experimental apparatus. PON
—~ 09 | 4
IS L <
é - o °° -
g
® 08 M .
- s s Polycarbonate L ° < LN
Photodiode windeii & <
and oscilloscope - 9L -
5 0.7 | -
High speed camera sl : é
- s - ]
Pplycarhunale . . | ) . . . . | . . 1
window |1 - 0.6 " " " " " " " " " " " "
1
Test section @¥§; 0 10 20 30 40 50 60
He-Ne laser 3
Q. (mm/s)

Fig. 3. Sketch of the optical setup. Fig. 4. Bubble detachment diameter vs. inlet flowrate.
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Itis worth noting thatin the range 16 Qin < 22 mn?-s~1 The periodic oscillation of rising velocity was almost
the detachment occurred steadily with two different alternat- identical for a number of consecutive bubbles. It exhibited
ing periods and diameters, so that the corresponding dataa definitely non-stochastic nature and its amplitude was
were omitted from this study. This is evident from Fig. 6, markedly greater than the experimental uncertainty. This
where the flow patterns at different flowrates are depicted. oscillation was also well correlated with the oscillation of
These data are in agreement with former ones obtained withaspect ratio: the two measurements are reported together
the same apparatus and the dependence of the detachmeit Figs. 8-10 for three different values of flowrate: the

volume on gas flowrate has already been analyzed [33]. oscillations are almost in phase, with a very small delay
for velocity peak. The correlation becomes more and more
3.2. Velocity and aspect ratio evident with increasing inlet gas flowrate. This is also well

evidenced in Fig. 11, where the two measurements are
The typical evolution of bubble velocity with distance reported one vs. the other, after normalization as follows
from the orifice is reported in Fig. 7: after an initial accel- up —iig
eration, and as long as bubble path keeps vertical or nearly“norm= WB max— Qg (20)
vertical, the velocity oscillates around a constant value; this ’

. . . . E—E
defines the measurement region for the rising velocity. Enorm= ———— = (21)
Emnax— E
LA e e e e L s S B By The mean aspect ratio is reported o in Fig. 12
= o . together with a correlation by Welleck et al. [35], valid for
100 | 009 o Eo< 40, M <1075, as reported
000000 1 — 1
r M ] E=——— (22)
80 L ° ] 1+ 0.163EP 757
[ ] whereE is ensemble averaged aBdis calculated using,.
~ It can be seen that the measured values (0.95 < 0.7)
T 60T ] are overestimated by the correlation. On the other hand,
- o b the same disagreement was encountered in [18] for a pure
- o
40 + ° 4 system.
I °°
N | 3.3. Shape oscillations
20  ° -
o - The frequency of shape oscillations can be derived from
0 A T R R S S A R R B I UB.T
V= — (23)
0 10 20 30 40 50 60 A
Qm (mm3/s) where A is the spatial distance between two consecutive
maxima in E, taken from the plots (i.e., the spatial wave-
Fig. 5. Bubble detachment frequency vs. inlet flowrate. length). Shape oscillations were not detectable gy <
-
> - -» »
- .
D > >
- ] -y
- >
- -
g | e

0, = 8.1 mm?/s 0,=193mm’fs 0, =25.6mm’s 0,=321mm’s 0,=492mm’s O, =53.4mm’/s

Fig. 6. Bubble flow patterns at different values of inlet flowrate. The thickness of the pipe (black line at the bottom) is 1 mm.
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0.00 [P T R T H RO T HAU SN B R B 2 3 4 5 6 7
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y (mm) Fig. 9. Trend of terminal velocity and aspect ratio vs. distance from the
orifice.
Fig. 7. Typical trend of bubble velocity vs. distance from the orifice.
1.0
0.20 y
0.9
0.20 ]
0.16 |
0.8
0.16 -
£ 012 1
E 07 w
— 5 ]
g e 0.08 1
:m : 0.6
0.08 0.04 ]
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] i Q, =427 mm’/s O velociyus ]
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y (mm) Fig. 10. Trend of terminal velocity and aspect ratio vs. distance from the
orifice.

Fig. 8. Trend of terminal velocity and aspect ratio vs. distance from the
orifice. Edge and Grant [39], provided an empirical model,
though in dimensional form, for liquid drops into liquid

1 162 \?
5 mne.s~1, presumably due to the insufficient length resolu- v =vr —26.5—5> <m> (25)
tion of the camera. The data were compared in Fig. 13 with P wed _

the well-known Rayleigh equation [36] for the first mode of _ Schroder and Kintner [40] proposed a correction of

shape oscillation of a spherical bubble Eq. (24) based on the amplitude of oscillations
Cmax — Cmin
1 192 (24) YRy T et (26)
VR=— | ——————
21\ (201 + 3pg)d3, where ¢ is the size of the bubble in the direction of

motion. From Fig. 13, it can be noted that Eq. (25) slightly
Eqg. (24) overestimates the oscillation frequency. This was overestimates the frequency data, while the correction given
expected, as in [18] discrepancies up to 40% for pure sys-by Eq. (26) is not sufficient to fit data.
tems are reported. The introduction of a damping coefficient,  In conclusion, none of the proposed models fitted the
as proposed, e.g., in [37,38] did not introduce a significant experimental data satisfactorily. Actually, it must be noted
variation of the calculated frequencies. that the Rayleigh’s model refers to the shape oscillations of
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200 I I 1 T 1 T 1
| €  Experimental data i
—— Rayleigh, Eq.(24)
180 | \ — = Edge & Grant, Eq.(25) =
I \ Schroeder & Kintner, Eq.(26)
i %\ J
160 —
§ B A
> 140 | e

MR SN
100 | %’{{,_

0.7 0.9 1.1 1.3 1.5
Eo

norm

) . ) . . Fig. 13. Bubble shape oscillation frequency vs. equivalent diameter and
Fig. 11. Normalized bubble velocity vs. normalized aspect ratio for comparison with available models.

Qin =406 mnP.s~ 1,

0.75 — T T — T —— T —T
1.0 T T T T T T T T
- ® Daa - 0.70 F 7
F — Nelleck, Eq.(22) 1 s 4
0.9 | . I S
i\; 0~65 i -
- - 4
0% ] & 0.60 4
: L ]
w L E >
07 F - 055 .
- % - I 1
r 1 0.50 | 1
06 G
I | | ]
- T 045 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
05 | | Lo | L T | | 0.7 09 1.1 1.3 1.5
06 0.8 1.0 12 14 Eo

Fig. 14. Bubble Strouhal number vSo.
Fig. 12. Mean aspect ratio v&o and comparison with correlation by
Welleck. to the perturbations originated by bubble detachment. The
whole matter clearly needs a more thorough assessment.
quiescent spherical drops in a still liquid: neither the effect of
bubble motion is accounted for, nor the fact that the bubble is 3.4. Rising mean velocity and comparison with available
elliptical in the present case. Besides, the present oscillationcorrelations
were of the kind oblate—less oblate, and not oblate—prolate.
Some authors [39] also suggest that the shape oscillations  The mean rising velocity is defined as
of a bubble may be forced by vortex shedding from its

e
. . . 1
surface: this observation may be supported by the fact thatﬁBI _ /MB dr (28)
0

the Strouhal number of the bubbles )
Vdeq . . .
Sr= p (27) where ® represents an integer number of half-periods in
B, T

the measurement region. It was evaluated as reported in
tended to assume a constant value, around 0.6 in our caséppendix A and it is plotted véEEoin Fig. 15 after ensemble
(see Fig. 14). This value is quite close to the typi&al averaging. The amplitude of oscillation of rising velocity is
related to vortex shedding, which is generally less than unity. also evidenced in the same figure, where the maximum and
On the other hand, the shape oscillations could be simply dueminimum values are reported as well. From the figure it can
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Fig. 15. Mean terminal velocity v&o. Bars represent amplitude of velocity

- . Fig. 16. Mean terminal velocity: comparison with predictions of available
oscillation and not uncertainty bands.

models.

be noted that such oscillation may reach 20% of the meanyhere i , is the mean square velocity. Eq. (32) can be

value. This implies that local measurements taken at asinglerearrangéd as Eq. (5). In the tested conditions, its difference
position might be highly misleading. from the mean rising velocity was less than 1%. Extension
In the presence of so wide velocity oscillations, one may tg the case in whiclC, depends on velocity can also be
wonder if the acceleration term (LHS in Eq. (1)) is really performed. In this way, the measured mean rising velocity
negligible. The maximum acceleration can be estimated ascan e compared with the predictions of the available models
the amplitude of the first harmonic in a Fourier expansion of for terminal velocity with reasonable accuracy. The results
the velocity as are shown in Fig. 16: it can be seen that none of the available
Uppax = 2T VA, (29) models is able to satisfactorily predict the experimental
. . outcomes. The general trend is to underpredict the rising
and the ratio of the acceleration to buoyancy can be evalu'velocity, except for the model explicitly derived for FC-
ated from Eq. (1) as 72 (though in diabatic flow conditions) which overestimates
_ Cy27vAy (30) the experimental data, and for the Wallis correlation which
N o'g overpredicts the data at lowo. Besides all the models
tend to predict lower velocities with increasirigp, with

1.4 (usingCy = 0.5), thus demonstrating that some influ- the only exception of the model of Ishii and Chawla, which
ence of the acceleration term can be found also in terminal 91Ves & “flat” trend, though with a marked underprediction.

motion, though this effect has been often discounted in the A cOmparison with the model accounting explicitly for
past. bubble aspect ratio, Eg. (18), has also been performed,
Nonetheless, a simpler relationship can be retained with @8SUming thate can be replaced by its mean value and

some assumptions. By integrating Eq. (1) over an integer ¥ = 1. It does not seem to improve significantly the results,
number of half-periods, and by assumidig independent at least with the assumptions made. It must be also noted that

of bubble velocity and aspect ratio (this is the case if an vv_aII effects can be excluded, as the cell is about 100 bubble
expression like Eq. (13) holds) one gets diameters wide [18]. _ _
Finally, the mean rising velocity was normalized to the
@ d one of the bubble detaching with the lower frequency,
/VBE[(pg‘i‘CMPI)MB]dt and is plotted vs. the dimensionless bubbles spacing in
0 Fig. 17, in order to assess the presence of a wake effect.
It can bee seen that the increase of velocity at lower
values of bubble spacing is below 10%. It should be also
remarked that, contrary to Fig. 1, the present data are not
referred to the same bubble diameter. In fact, there was no
Since the LHS vanishes the following expression is possibility to control the detachment diameter independently
obtained of detachment frequency in the present apparatus. Since the
ndgq o s bubble diameter is increasing with frequency (see Figs. 4
(o1 —pg)VBg — Cp 7 pliBr= 0 (32) and 5) and the rising velocity increases with diameter (see

/

For the present experimental dataranged from 0.4 to

wd? v
= (p1 — pg) VB8O — Cp 46“% / uy di (31)
0
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this rising regime can continue indefinitely, at least due to the
bubble expansion caused by the decrease in hydraulic head
I ] along large distances. The oscillations of shape and veloc-
105 k- + % i ity were well correlated, thus providing further experimental
I { % 1 evidence that the drag coefficient does not depend on the
L # % - equivalent diameter only, but it has a separate dependence
- on the aspect ratio too. The available correlations were not
able to provide a fully satisfactory prediction of the aver-
age value of the rising velocity and tended to underestimate
B = it, especially for the higher values &o. By analyzing the
I l trend of velocity as a function of the dimensionless bubble
0.95 ¥ spacing, the presence of a significant wake effect could be
I ] excluded.

To a deeper insight, the concept itself of “terminal
velocity” of a bubble probably needs reconsideration: likely
the bubble remains an entity in dynamical evolution and may
present different values of “terminal” velocity along its path,
depending on its past history and on surrounding conditions.
Fig. 17. Mean terminal velocity (normalized to the one of the bubble SlmpI(_a Correlatlons’.“k? the one; presented in Section 1,
detaching with the lowest frequency) vs. dimensionless bubble spacing. ~May give at most a hint in evaluating it.

The frequency of shape oscillations was overestimated,
Fig. 15), the increase in velocity at the low valuessgé as expected, by the classical Rayleigh model. Corrections of
could be simply caused by these effects. Anyway, it can this model available in literature did not provide satisfactory
be concluded that in the tests performed herein the wakeresults. It was also observed that the bubble Strouhal
effect is very low or negligible. On the other hand, the NumberSr, tended to assume a constant value around 0.6.
increase in velocity measured by Tsuge and Hibino, see
Fig. 1, could be due to the larger diameter of the bubbles,
to the higher viscosity of water, or even to totally different Acknowledgements
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An experimental apparatus was set up and operated
to study gas bubble dynamics. In order to separate theAppendix A. Datareduction and measurement
mechanical effects from the thermal and mass exchangeyncertainties
ones, adiabatic two-phase flow conditions were established

by injecting nitrogen gas bubbles in a fluoroinert liquid  The detachment frequency comes from the period, de-
through an orifice. The geometry of the test section and fined as the temporal distance between two completely de-
of the electric field was chosen in order to allow a future tached bubbles, measured from the peak signal on the os-
comparison with the results of a similar apparatus operatedcijloscope. The reported value is a mean over ten measure-

by the LOTHAR laboratory of the University of Pisa ments and error was calculated as the sum of the two contri-
and dedicated to the investigation of boiling phenomena. ptions:

Bubble size, aspect ratio, detachment frequency, velocity

and frequency of shape oscillations were measured. V8% + 0P
The present findings showed that, after an initial acceler- Af = Tz

ation region, the bubble did not reach a steady state condi- 0

tions, but rather a periodical one in which significant shape whereé; = 0.02 ms is oscilloscope resolution angdis the

and velocity oscillations persisted. In the same region, due sample standard deviation over the measurements, which is

to the velocity oscillation, the influence of acceleration term usually larger.

(LHS in Eqg. (1)) was still significant, so that instantaneous  The measurements taken from the video images for this

force balance should account for it. There is no evidence thatstudy are center of mass velocity, bubble equivalent diameter

(A1)
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and aspect ratio. From these measurements mean quantitiewhere j is an index that runs over th& measurements
like rising velocity, aspect ratio and oscillation frequency are and x(Qin, y;) is a function whose value is 1 in the
derived. measurement region and 0 elsewhere. Due to the presence of
Time measurements with the camera are affected by periodic variations of the velocity with orifice distance, the
one frame resolution, which correspondssto= 0.66 ms mean valua:r must be calculated over an integer number
for 1500 fps. For each value of the gas flow the camera of half-periods, to weight these oscillations equally. This
recorded 0.2 s, showing a number of bubbléslepending consideration was included in the definition of the function
on the detachment frequency (from 3 to 30). For the lower x (Qin, y;) for a fixed value ofQin.
values of frequency the recorded time was enlarged, so to  The volume of the bubble is evaluated as
consider at least 3 bubbles. . )
Image processing was then performed using a free-wareV = 2/3- (projected area)(max axis)
software (Scion Image), working with binary images. =2/3-(N—p/2—1)-(b—1) (A.6)
A threshold method was used for edge detection (after . o ,
contrast enhancing). The brightness histogram showed two!-€-: €onsidering the contour passing in the middie of each
peaks corresponding to the background and the gray |eve|per|metral pixel _and bubb_les as pblate eII||:_330|ds wbith 1
typical of the bubbles. The threshold level was chosen in @"da — 1 as major and minor axis, respectively.

midway between the two peaks. This method was tested with 1 1€ calcglat.ed values showed a plateau in part of the
good results on spherical and elliptical objects of known terminal region; a mean over these values was taken as the

volume and permits to measufé (number of pixels in detachment volume. The error was derived (considerifity
a bubble) andp (number of pixels in its perimeter). The &S the areaerror)as

center-of-mass coordinates of a bubble were defined as AV = 14 v (A7)
1 2(N —p/2—-1)
xG =2 xiv(x,y)) . : . .
N TS Finally, the equivalent diameter was obtained by Eq. (4)
1 o (A-2)  and the error on it from
YG=ﬁZZyH//(Xi,yj) Adeq 1AV A8
o . - _ deq 3V '
wherex andy are pixel coordinatesy(axis in the gravity _ _
direction) andy (x, y) is a function whose value is 1k, y) The hypothesis on the bubble shape, used in Eq. (A.6),
is in the considered bubble and 0 elsewhere. also defines the aspect ratioas:
The error on these measurements is mainly due to a—1
lines/columns  counting: if the bubble is enclosed in a £=73—7 (A.9)

rectangular frame whose dimension in pixels are(y h ted val & q "
direction) andb (x direction), the uncertainties in the e reported values of were averaged on some (typ-

coordinates center of mass afg, = 1/vb and Bey = ically 3) cpnéecutlve measurements. The mean _valug for
1/./a. aspect ratioE was defined using the same spatial filter

x(Qin, y;) used for velocityiig 7 , and ensemble-averaged
over M bubbles.

The so obtained lengths are in pixels (velocities in
u=(yG2 = yc1/(tz —11) (A-3) pixels~1 and volumes in pixé); a conversion factor is
This value is assigned at the point whose vertical coordinateneeded to change them into metrical units. This was mea-
is y = (vg2 + yg1)/2, and errors are thus calculated by sured from a gauge image, taken before the test in the same

The vertical velocity is obtained from two frames (not
necessarily two consecutive ones) taken at timesdz,

propagation as optical conditions, featuring a steel bar with ticks at known
Au\? 8% +62 A2 + Af2 distances and introduces in calculations a new source of er-
(—) =62 761 1 2 (A.4) rors to be propagated. This error was added at the final stage
u (yo2—yen)? = (2 —1)? to the previous ones and is mainly statistical (due to mechan-

For a fixed value of the gas flow different bubbles followed a cal differences in ticks, differences in the light distribution
similar trajectory, which is rectilinear up to a certain distance etc.).

from the orifice. This permitted to take, for any position Finally, the frequency of shape oscillations,is a mean
an ensemble averageover theM recorded bubbles, which  oyer the measurement region.

describes the behavior of the “typical bubble” passing there,

for a fixed value of the gas flow. The error on this quantity
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