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Abstract—When air is injected into silicone oil contained in a horizontal Hele-Shaw cell, a single air bubble forms
and grows showing various interesting phenomena. In this study the effects of the bubble front velocity, air injec-
tion velocity at a nozzle, fluid properties and cell depth on the stability of the growing bubble were investigated ex-
perimentally. By using the modified capillary number involving the aspect ratio, we obtained the onset conditions
of the unstable bubble. Also, the bubble width was analyzed both quantitatively and qualitatively. Before the bubble
experiences splitting, the bubble front velocity is almost proportional to the air injection velocity. Therefore the latter
velocity may be used in a practical sense.
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INTRODUCTION Ca,=12C{ W B’ 1)

) . . . . where Ca $uuh) is the capillary numbeg, u,y, W and B
When a less viscous fluid penetrates into a more VISCous ﬂulddenote the liquid viscosity, the bubble front velocity, the surface

o ; L ?ension, the cell width, and the cell depth, respecti¥etire bub-
formed the flow behavior is very much complicated and intrigu- ble width nondimensionalized by W, is closely related with Ca

le?étl—g?/:/?t?:hrggjés;\ﬁf:lIogs\llssrfg\?vifilgglggng wr\:li: iﬁgsci:gtnfabeling et al. [1987] examined experimentally the relation be-
' Y eenA and Cg, and reported that in the range of €athe di-

of two parallel plates with a narrow space. As air penetrates intg . ; L .
the liquid filing the cell, the resulting two-phase flow is two-di- mger:'lfnnézsrsr Dubble wididecreases with Increasing£showr
mensional. With time, the initial flat interface becomes wavy and . N _

fingers appear. V\ﬁt.h increasing Gathe advancing mterfgce becomes qnstab!e.
For a simple, stable finger Saffman and Taylor [1958] obtain-BenSIrnon [19.86] report.ed that the amphtud'e of the noise .eX'St'
ed a solution describing the shape of the stable bubble by negle ing along the interface Increases exponentlally_ asa fun_ct|o_n of
ing the surface tension effect. McLean and Saffman [1981] per- G The bubble gr_oy\rth .W'th th_r ee-step mechanism of shielding,
formed a numerical analysis of the bubble shape by including the preading, and splitting is well illustrated by Homsy [1987]. Cho

surface tension effect and proposed that the most important Ioare_t al. [1997] reported bubble instabilities resulting in branches de-

: o ' ) veloped by splitting and the onset position of instability. They con-
ameter is the modified capillary number, @afined as ducted experiments by using viscous silicone oilg/pfl, 1G

and 106 St. Here their work is complemented by using less-vis-
cous silicone oils. The critical condition of onset of instability ex-
hibiting the inflection point or splitting is obtained as a function
of the modified capillary number. In particular, the gas velocity
through the inlet nozzle is shown to be almost proportional to the
front velocity of the bubble before it splits. Therefore, its use as the
characteristic velocity is tested here.

SYSTEM DESCRIPTION

The system considered here is illustrated in Fig. 1. A horizon-
tal Hele-Shaw cell of width W and depth B is filled initially with
) HiEHifn I liquid. At time =0 inert gas is injected into the liquid in the cell
Fig. 1. Schematic diagram of stable bubble growing in present  jth the air injection velocity it the nozzle. The bubble with the
Hele-Shaw cell. growth velocity y grows with the front velocity,wnder stable
conditions. In this system the important parameters are

—m

() b view
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(dimensionless bubble widti=[bubble width)/[cell width]  (3) by using a temperature controller. After the cell was filled with
silicone oil, air was injected into the oil through a small hole of
1.2 mm diameter by a syringe pump. The gas flow rate was con-
Can=(12uuyy)(W/B) 4 trolled within the range of 0.51-27.2 ml/min. The viscosity of sil-
icone ail, which is a crucial factor in bubble growth, was meas-
For small B the flow behavior follows Darcy’s law and the fac- ured by a viscomete_r (Rheometrics, RMS-800E). After injection-,
the bubble propagation was photographed by a video camera in-

tor of BY12 corresponds to the permeability in a porous layer. .
Saffman and Taylor [1958] showed that the position of a bubblestalled above the cell and the films were analyzed by using a com

(modified capillary number) Ca,=(12uuyy)(W/B) @

wherey denotes the surface tension.

surface follows on the two-dimensional horizontal plane: puter.
SCwOLIN n RESULTS AND DISCUSSION
X=on '“z[“cmgiwym] ®)

which agrees well with the stable finger of negligible surface ten- A bubble is formed when air is injected into siicone oil through
9 g g9 a nozzle. The bubble grows and its shape is determined depend-

sion. Here x and y denote the symmetric interface position of g

. . . . Ing on the magnitude of velocities and fluid properties. In the pre-
?;gglggr?;Zbilr?.F-ir;el';hiflzir:aisijeoc: Il;?/ug:géeg t#:tl)r:atljir?gb:tbglle sent experiments three types of shapes of the bubble interface were

1987; Cho et al., 1997]. For large Ca the bubble does not grow imo_bserved atthe early stage of bubble growth: (a) stable, (b) mar-

. ; lly stable, and (c) unstable ones, as shown in Fig. 3. Here are
the stable finger illustrated above. It has been known that the butg =, .
ble is destabgi’lized at (8d00-7000. Cho et al. [1997] reported Classified bubbles of (b) and (€) as Type | [Fig. 3(b)] and Type Il

that there appears a finger having branches on one side [see P%Elégbiféli}igeﬁgfgfl\é(jz}ggs p{;]rg?zeor?;ig g;g“sztggyr S éolf:;? d
and Homsy, 1985] for 900<Ga4000 and the finger showing o 9 P yp
tip-splitting at Ca-4000, "’?”d with hlgher (?;a/alues flow pat- A stable bubble shows initially a rounded interface like a semi-
terns become more complicated by increasing the number of lobes. ; - ) ) :
i e : - circle, as is shown in Fig. 3(a), and grows into a finger, whose in-
The splitting behavior is known to be the interplay of shielding andte rface is well approximated by Eq. (5). The effect of surface ten-
spreading. Since the incipient instabilities produce different inter- P Y Q-5
face shapes depending on the capillary number, the present expi

iments concentrated on the finger behavior farGa00.
EXPERIMENTS

The schematic diagram of the present experimental apparatt
is presented in Fig. 2. The cell was composed of the bottom an
the lateral sides of metal, and the flows were observed through t+
top transparent acrylic plate. Several clamps were fixed at the edc
of the cell with a constant interval for preventing fluid from leak-
ing out to the lateral gap. The width and length of the cell are fix- (a) stable bubble
ed at 10 cm and 50 cm, respectively. The cell depths were fixet e
at 2, 3 and 5 mm, respectively. Five different kinds of silicone oils
(50, 100, 350, 500 and 1000 cSt) were used. Their densities wel
almost the same as water. Temperature was maintainetCat 25

50 &m () unstable bubble (Type 1)
Fig. 2. Schematic diagram of experimental apparatus. Fig. 3. Three kinds of bubbles at their early stages of growth.
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Fig. 4. Bubble propagation of Type | with time for B=2 mm,u Fig. 5. Bubble propagation of Type Il with time for B=2 mm, .
=0.490 Pa s and 1#19.2 cm/s. =0.969 Pa s and i#40.1 cm/s.

sion flattens the finger front to a certain degree [Cho, 1996]. The 08
finger tip grows fastest because the distance between the bubk B.mm
front and the liquid front is the shortest. With time the bubble width P G 2o present study
becomes constant for each experimental run of stable fingers. o7 A
A marginally stable bubble is illustrated with time in Fig. 4. This
bubble becomes more stable with time and finally produces a ste
ble finger. As shown in the figure, its initial shape is a kind of tri-
angle far from a semi-circle, that is thought to be the result of weal
instabilities. These Type-I instabiliies may be called the prelude
of unstable fingers. As perturbations increase, Type | develops int , _
Type II. Type-ll instabilities bring tip splitting and branches, as S o s e T L
are shown in Fig. 5, which do not follow Eq. (5). It has been I MR B0
observed that splitting behaviors have periodicity with growth.
In the present experiments of XTA,<7.37%1C it was found 04
that there appear Type | for &@g.<2000 and Type Il for Ga
2000. These values are comparable with those of other repor
[Park and Homsy, 1985; Tabeling et al., 1987; DeGregoria anc 03
Schwartz, 1985; Cho et al., 1997]. Therefore it may be stated the 0 2000 4000 6000 8000
the finger is stable for G&800. Ca,
The bubble width measured here is compared with other existFig. 6. Comparison of present data ok vs. Ca, with those of
ing results in Fig. 6. The presehvalues were obtained from the Tabeling et al. [1987] and Cho et al. [1997].
photos of fingers, which agree favorably with Tabeling et al.’s
[1987]. In obtaining\-values bubbles exhibiting splitting were ex- of 1-1F St, theirA-values may be lower than other results. Saff-
cluded. Because Cho et al. [1997] used very viscous silicone oilsnan and Taylor [1958] reported that with an increase jnACa
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Fig. 7.\ vs. Ca, with apparently stable fingers growing.

is close to 1/2 unless the flow is very slow. Considering stable fin-
gers of Cg<800, this limitingA-value seems reasonable. Fingers
of Ca=800 may be potentially unstable. In other words, there is
a possibility of their split at a very large position. The present re-
sults ofA-values are summarized in Fig. 7. They showed the fol-
lowing nonlinear relation betweénand Cg;

A=aCd, (6)

wherea andp3 are empirical constants. The correlation resulted in
0=0.960,3=—0.0895 for B2 mm andx=0.909,3=-0.0763 for
B=3 mm, andx=1.005,3=-0.0615 for B=5 mm. Thus, for a
given Cag, theA-value decreases with a decrease in depth B, but
it approaches an asymptote faBmm. It seems evident that the
gravitational force by the liquid film on the boundaries affects
the bubble behavior [Maxworthy, 1987]. Park et al. [1994] report-
ed that for the Bond numberggB?y) Bo>1.5 a gravity effect
may exist. Her@ denotes the liquid density and g the gravitational
acceleration. Since in the present experimentslBofor B=2

mm, Bo=4.1 for B=3 mm and Bo=11.3 for B=5 mrhincreases
with an increase in B, as shown in Fig. 7. Cho et al. [1997] re-
ported that splitting occurs later with an increase in B -8

mm. In this B-range it is supposed that Bo is the measure of sta-

bilization. But for B=5 mm the buoyancy force exhibited by the

B (mm) 1 (Pas) regression
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Fig. 9. Comparison of yvalues among three cell depths with cal-
culated Ca,-values.

bubble itself may be significant. It is mentioned that the case othe relative velocity U=u,/u,) is introduced. It may be supposed

B<2 mm follows the conventional Hele-Shaw equations.

that the larger tvalue is, the more the possibility of instability

From a practical viewpoint it will be more convenient to use the exists. Fig. 9 shows that for a given,Qa increases with decreas-
air injection velocity at the nozzle instead of the finger-tip veloc- ing cell depth B. As mentioned before, thealues are differ-
ity u,, for u, is not easily measured. The experimental resultsent for each cell depth if the gravitational effect by the liquid film
showed that pand y have a linear relation, as shown in Fig. 8. is significant. The relative velocity dself includes the gravity
Therefore Cadefined by Eq. (4) may be used instead of Ca effect caused by an increase in cell depth. In this connection fur-

In the present system the bubble was stable fgr&ax10". It
was observed that with decreasingnd increasing B, the slope
decreases. For the same inlet flow rate, a decrepsanith an in-

crease in B bring an increase in both the bubble width and the

liquid film thickness. This results in decreasingelatively. Here
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ther study is required.

CONCLUSIONS

In the present study bubble instabilities were investigated exper-
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imentally in a Hele-Shaw cell o2, 3 and 5 mm and they were | : viscosity [Pa s]
categorized here as two types, Type | and Type II. Type | appears  : density [Kg/ni]
for 806<Cq,<2000 and Type Il for Ga2000. Also, it was observ-
ed thatA-values decrease below 1/2 for, €8500. In the present REFERENCES
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