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Mechanisms of Foam Generation in Glass Bead Packs
T. C. Ransohoff and C. J. Radke
_Univetsity of California
Department of Chemical Engineéring

Berkeley, CA 94720

ABSTRACT

The fundamental, pore-level mechanisms of foam generation are
investigated in monodisperse bead packs. First, direct visual observations
identify the following generation mechanisms: lamella leave behind, gas-
bubble snap off, and lamella division. Then, to ascertain the relative
importance of these mechanisms, quantitative experiments are pursued on the
role of bead-pack permeability (bead sizes from 0.25 mm to 1 mm), gas-phase
velocity (0.001 cm/s to 0.8 cm/s), gas—-phase fractional flow (0.60 to 1.0),
. permeability variations, and surfactant type (SDBS, SDS, Chevron Chaser
SD1000, and Suntech IV 1035). We discover a critical velocity, above which a
"strong” foam is generated and below which only "weak™ foam is formed. The
snap—off mechanism is the primary mechanism responsible for the formation of
the strong foam. A simple model, based on the concept of a "germination
site”, is develdped to predict the onset of snap off at higher gas velo-
cities. New experimental daca‘obCained in the homogeneous glass bead packs
for the critical capillary number necessary to form a strong foam are in

excellent agreement with the proposed germination—site model.
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INTRODUCTION

Steam flooding is a common thermal technique to recover oil which is too
viscous to be displaced by standard waterflooding techniques. Two of the
problems associated with steam flooding are “"gravity override” and "viscous
fingering."” Gravicf override occurs because the steam is much less dense than
the oil which it is displacing, causing the steam to "ride over"” the oil
bank. Viscous fingering occurs because the displacing steam is much less
viscous than the oil pﬁase, causing channels or "fingers™ to form. Thus,
steam can bypass most of the oil.

Fried [1l]suggested that these mobility problems might be ameliorated by.
injecting the steam in the form of a foam. Field tests have in fact
demonstrated that foam can significantly increase the efficiency of a steam
drive[2,3]. Foam also holds promise for CO, flooding and as a general
mobilit}-concrol fluid.

To eliminate confusion over the meaning of "foam” in the context of this
paper{[4], we define foam in porous media to be a gas dispersed in an
interconnected liquid comprised of stable lamellae. This definition is
similar to the one presented earlier by Falls et al[5]. The important points
to the definition are that the gas may exist in either continuous or
discontinuous form and that the foam is not a "bulk” foam; in other words, the
size of the bubbles is generally on the order of the size of the pore
channels. Consequently, bubble interactions with pore walls dominate foam-
flow behavior in porous media.

The success of foam as a displacing fluid is due in part to its high
apparent viscosity when forced to flow through porous media(6]. Increased

resistance to gas flow due to the foam reduces the rate at which gravity



override occurs and improves the mobility raéio, thus lessening the extent of
viscous fingering. it has been shown by Hirasaki and Lawson[7] that the flow
properties and apparent viscosity of foam in porous media are highly dependent
on the texture (i.e., bubble size and bubble-size distribution) of the foam.
Foam texture is, in turn, a strong function of the way in which the foam is
generated. Therefore, an understanding of the generation step is crucial in
predicting the efficiency of a foam drive. -

Foam flooding is an excellent example of a process whose macroscopic or
~overall properties, such as pressure drop and displacement efficiency, depend
on microscopic or pore—-level events that are presently not well understood,
such as gas-bubble formation and lamella breakage. For this reason, we
attempt to understand the mechanisms and physical processes involved in foam
generation at the pore level. First, the mechanisms of foam generation are

identified in glass bead packs. Then the quantitative effects of bead size,

gas velocity, and surfaccant-type on the foam generation process are studied.
EXPERIMENTAL METHOD

Two general types of experiments are performed. In the first set, the
“"visual” experiments, 16 mm movies record the primary mechanisms of foam
generation in bead packs. In the second set, the "parametric” experiments,
the effects of gas velocity and fractional flow, bead size, and surfactant
type on the relative importance of the generation mechanisms are determined.
The parametric experiments are further classified as quantitative or
qualitative. Results from the quantitative experiments are tested against the
theory for the critical-velocity onset of snap off; results from the

qualitative experiments provide insight into the foam generation process.



£t

All experiments are carried out in a transparent plexiglass bead pack of
rectangular cross seétion as 1llustrated in Figure l. The dimensions of the

bead-filled area are 6 mm x 25 mm x 165 mm- In a pack of height h = 6 mm and

when filled with beads on the order of 1 mm or smalier, gravity forces are

small in relation to capillary forces (i.e., the Bond number, Bo = ApgRgh/a,
is less than unity).A A liquid inlet, a gas inlet, a pressure transducer port,
and an exit plece are attached to the bead pack. The pressure transducer
(Validyne, Model DP-15) measures the gas—-phase pressure drop across the entire
pack.

Packing consists of plugging the inlet ports, filling the cavity
‘approximately halfwéy with the liquid solution, loading and settling the glass
beads, and securing the screen and exit piece to ensure a tight pack. :
Settling is usually aided by a Bransonic (Model 220) ultraspnic bath. Three
different size glass beads (Ferro Corp., Cataphote Div.) are used, having
nominal diameters of 0.25 mm, 0.5 mm, and 1 mm. The absolute permeability to
water, K, and porosity, ¢, of three representative bead packs are listed in
Table 1.

Either pure water or an aqueous surfactant solution is used as the liquid
phase in the foam generation experiments. The surfactants used include SDBS
(sodium dodecyl benzene sulfonate,xSharpe Chem. Co., Burbank, CA), SDS (sodium
dodecyl sulfate, Eastman Kodak Co., Rochester, NY), Chaser SD1000 (Chevron
Chem. Co., Richmond, CA), and Suntech IV 1035 (Sun Refining and Marketing Co.,
Philadelphia, PA). The surface tensions of 1% (w/w) aqueous solutions of the
above surfactants are measured using a Rosano surface tensiometer (Biolar
Corp., North Grafton, MA) with a Wilhelmy plate. Their values are presented
in Table 2. |

-

Once the beads are packed in the selected liquid solution, gas is



injected into the model. In the quantitative experiments and in most of the
qualitative experiménts, the gas is nitrogen. A Brooks mass flow controller
(Model.SSSOC with control box Model 5876) monitors gnd controls the gas

. flow. In some of the qualitative experiments, air is injected with a Harvard
syringe pump (Model 975). Many experiments have a non-zero fractional flow 6f
liquid. In the quantitative "fractional flow” experiments, liquid is injected
by an Altex preparatory chromatographic pump (Model 101A) while a Harvard
syringe pump is used in the qualitative experiments.

The primary visual experiments consist-of two 16 mm movies produced on
foaﬁ generation in homogeneous bead packs. These movies are shot at a camera
speed of 50 frames per second with a Bolex H16 EBM electric movie camera
resting on a Fastax tripod (Wollenstack Optical Co., Model WF 326B) using
Kodak Plus-X reversal film.

In the first movie experiment, the light source is a Westinghouse 500W
movie lamp, and the flow cell rests on a frosted glass platform. The f-stop
‘is set at 4-5, and'movies are Caken of both the exit region and the interior
of the bead pack. Magnification of approximately 5x is provided by a 20 mm
extension tube attached to a 50 mm lens. The surfactant solution used is a 2%
(w/w) aqueous solution of Liquinox (Alconox, Inc., New York, NY), and the

_nominal bead diameter is 1 mm. The gas.velocity is varied from 0.04 to 0.80
cm/s in this experiment, and the fractional flow rate of gas is 1l.0.

In the second movie experiment, an Ealing fiber light source illuminates
the bead pack from below through a clear glass platform. The f-stop is set at
8 and the light intensity at 100% for the entire movie. A 50 mm lens is used
with a 60 mm extension tube and a reversed C-mount, which provides an
additional extension of approximately 20 mm; the corresponding magnification

is ~20x. The surfactant solution is 0.5% (w/w) SDBS, and the bead diameter is



again 1 mm. In this experiment, liquid is injected conéurrently with the gas
at a fractional flow rate of 0.24; the to;al velocity is varied from 0.14 to
0.53 cm/s.

In the parametric experiments, the nominal bead sizes vary from 0.25 to
1 mm, the range of total velocity is from 0.001 cm/s to 0.3 cm/s, and the gas
fractional flow ranges.from 0.6 to 1.0. The surfactant solution used in the
quantitative experiments is 1% (w/w) SDBS.

The quantitative experiménts are run until either the gas forms a
continuous flow path through the bead pack or a fine foam is generated inside
the bead pack. In the former case, the steady gas—phase pressure drop is
recorded after the continuous channel is formed and maintained. When liquid
is also being injected, the gas-phase pressure drop is determined by
subtracting an estimated capillary pressure term from the total pressure
drop. If the pressure drop rises dramatically due to the maséive generation
of tiny foam bubbles, the experiment is stopped to prevent damage to the
sensitive 0.5 psi transducer diaphragm. Considerable dec;ils on the

experimental procedures and apparatus are available elsewhere([8].
VISUAL EXPERIMENTS

As mentioned above, the bulk of the visual observations come from two
movies taken of the foam generation process in packs of 1| mm glass beads. The
first movie, which was taken with a diffuse light source at low mggnification
levels (~5x), reveals little about pore~level mechanics. Nonetheless, some
important observations emerge. At velocities below ~0.2 cm/s, large bubbles
‘1—5 mm in diameter with an average diaﬁeter of 2 mm) exit from the bead pacg'

as shown in Figure 2. Closer inspection reveals that these bubbles are in



fact generated (by the snap-off méchanism) very near the exit; no motion or
indication of bubblé production within the bead pack is evident. This result
proves that observation of foam bubbles emerging out the end of a porous
medium does not ensﬁre that there are foam bubbles inside. It is possible
that the bubbles are generated only at the exit.

At gas velocitiés above ~0.2 cm/s, very small bubbles (roughly 0.05-0.5
mu in diameter) are generated near the inlet to the bead pack. Although this
movie does not show clearly how they are generated, Figure 3 shows a frame of
the bubbles in the exit region. These bubbles, after generation near the
inlet, flow through the pack in a chaotic and wave-like fashion, and, with the
exception of a few very large bubbles, éhey appear fairly monodisperse.

In the second movie, which was taken with a polarized light source at
higher magnification levels (~20x), much more is learned about foam generation
at the pore level. Here, the ﬁrimary generation mechaﬁisms are identified;
the discovered mechanisms are introduced and described below as "leave

behind,” "snap off,” and "lamella division.”

Leave Behind

The leave-behind mechanism, which is shown schematically in Figure 4, is
the dominant foam generation mechanism below a critica} velocity in
homogeneous bead packs. As gas invades a previously liquid-saturated region,
it percolates through the many interconnected flow channels. Often, two gas
fronts approach the same liquid-filled pore space from different directions.
When this happens the liquid in the pore space is sQueezed into a lamella by
the two fronts. If.sufficient surfactant is present in the liquid phase, this
lamella may be stable; if not, it ruptures. It is impbrtant to realize that

this mechanism does not require the two gas fronts to coanverge simultaneously



on the site; they can arrive at>different times and squeeze down the lamella
as the local capilléry pressure increases.

In highly-connected underground porous medié, it is conceivable that this
mechanism occurs very frequently. The result is the formation of a large
number of lamellae blocking gas pathways. In effect, the lamellae reduce the
relative permeability to the gas phase by creating dead-end pathways and
blocking flow channels. 'As shown later, we find a moderate increase in
resistance to gas flow as a result of this mechanism. Hence, leave behind
generates a relatively weak foam.

There are a few important consequences of the leave-behind mechanism on
the foam that is formed. First, no separate gas bubbles are formed by this
mechanism of "foam” generation, so the gas remains as a continuous phase. The
lamellae which are formed provide a potential "éource" for flowing lamellae.
Another consequence is that once a lamella generated by leave behind ruptures
or flows out of the site, a second lamella cannot be generated at the same
site by this meéhanism unless liquid reinvades the region.

Leave_behind can be observed frequently in the movie. One sequence of
frames demonstrating this mechanism is shown in Figure 5. The bubble froats
indicated by the arrows in Figure 5a squeeze together to form a lamella in

Figure 5b. In addition to the particular lamella accentuated in Figure 5,

" four other lamellae which were formed in the same manner are also

noticeable. Considering that this frame covers an area of less than ten
‘square bead diameters, it is easy to understand how the leave-behind mechanism

can noticeably affect the gas—-phase resistance,

Snap Off

Figure 6 {llustrates snap off occuring after a gas bubble front



penetrates a coanstriction and jumps out of the downstream side. (This event
is known as a Haineé jump or a rheon[9]). As the gas bubble expands, the
capillary pressure decreases causing a pressure gradient in the liquid phase
for flow from the surrounding liquid into the neck of the constriction. The
incoming liquid accumulates at the constriction in a collar, and if the
capillary pressure drops below a critical value, the liquid eventually snaps
off a gas bubble. Many authors havé studied the process of capillary snap off
of a nonwetting phaseAin porous media[l0-13]. It is widely believed to be a
predominant foam generation mechanism[l,S,lé;]°

Unlike the leave-behind mechanism, snap off creates a separate gas
bubble, putting some of the gas into discontinuous form. In addition, it can
occur repeatedly at one site, so snap off at a single site can affect a
relatively large portion of the flow field.

The snap—-off mechanism influences the flow properties of the gas phase by
incfeasing the discontinuity of the gas phase and by creating lamellae. The
generated gas bubbles can lodge at some point in the porous medium, thereby
blocking gas pathways and creating a similar effect to the lamellae generated
by the leave-behind mechani;m. Alternatively, the generated bubbles may
flow. The resistance to gas flowing in bubble or discontinuous form through
porous media is much greater than that to gas flowing as a continuous
phase(7]; apparent viscosities for foam flow through porous media on the order
of 100 mPa+g are not uncommon([6]. Hence, snap off generates a strong foam.

Snap off is observed to be more important at higher injected flow
" rates. The sequence of movie frames shown in Figure 7 portrays snap off
occurring as a gas bubble invades a constriction and expands out the
downstream side. A gas—bubble front at the neck of a constriction is

-

indicated in Figure 7a. As the bubble front expands out the downstream side



of the constriciton (the bubble front is indicated again in Figure 7b), liquid
flows back into the ﬁeck and snaps off a bubble in Figure 7c.

A different manifestation of the snap-off mechanism is shown in Figure 8
where snap off occurs at a constriciton which is not closely connected to a
bubble front. Comparison of Figures 8a and 8b shows that liquid is invading
the indicated constriction as the local capillary pressure decreases. The
other gas—liquid interfaces in the vincinity also appear to be receding.
Eventually, the capillary pressure drops below the critical value in the
indicated constricition, and snap off occurs in Figure 8c. This form of snap
off is caused by events external to the gas thread undergoing breakup, such as
a change in local liquid saturation caused by the displacement of liquid

upstream of the constriction.

Lamella Division

Lamella division is different from the first two mechanisms in that it
requires a moving lémella; in other words, some type of foam generation must
have already occurred. It is more properly a shaping or secoadary generation
mechanism. This mechanism can occur wherever a lamella approaches a branch
point in the flow field. At such a location the lamella and the gas in front
‘of it can flow either into two or more channels downstream of the branch point
or into only one of the downstream channels. In the latter case, no division
occurs; neither the lamella nor the bubble are altered. However, in the
former case, which is illustrated schematically in Figure 9, one lamella is
divided into two or more lamellag.

A sequence of frames in which this mechanism is observed is presented in
Figure 10. The gas bubble indicated in Figure 10a is forced to flow into the

branch point indicated in Figure 10b. As the lamella at the rear of the
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bubble approaches the branch point, the bubble dividesvinco the two bubbles
indicated in Figure 10c.

The features of this mechanism are very similar to those of the snép-off
- mechanism: a separate gas bubble is formed, which can either flow or block gas
pathways, the mechanism can occur numerous times at one site, and it is seen
to be more important at higher gas velocities. Therefore, it is difficult to
distinguish between the lamella-division and snap-off mechanisms without
looking at the pore-level mechanics. Due to this fact, in later sections of-
the paper, the generation of fine foam, which occurs almost certainly by a
combination of the snap—off and lamella-division mechanisms, is referred to

simply as generation by snap off.

Comparison to Previous Work

Previously, little work has been devoted towards identifying the
mechanisms of foam generation in porous media. The few authors who have
studied foam generation in transparent micromodels have arrived at seemingly
varied results.

Using an etched glass plate as a micromodel, Mast[l4] was apparently the
first to attempt to understand the mechanisms of foam generation through
visual observation. Mast described the snap-off and lamella-division
mechanisms as being the most important in foam generation. Although he
noticed the leave-behind mechanism, he viewed it as unimportant and “not
efficient.” |

More recently, Owete and Brigham([l5] also performed foam generation
egperimgnts in transparent micromodels. However, aided by the recent
development of microelectronic technology, they were able to design the

micromodels quite precisely. Two different micromodels were employed: a



11

homogeneous one, on which a fegular closely packed desigﬁ was etched, and a
heterogeneous oné, on which a more random design was etched. With the
heterogeneous micromodel, foam was generated by ;he snap-off mechanism.
However, no snap off of gas bubbles was seen in experiments done on the

- homogeneous model. Instead, they observed only the leave-behind mechanism.
Lamella division was not mentioned.

Because the threé foam generation mechanisms of leave behind, snap off,
and lamella division have been observed iﬁ other_types of porous ﬁedia[l4,15],
we conteand that they are relevant to all types of porous media. However,
their relative importance clearly depends oa the characteristics of the
particular porous medium and on the experimental conditions. We therefore
pursue an experimental study on the effects of velocity, fractional flow, bead
size, permeability variations, and surfactant structure on the relative

importance of the three foam generation mechanisms.
FOAM GENERATION EXPERIMENTS

.Two types of exﬁerimencé, "quantitative” and “"qualitative”, are deécribed
in this section. 1In the quantitative experiments, the effects of |
permeability, flow rate, and fractional flow on the gas—-phase relative
permeability are determined from measured pressure-drop data. The qualitative
experiments are concerned with qualitative and semi~quantitative observations
on the effects of permeability Qariations and surfactant type on the foam

generation process.

Quantitative Studies

Gas and, in some cases, gas and liquid are injected at constant,
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predetermined flow rates into an initially liquid-saturated bead pack. As
noted previously, the experiment is run until either the gas forms a
continuous flow path through the bead pack or a fine foam is generated due to
the onset of snap off inside the bead pack. In the former case, the gas-phase
pressure drop i1s recorded or estimated after a prolonged steady state is "
achieved. This meaéurement represents the viscous contribution to the gas-
phase pressure drop at the given flow rate. When the pressure drop rises
dramatically due to the massive generation of tipy*foam bubbles, the
experiment is stopped to prevent damage to the transducer. This result is
recorded as a "snap-off” point. No specific steady-st§Ce pressure measurement
can bevtaken for the snap-off points with the low-pressure transducers being
used, but the fact that snap off is the dominant generation mechanism under
the given conditions is a datum in and of itself.

In Figure 11, data are presented in the form of a reduced pressure drop
versus a capillary number for a wide range of flow rates and bead sizes. -The

reduced pressure drop is, by definition, ApnwK/uannwL = 1/k where Ap,. is

nw’
the gas-phase pressure drop (inlet - exit), My LS the gas—-phase viscosity,

U,y 1s the superficial velocity of the gas phase, L is the length of the bead

pack, and knw is the relative.permeability to the gas phase. The capilléry

number is the ratio of gas-phase viscous forces to tension forces, Ca =

“anLRg/chnw' where U is the total superficial velocity, R, is the bead

radius, and o is the surface tension. Note that, for reasons described in the

theory section, the scaling of the capillary number in this paper is different -
i_ from that cradit}onally used, Ca = qu/o. there is.a difference of |
approximately a factor of 10° between the two capillary numbers. Open data

points and snap—~off points (labelled by arrows) represent experiments with a

1% (w/w) solution of SDBS; filled-in data points represent runs with
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deionized, distilled water.

A number of conclusions may be deduced from Figure ll. At low flow
ratés, Ca < ~ 10, the presence of surfactants moderately reduces the relative
permeability to the gas phase in comparison to the experiments with pure water
for all bead sizes; This moderate increase in resistance, about a factor of
5, in the presence of surfactants is due to the leave-behind mechanism; a weak
foam exists in the pack. However, above a critical capillary number, Ca* the
relative permeability to the gas phase is dramatically reduced. At this point
visual observation shows the onset of snap off within the pack and the
generation of a fine-textured, strong foam.

Another important and unexpected result, which is seen in Figure 1l for
the data both with and without surfactants, is that the relative permeability
to the gas phase is different for 0.5 and 1 mm beads. This could be due to
channeling, wall effects, gravity effects, an increase in leave behind and
gas-path tortuosity for the lower bead sizes, or a lower displacement by the
gas in tighter packs.

Finally, 1t is interesting to note that in the deionized water
experiments. the reduced pressure drop declines beyond a capillary number of
about l. This indicates that more pores are being entered and opened for flow
by the displacing gas phase. Therefore, the saturation of the liquid in the
pack decreases, and the capillary pressure increases. When surfactants are
present, the eventual rgsulc of this capillary pressure rise is in-situ snap
off.

Tpe effect of fractional flow is also schied. Results are presented in
Figure 12 for the case of l.mm beéd;.. It ié evident that the general features
of the previous figure are retained. However, Ca* increases slightly with the

fractional flow of liquid.
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These experiments illustrate that a’critical capillary number exists for
strong foam generation in homogeneous bead packs. Strong foam is due to the
onset of snap off and lamella division as the dominant foam generation
mechanisms. -Below the critical capillary number, a weak foam exists in the

porous medium due to the leave-behind mechanism.

Qualitative Studies

Effect of Permeability Variations. Underground, oil—beafing porous media are
heterogeneous with regions of tight sands opening into loose saunds aﬁd vice
versa. Several simple experiments were performed to investigate the role of
macroscopic permeability variations. In these experiments, a portion of the
bead pack is filled with 0.5 mm beads while the remainder is packed with 1 mm
beads. This creates a situation in which either a region of low permeability
opens into a region of high permeability, or a region of highvpermeability
leads into a region of low permeability. Snap off is observed at all
velocities at the low-high permeability change boundary, (i.e., as the gas
flows from a low to a high permeability region). However, no snap off is
observed below Ca* at the high-low permeébility change boundary. This idea
will be amplified in the theory section.

Perhaps even more interesting than the results on snap off at a
permeability-increase boundary are the observations on what occurs to the gas
bubbles after they have been generated. At low velocities, a newly formed
bubble percolates through the stagnant, previously formed bubbles and deposits’
itself at the end of the bubble region (or in the exit region). In this
situation, the fraction of moving gas is very low compared to the fraction of
stagnant gas. Above a critical velocity, the previously stagnant bubbles

start to flow. Once flowing, these bubbles are then further shaped by lamella
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division thus creating a much finer foam with both a higher resistance to flow
and a higher fraction of moving gas. This is similar to the critical-velocity
phenomenon.observed in the homogeneous bead packs. It is a plausible
explanation for the non-Newtonian behavior of foam flow observed in porous

media(6].

Effect of Surfactant Type. The emphasis in this part of the work lies in

determining how surfactant structure affects the mechanisms of foam
generation. The surfactants used in this study are, as outlined in the
experimental section, SDBS, SDS, Chaser SD1000, and Suntecn IV 1035. SDS is a
straight chain alkyl sulfate. Chaser belongs to the alkyl sulfonate class of
surfactants; it is difunctional and highly branched. Sdntech IV belongs to
the alkyl aryl sulfonate class as does SDBS.

SDBS and SDS exhibit essentially identical behavior over the range of
'parameters studied. The onset of snap off occurs at similar values of ca™
and the degree of -leave~behind is similar. The industrial surfactants behave
differently. Chaser shows similar behavior to SDBS and SDS in | mm bead
packs, but in tighter bead packs the onset of snap off occurs at higher
capillary numbers (or not at all) over the range of flow rates studied.
Suntech IV displays similar behavior to Chaser (onset of snap off at higher
velocities) in all size bead packs. In addition, the industrial surfactants
exhibit stronger flow resistance than either SDBS or SDS at low capillary
numbers, suggesting that they form a denser, more persistent leave-behind
foam.

Surface tensions of the surfactants, shown in Table 2, do not provide an
explanation for the differences in observed behavior. Kanda and Schechter{l6]

argue that surface viscosities may be important. Without further work, we
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cannot draw definitive conclusions.

SNAP-OFF THEORY

To explain quantitati?ely the origin of the critical.capillary number for
the onset of snap off, we propose a theory based on the idea of "germination
sites”. The model relies on a static analysis of the snap off of a perfectly
nonwetting phase in a homogeneous bead pack comprised only of regions of
regular close-packed spheres. However, incorporation of the dynamics of the
snap—~off process and of the irregular geometries characteristic of real porous
media into the model are briefly discussed. Our main goal is to provide a
physical and quantitative understanding of the factors influencing the

relative importance of snap off to foam generation.

Static Criterion for Snap Off

Roof's[10] analysis of the snap off of oil droplets in toroidal
constrictions provides the static critgrion for the snap off of a nonwetting
phase in a pore constriction. The criterion 1is geometric and is presented
briefly here for the cases of a circular and a noncircular constrictién with a
perfectly wetting phase residing next Eo the solid surfaces.

In a circular constriction, the following inequality must hold for liquid
to flow from the front of a bubble in a pore body into the constriction neck

and commence snap off:

R, > —Ff—— | (1)
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where Ry, is the radius of the pore body, R, is the radius of the constriction,
and Rg is the grain or bead radius. In a constricted pore which is
sufficiently noncircular in cross section, the static criterion for snap off.

is slightly different:
m
R, > _E____é__ , A (2)

where &m = CmR is the dimensionless interfacial curvatureée, and R is the radius
of the largest inscribed circle in the noncircular pore. ém depends only on
the geometry of the pore cross section. For example, if the walls of the pore
‘are three equal-sized beads with their centers arranged so that they form an
equilateral triangle, ém is equal to 1.75. Mayer and Stowe[l7] and Ransohoff,
Gauglitz, and Radke[l8] present more detailed analyses of the configurations
of gas-liquid interfaces in noncircular pores, along with tabulated values of

Cm.

Because the static snap-off criteria are strictly geometric, snap—-off
behavior of a given porous medium, neglecting dynamic effects, is a function
only of the geometric characteristics of the porous medium. To evaluate Ry

Rg, and R, the next section presents a brief discussion on the possible pore

throat and pore body sizes in homogeneous bead packs.

Pore Throat and Body Sizes in Homogeneous Bead Packs

Tﬁe,pQre~thr9at and pore-body distributions fo;’bead packs may be
predicted using the regular close—packing arrangements that can be achieved
with monodisperse solid spheres. As shown in Figure 13, there are three types

of pore bodies arising from three-dimensional regular close-packing

|
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arrangements. Hexagonal close packing (hcp)‘and face center cubic packing
(fce) exhibit triangular constrictions with tetrahedral and octahedral pore
bodies. Cubic close packing (ccp) has square constrictions and cubic pore
bodies. Sizes of all of the constrictions and bodies are given in Table 3 in
Cerm§ of the radius of the largest inscribed sphere in each constriction or
body normalized by the grain radius. The thesis of Ransohoff contains a
detailed description of the calculations{8]. In the last two columns of Table
3 the ratios of the body and constriction radii are compared with the snap—-off
criterion given in Equation (2).

One- and two-dimensional close-packing arrangements are also considered
to acc;unt for the packing of the beads near the walls and corners of the flow
cell. The two~dimensional arrangements are hcp and square packing; the
associated constrictions and bodies are shown in Figure l4. Coastrictions for
both two—-dimensional packings are formed by two ﬁeads touching below a flat
plate. The pore—body-chatacteristic of two-dimensional hcp is that of three
beads arranged in a triangle on a flat plate. Likewise, square packing has a
characteristic pore body of four spheres arranged in a square on a flat
plate. One-dimensional regular packing is simply a straight row of beads

along a corner; the coastriction and body of which are depicted in Figure

14, As with the three-dimensional packing arrangements, the ratio of body

radius to constriction radius for the different one- and two-dimensional
packing arrangements is compared to the Roof criterion for the different sites
in Table 3.

An }pterescing result which arises from thgse geometric calculations is
that, in a one-~layer homogeneous bead pack thch exhibits only one~- and two-
dimensional close-packing arrangements, the Roof criteriom for snap off cannot

be met. It is evident that the only geometry that meets the static
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requirement for snap off is the octahedral pore body. In the terms of this
simple picture, pore throats opening into octahedral pore bodies are the only
locations in which snap off can occur. We designate such locations as

“germination sites.” Of course, gas must enter the sites for snap off to be
the dominant foam generation mechanism in a homogeneous bead pack. These
arguments lead to the conclusion fhat the capillary pressure must be high
enough to enter the constrictions with a normalized radius, Rc/Rg’ of

approximately 0.16 for snap off to be the dominant foam generation mechanism

in homogeneous bead packs.

Germination Sites in Porous Media

Unlike idealized homogeneous bead packs, naturally occurring porous media
contain pore throats and bodies of many different sizes. Therefore, a more
general method than that presented in the previous section must be developed
to establish the possible germination sites in porous media from the pore-
throat and pore—-body distributiouns.

Pore-size distributions can be determined by a number. of methods.
Mercury porosimetry is the most commonly used technique; it was first proposed
by Washburn[19] in 1921. Numerous improvements on the technique and
interpretation of the data have been made since then(17,20,21]}. However,
mercury porosimetry only gives information about the throat-size
distribution. Recently, other techniques such as sectional micrography[22]
have been used to develop a more precise understanding of the morphology of
. porous media.

In general, any porous medium can be represented by a series of
interconnected pore bodies and pore throats[23] each having its own size

distribution. Thesé& can be approximated by a set of general distributions



20

such as that proposed by Mohanty and Salter([24]:

X,
i 2,,.2 .
g(x,) = —E—exp(-xi/inZ) for x, <1 , (3)
X
i2
g(xi) =0 for x, > 1
where
Ry “ Ry min
X, = ,
1 R

{,max ~ i, min

and i is either ¢ (for the pore-throat distributions) or b (for the pore-body

distributions). R is the minimum throat radius , E¥ is the average

¢,min

throat radius, and R. max 1s the maximum throat radius. The distributions
?

given in Equation (3) require six input parameters (Ri,min’ E}, Ri,max;
i=¢,b); these distributions are shown in Figure 15 for a physically reasonable
set of parameters.

The static criterion for saap off can be applied to these distributions
;o obtain a probability that a given pore throat will be connected to a large

enough pore body to constitute a germination site. For example, assuming

equilateral triangular cross sections, a nonwetting phase in a constriction of
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radius R, = 0.3 R, must be connected to the same phase in a pore body of

g
radius Ry > 0.75 Rg; according to the static criterion given in Equation (2),
for snap off to occur by liquid flowback from the bubble front into the
constriction.

With thg pore-size distribution functions g(xc) and g(xb) known, the
snap~off criterion can be extended to predict the probability that a
particular size pore throat will allow snap off. The probability of snap off
in a throat of radius Re is given by the probability that the pore body into

which that constriction opens is larger than aRc, where a is specified as

follows:

a=—B 8 (4)

ém is the dimensionless interfacial curvature as discussed previously.. Using
g(xb), we calculate the probability, G, that a pore body radius will be

greater than aRc as follows,

*

r g(xb)dxb
0 (5)

1 ’
g(x, )dx
}[0 b b

G(RC/Rg)-= 1 -

*
where x = (aR, - Rb,min)/(Rb,max - Rb,min)' Equation (5) can be integrated

to provide a more convenient expression of this probability:
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*2 2
exP('x /szz) -1 for x* >0 , (6)

]
—
|

G(R /R)
¢ g exp(- 1/2x§2) -1

*
for x <0 .

[]
—

G(Rc/Rg)

If thHe joint probability distribution for the connection of pore throats
and pore bodies 1is not weighted at all, then G is also the probability of snap
off in a coanstriction of radius Rc' In other words, G specifies the
probability thac‘a given pore-throat size is connected to a large enough pore
body to be a germination site. Assuming that the flow channel cross sections
are equilateral triangles, and that the joint probability distribution is
unweighted, the snap~off probability distribution is calculated for the pore-
size distributions given in Equation (3) and plotted in Figure 16. As can be
seen in Figure 16, there is no probability of snap off in the larger pbre
constrictions. They are never connected to large enough pore bodies to meet
the Roof criterion. Conversely, there is a very high probability of snap off
in the smaller throats. Thus, germination sites tend to be the smaller pore
throats.

Another useful way of looking at the germination-site coacept is from the
perspective of the standard capillary pressure-saturation curve given in
Figure 17{25]. This figure shows that, along both the imbibition and drainage
curves, the magnitude of the the slope, ch/dSw increases as the wetting-phase
saturation decregses. Therefore, as the smaller pores (low Sw) are entered by
the nonwetting phase, small increases in liquid saturation can produce a large
decrease in capillary pressure, resulting in snap off 'in the small pores.

However, a much larger increase in liquid saturation is required to produce
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the same drop in capillary pressure in the larger pores, making snap off in
these-pores less iikely. This view applies not only to the "Roof” type of
snap off which is due to expansion of a gas bubble out of a constriction but
to snap off due to any event which causes a local increase in liquid
saturation. Thus,'it‘is apparent that, regardless of the cause of the local
capiliary pressure drop, snap off is much more likely in smaller constrictions
than in larger ones, reinforcing ﬁhe contention that the germination sites are

the smaller pore throats.

Activation of Germinatiom Sites

Although the smaller pore throats are more likely to be the location of
the snap-off sites, it is extremely unlikely that the smallest pore .throats
will be invaded by the nonwetting phase due to the high capillary pressure
required for ehtrance. Therefore, it is in the.medium-sized counstrictions
that snap off will occur.

It is this idea which leads to -the concept of activating the germination
sites. There are three requirements for a germination site to be active. The
first is that the capillary pressure be high enough so that the noawetting
phase is able to enter or impregnate the site:

c

>--%‘- . (7)
c.

Q

Paw ~ Py
The second requirement arises from the dynamics of liquid flow back into
the constriction. Specifically, the capillary pressure must be below the"
critical value for long enough to allow the wetting liquid to flow back into

the constriction and initiate snap off. The third requirement is that there
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be enough liquid available locally to allow for snap off. The first two
requirements are discussed later in some detail.

Using the germination-site concept, the results of thevpermeability-
increase experiments described in the qualitative studies section can be
easily explained. In these experiments, snap off was observed at all
velocities at the permeability-increase boundary between low and high
permeability regions. It is evident that, at this boundary, there are many
small constrictions in the low permeability regions which are connected to
lérge bodies in the high permeability region. Therefore, nearly every flow
channel leads to a germination site at the boundary, and snap off is expected
at all velocities. This i{s the same phenomenon as the "exit"” foam obse;ved ia
the visual experiments and depicted in Figure 2. In the exit region, the
permeability change is from a finite permeability region to one of essentially
infinite permeability. Indeed, exit foams are always expected, clouding the

issue of foam generation within a non-transparent porous medium.

Entrance of Germination Sites

Our next step is to describe the flow conditions under which the
germination sites are entered by the nonwetting phase. In the experiments
underlying Figure ll, gas is injected into a homogeneous bead pack saturated
with an aqueous surfactant solution. Below the critical-capillary number, the
gas fingers through the pack until a steady state is achieved in which no
liquid is produced. Visual observations indicate that the liquid saturation
-in this situation is considerably above the connate or irreducible liquid
saturation. The balance of viscous and capillary forces pertinent to this

problem is quantified by the fractional flow equation of Leverett[26]:

e
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Uw Uunw dz
£, 25 K (8)
w nw
1 +
ok
aw rw

In the experiments described above, the wetting-phase fractional flow,

is equal to zero at steady state, and we simplify Equation (8) to

fw,
Ubnw o ch 9)
Kk dz *
raw

There is no wetting liquid flow over a given length because the nonwetting- -

phase pressure drop is equal to the capillary pressure decline, leaving the

wetting-phase pressure constant. Equation (9) integrates to give

uanL r
———— a P - P : (10)

Kk cl
rnw

where Lr is the length over which the capillary pressure gradiehc occurs.

Capillary pressures at the upstream and downstream boundaries, Pcl and Pc2’

can be expressed in terms of average radii of curvature, r| and rp.

(11)

(8]
Q

|

ci

"]
P

Combination of Equations (10) and (ll1) gives the following result:
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p UL R

oz re o[ L L | (12)
O pnw r,/R r./R

Equatioé (12) justifies the form of the capillary number chosen to
represent the flow data in Figure 1l. It states that, with fw =‘0, higher
velocities lead to larger capillary pressure differences over the distance L.
(i.e., a smaller.;i relative to‘;é). When U increases to the point where the
octahedral germination sites can be invaded by the nonwetting gas phase, then
snap off commences. This condition corresponds to the critical capillary
number, Ca*, for strong foam generation seen in Figure ll.

To evaluate Ca* from Equation (l2), a number of parameters must be
specified, These include the permeability of the bead pack, K, which is found
in Table 1, the relative petﬁgability to gas, krnw’ which 1s determined from
the results shown in Figure 11, and the length of the region, Lr’ which is
taken to be the length of the bead pack, L, for these experiments. 1In
addition, the curvature terﬁs, ;i and ;E are evaluated by using the results
from the homogeneous sphere packing geometries. The radius of curvature at
the exit is assumed to be approximately equal to the radius of the large
cubic-packiné constrictions, which is found in Table 3 to be ;& ~ 0.4 R_.

g

(The choice of ;é is not crucial. Varying ;} from 0.25 R to 1.0 R  changes

g
the resulting critical capillaty number by less than a factor of 2). The
radius(of curvature at the bead-pack inlet is then determined by the viscous
btessure drop in the nonwetting phase. According to Table 3, the gas must
enter constticti&ns of radius ;l = 0.16 Rg to invade the octahedral

germination sites in the homogeneous bead pack.
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Using these values, the critical capillary number for the onset of snap

off can be calculated:
ca*=8 . (13)

Note that the effecﬁs of bead size (permeability), flow velocity, and length
of communicating liquid are all contained in the critical capillary number,
Ca*, given in Equation (13). In Figure 18, the theory is compared to the
experimental data presented earlier in Figuré l11. We see that, when the
wetting-phase fractional flow in the bead packs is zero, the germination-site
model is in excellent agreement with the measured onset of snap off. Also, as
noted in the visual experiments, snap off commences towards the front of the
bead pack, coasonant with the physical picture underlying Equation (13).

At low wetting-phase fractional flows, one would not expect the behavior
of the system to change drastically from ﬁhe case where fw = 0; a capillary
.pressure gradienc should still exist despite the presence of a small wetting-
phase pressure drop. Obviously,‘Equation (9) does not hold in this case;

rather, it becomes an inequality:

(14)

It is evident from Equation (8) that there is still a balance between U and
ch/dz which maintains a constant fractional flow. It is this balance which
eventually leads_to snap off at higher velocities.“Therefore, for the case of
low to medium wetting-phase fractional flows, the theory for snap off proposed
in the previous section should apply semi-quantitatively. Based on the

inequality shown in Equation (l4), the critical capillary number, Ca*, should
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be slightly greater than the critical capillary number for the zero fractional
flow case of Equation (13). The data shown in Figure 12 support this

assertion.

Liquid Flow Back in the Germination Sites

There is an additional criterion for the activation of a germination site
that arises from the dynamics of the liquid flow into the counstriction. . —
Specifically, the capillary-pressure driving force for flow into the
cbnstriction must exist for a time interval, ths which is longer than the time
required for the liquid flow, tso® causing snap off.

To evaluate tgor We utilize the results of Ransohoff, Gauglitz, and
Radke[18] who solve an evolution equation for the time to snap off in a
constricted noncircular capillary. For specified pore~constriction geometries
and fluid properties, these authors calculate ;he dimensionless time to snap
off, Eso = tso/Tso’ where Tso is equal to uwRT/° and RT is the radius of the
largest inscribed circle im the unconstricted capillary.

The other half of the flow—backvproblem is to determine the time over

which the capillary pressure will be below the critical value, P*

e’ required

for snap off. The case where the capillary pressure drops below Pz due to
external events ié difficult to quantify; however, when the static criterion
for snap off is met due to the expansion of a gas bubble out of the downstream _
side of a constriction, the problem is tractable.

As a gas bubble front moves from a pore throat into a pore body that

meets all the other snap-off criteria, it reaches a point where the critical

o e .

drain-back curvature is met. But as it coantinues through the pore body, the
bubble front eventually moves into another throat, and the local capillary

pressure rises above P: again. The time interval, ty, over which the
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capillary ptessure'is below the ceiling required for snap off can be

determined from the following equation,

L
N L PR
b J u (z) ’
0 nw
(15)

where L, is the length of the pore body over which the curvature is below the
critical value, and uHQ(z) is the local bubble front velocity. 1If u _(z) is
assumed to be the average interstitial gas velocity of the process, which is

equal to U ./(5,.4), then Equation (15) can be rewritten as follows:

- ¢SnwLb

nw

(16)

If the time to snap off, ¢t is less than ty, gas-—bubble break up

so’
occurs. If not, the germination site, which would otherwise be active, is not
so because the "flow-back™ criterion for snap off is not satisfied. 1In the
surfactant-type experiments presented in the qualitative studies section, it
was observed that some surfactants show much less tendency to snap off than
others. The flow-back criterion for snap off provides a possible explanation
for the observed dependence of the snap-off behavior on surfactant type.
Specifically, the explanation is that, due to differences in surface
rheological properties, the time to snap off and local.interstitial velocity
of a gas bubble may depend on the surfactant structure. It is possible that,
for some surfactant solutions, the time to snap off is greater than the time

" required for the bubble front to move through the pore body while, for other
solutions, it is lesé. This might explain why some surfactants display a

greater tendency to undergo snap off than others. However, independent

experiments in constricted square pores[27] reveal very little difference in
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the time to snap off for solutions of Chaser SD1I000 and SDBS, whereas a
significant difference in the snap-off behavior of these two surfactants is

observed in bead packs.
CONCLUSIONS

In this paper, the primary mechanisms of foam generation in bead packs
are identified and classified as leave behind, snap off, and lamella
division. These mechanisms are thought to be general to all type§ of porous
media. .

The effect of bead size, velocity, fractional flow, permeability
variations, and surfactant type on the relative importaﬁce of the foam
generation meachanisms in homogeneous bead packs is also determined. The most
significant result is that there exists a critical capillary number in
homogeneous bead packs above which snap off and lamella division become the
dominant genetation mechanisms, causing a strong foam to be formed. Below
this critical velocity, the generated foam is weaker and is due to the leave-
behind mechanism. Increasing the fractional flow of the liquid increases this
critical capillary number slightly. In addition, we find that snap off occurs
at all velocities when gas flows from a low permeability regidn into a high
permeability region. Finally, the surfactant structure strongly influences
the relative importance of the foam generation mechanisms.

The concepﬁ of "germination sites”, which meet the static, geometric
criterion for snap off, is the crucial aspect of our proposed theory for
scrong—foam generation in porous media. Three criteria must be met for a
germination site to be active: the site must be entered by the gas, a dynamic

flow-back criterion for snap off must be met, and there must be sufficient
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liquid present for snap off to occur. Therefore, the number of active
germination sites, and hence the relative importance of the snap-off
mechanism, depends on the pore geometry, fluid properties, and cépillary and
vigscous forces. The germination-site model is found to agree quantitatively
with the observed snap—off behavior in homogeneoﬁs bead packs over a range of
bead sizes (0.25 mm to 1.0 mm), gas velocities (0.001 cm/s to 0.3 ecm/s), and
gas-phase fractional flows (0.6 to 1.0).

the importance of snap off in a porous mediu& is directly proportional to
the number of active germination or snap—off sites. Previously, the number of
sites was assumed to be a constant, independent of any process or porous
medium parame:ets[S]. The work presented here shows that this assumption is
an unrealistic one, and it provides a basic model that can be used to
determine the dependence of the number of active germination sites on various

parameters, such as capillary number and porous matrix geometry.

NOMENCLATURE

a = Cng/(Rg - R.), coefficient used in snap-off criterion

Bo = Bond number, ApgRgh/c, ratio of gravity forces to tension forces
Ca = capillary number, “anLRg/°Kkrnw’ ratio of viscous forces to

tension forces

C = interfacial curvature (m })

C = geometric constant,lwhich contains the effecﬁ of the noncircular
pore cross—-sectional shape on the equilibrium curvatufe

£, . = wetting-phase fractional flow, U, /U

g = gravitational acceleration constant (9.8 mz/s)

g(xi) = probability distribution function for pore throat and pore body
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sizes; i = b,c

probability that snap off wi
dimensionless radius Rc/Rg
height (m)

relative permeability
absolute permeability (2?)
length of pore body over whi

critical value for snap off

1l occur in a constriction of

ch the curvature is below the

(m)

length of saturation gradient region (m)

pressure (kg/mes?)

capillary pressure (kg/mcsz)
radius of curvature at point
radius of largest inscribed
pore-body radius (m)
pore-constriction radius (m)

grain or bead radius (m)

average pore throat or body

= minimum pore throat or body

= maximum pore throat or body

radius of the unconstricted
nonwetting-phase saturation
wetting-phaée saturation
time for a gas bubble front
of length L,(s)

time to snap off in a constr

i (m)

circle in a noncircular pore (m)

size; 1 = b,ec (m)
size; i = b,c (m)
size; 1 = b,c (m)

pore channel (m)

to move through a pore body section

icted noncircular capillary (s)

Darcy or superficial velocity (m/s)

local velocity of the gas bu

bble front (m/s)
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‘dimensionless pore throat or body size; i = b,c

X{ =
X{p = dimensionless average pore throat or body.size; i = b,c
z = length scale in the direction of flow (m)

Greek Symbols

n = viscosity (kg/mes)

o = density (kg/m3)

g = gurface tension (kg/sz)

Tso = characteristic time for snap off in a constricted noncircular

capillary (s)

$ = porosity

Subscripts

w = wetting phase

nw = nonwettling phase
so = gnap off

r = region
Superscripts

* = critical

- = average

dimensionless
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List of Figures

Figure 1 Schematic drawing of the apparatus used for foam generation
experiments.

Figure 2 Large gas'bubbles characteristic of the "exit foam generated at low
gas velocities. The exit of the bead pack lies to the right of the dark
vertical line.

Figure 3 Fine bubbles characteristic of a strong foam generated in the bead
pack at high gas yelocities. The exit of the pack lies to the right of the
dark vertical line.

Figure 4 Schematic diagram of the leave-behind mechanisn.

Figure 5 Two movie frames in sequence showing the leave-behind mechanism .
The arrows in (a) show two bubble fronts that squeeze together to form a
lamella in (b).

Figure 6 Schematic diagram of the snap—-off mechanism.

Figure 7 Three movie frames in sequence, which depict the snap-off mechanism
occurring due to the expansion of a gas bﬁbble out of a constriction. Arrows
in (a) and (b) indicate the front of a gas bubble, first at the neck of the
constriction, and subsequently expaanding into the adjacent pore body. The
result of this expansion is the formation of a liquid lamella at the neck of
the constriction, as shown in (c¢).

Figure 8 Three movie frames in sequence illustrating the occurence of snap
off due to a local drop in capillary pressure. The arrows in (a) and (b)
indicate a constriction that has previously been invaded by gas. In (b)
liquid reinvades the region, and in (c) the local liquid saturation has

increased to the point where snap off occurs at the indicated constriction.
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Figure 9 Schematic diagram of the lamella-division mechanism.

Figure 10 Three movie frames in sequence showing a bubble undergoing
division. The gas bubble indicated in (a) approaches the branch point iﬁ

(b). As the lamella at the rear of the bubble is forced into the branch
point, division occurs, and the two bubbles shown in (c) are formed.

Figure l1 Experimental data for the steady-state, gas—phase, viscous pressure
drop across an initially liquid-filled beadﬂpack és a-function of flow rate.
Data are presented in the form of an inverse relative.permeability against a
capillary number. “Snap-off” points represent capillary numbers at which snap
off dominates the foam generation process. They do not represent steady-state
pressure measurements. In these experiments, the injected fractional flow of
gas is 1.0, the liquid phase is either deionized, distilled water or 1 wt.Z%
SDBS, and the nominal bead size is 0.25 mm, 0.5 mm, or 1.0 mm.

Figure 12 Experimental data for the steady-state, gas—phase, viscous pressure
dropvacross an initially liquid-filled bead pack as a function of flow rate
and fractional flow rate of gas. Data are presented in the form of an inverse
relative permeability against a capillary number. “Snap-off” points represent
capillary numbers at which snap off dominates the foam generation process.
They do not represent steady-state pressure measurements. The nominal bead
size for these experiments is 1.0 mm, the injected fractional flow of gas is
0.6, 0.8, or | 0, and the liquid phase is 1 wt.Z SDBS.

Figure 13 Three—-dimensional regular close packing arrangements of
monodisperse spheres.

Figurq'{f One~ and two-dimensional regular cl?se packing arrangements of

monodisperse spheres.
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Figure 15 Pore-throat and pore-body distributions calculated from the

distributions given in Equation (3) with the following parameters: R. min =

0.1 R, R = 0.5 Rg, R = 0.25 Rg' Ry nyn = 0.35 Ry, Ry pay = 0.9 Ry

g
and Ry = 0.55 R

¢ ,max
g

Figure 16 Snap off probability as a function of constriction radius as
calculated by Equation (6) for the pore-throat and pore-body size
distribu;ions given in Figure 15. |

Figure 17 Schematic representation of a standard capillary pressure versus

saturation diagram (after Craig(25]).

Figure 18 Comparison of experimental data presented in Figure 11 with the

theory for the onset of snap off at Ca* = 8.
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Table 1 Absoiute permeability and porositylvalues for 0.25 mm, 0.5 mm,
and 1.0 mm bead packs.

Bead Diameter, 2Rg Absolute Permeability, K Porosity, ¢

(mm) (um?)
1.0 370 . . 0.36-

0.50 140 . 0.37

0.25 40 ' ' 0.34
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Table 2 Surface tensions of surfactants used in foam
generation experiments. ' All measurements are
taken at 1 wt.7.

Surfactant Surface Tension (mN/m)
SDS 37
SDBS 31
Chaser SD 1000 40
Suntech IV 1035 32
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Table 3 Pore constriction and pore body radii for regular close
packing arrangements of monodisperse spheres. Critical
Rb/Rc values are calculated assuming that the pore
channel has a cross-sectional shape of three adjacent
beads (C; = 1.75), except in the case of three-dimensional
cubic packing where a cross section of four adjacent
beads (Cp = 1.86) is used.

Packing Arrangement RC/Rg Rb/Rg Rb/Rc Critical Rb/Rc
One-dimensional
0.172 | 0.354 2.06 2,11

Two-dimensional

HCP 0.250 | 0.333 1.33 2.33
Two-dimensional

Square packing 0.250 | 0.500 | 2.00 2.33
Three-dimensional

Tetrahedral body 0.155 | 0.228 1.47 2.07
Three-~dimensional

Octahedral body 0.155 | 0.414 2.67 2.07
Three-dimensional

Cubic body 0.416 | 0.732 | 1.77 3.17
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foam generated at low gas velocities.

Large gas bubbles characteristic of the “exit”

The exit of the bead pack lies to the right of the dark vertical line.

Figure 2

characteristic of a strong foam) generated in the bead pack at high

(

Fine bubbles

igure 3
gas velocities. The exit of the pack lies to the right of the dark vertical line.

F
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Figure 5 Two ‘

. movie {rames in sequence showi . .
in (a) sh ’ ce showing the leave-behind : :

(a) show two bubble fronts that will squeeze together to form a lan::lla?nec(lt‘;)mlsm. The arrows
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Figure 7 Three movie frames in sequence, which depict the snap-off mechanism occurrin,

due to the expansion of a gas bubble out of a constriction. Arrows in (a) and (b) indicate the
front of a gas bubble, first at the neck of the constriction, and subsequently expanding into the

adjacent pore body. The result of this expansion is seen to be the formation of a liquid lamella at
the neck of the constriction, as shown in (¢).
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Figure 8  Three movie frames in sequence illustrating the occurence of snap off due to a local

drop in capillary pressure. The arrows in (a) and (b) indicate a coustriction that has previously
been invaded by gas. In (b) liquid reinvades the region, and in (c), the local liquid saturation has
increased to the point where snap off occurs at the indicated constriction.



50

6 @4nbi4

WSIUDYDIIW , UOISIAIQ-DJjd WO
n




L]

Figure 10 Three movie frames in sequence showing a bubble undergoing division. The gas
bubble indicated in (a) is seen to approach the branch point in (b). As the lamella at the rear of
the bubble is forced into the branch point, division occurs, and the two bubbles shown in (c) are
forined.

16
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Foam Generation in Bead Packs
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Effect of Fractional Flow
on Foam Generation
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Foam Generation in Bead Packs
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