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Foam drainage regimes are significantly associated with the nature of the hydrodynamic resistance in foam structure. A
multi-point electrical resistance measurement technique has been applied for characterization of the drainage regimes
and quantifying stability within standing foams. The capacity of the technique was confirmed by the estimation of mac-
roscopic drainage rates for aqueous foams stabilized with sodium dodecyl sulfate. The drainage of sodium dodecylben-
zenesulfonate, a commercial form of linear alkylbenzene sulfonate that is the most frequently used in household
detergents was studied in detail by two complementary methods (forced and free drainage). The experimental data could
be fitted using a power-law with an exponent of 1/3 for forced drainage and of 1.0 for free drainage. These data indi-
cate the following drainage behavior: mobile bubble surfaces, causing plug-like flow within Plateau borders, thus dissi-
pation mainly occurs inside the nodes. This research introduced an accurate method for quantifying foam stability that
can be assessed by variations of real-time measured foam heights that incorporate the evolution of the liquid content.
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Introduction

Aqueous foam is basically a large volume of a gas, envel-
oped by a much smaller amount of a liquid in the presence
of surfactant molecules stabilizing the gas-liquid interfaces.
In various applications, foams could be produced by physical
methods such as shaking, pouring, or sparging gas, or could
be generated by chemical methods including fermentation,
(electro-) chemical reaction, or ultrasound.'™ When freshly
formed, foams are thermodynamically unstable and some-
times dissipate within a few seconds.*’ In other cases, some
foam systems persist for a long time, for instance, the pres-
ence of a substantial stable layer in a bioreactor could lead
to serious deleterious effects.”” One of the main characteris-
tics of foams is that they irreversibly evolve in time because
they are not in equilibrium under normal gravity condi-
tions.'®!! Liquid drains out of the foam until such an equi-
librium is attained, and some liquid is kept inside the foam
due to capillary forces.'? Liquid drainage is a complex phys-
icochemical hydrodynamic process at the gas-liquid interfa-
ces.'">!* The main hydrodynamic energy-dissipation through
the foam is due to the liquid flowing in the network of the
channels known as Plateau borders (PBs) interconnected at
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the nodes.'>!'® These elementary structures (PBs and nodes)
within the foam strongly depend on the liquid content, which
is directly coupled to foam permeability.'*'"™' When the
liquid drains, the foam structure becomes thinner and more
fragile, leading foam collapse.””?' Fast drainage rates are
expected to indicate less stable foams, leading to a quick
breakdown of foam structure. Such changes in the liquid
content and the drainage rates are important for predicting
foam stability.

The main objective of drainage studies was to find out
how long it takes for the foam to achieve a steady state. Sev-
eral methods have been extensively used to characterize lig-
uid distribution within the foam.'3?>72* Measuring the
drainage of a standing foam (free drainage) is conceptually
the simplest. The drainage rates and regimes could be deter-
mined as a decrease of the local liquid fraction at a given
location.”>*” Recent studies focused on a method with
gravity-driven liquid flow with continuous supply of liquid
called forced drainage. Numerous researchers carried out
forced drainage experiments to investigate the drainage prop-
erties of the foam.”® " In such experiments, the surfactant
solution is added to the top of initially dried and drained
foam at a controlled flow rate, causing propagation of a con-
tinuous wet traveling wave throughout the foam height. A
front of the wave is detected, separating the initially dried
foam below from the wetter foam above. The wave front
moves down with a constant drainage velocity, thus forming
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a solitary wave. The drainage regime is determined by relat-
ing the front drainage velocity to the superficial velocity. It
has been proposed that a power-law exponent of this relation
is a relevant parameter that characterizes the drainage
regimes (channel- or node—dominated).l3’l4’20

There are few techniques available for the study of foam
drainage.>' Foam optical properties strongly depend on the
liquid content, and used in the liquid drainage based on the
measurements of the transmitted light, recorded by a CCD
digital camera.'®**? This light transmission technique is
possible to determine liquid fraction gradients and front
drainage velocity, but it remains difficult to use it regarding
the quantitative estimation of liquid fraction, as the details of
light transport in foams are not yet well understood.'®*’
Foam electrical properties are also used to study the drainage
of foams. Early measurements of foam drainage involved a
segmented capacitance resistor which requires the foam to
be non-conducting,33 but the difficulties associated with cali-
bration and the lack of reproducibility represent drawbacks
for this method.’’ An improved method extensively used
electrodes, which consisted of two parallel plates or two
stripped wires, and measured the local electrical resistance in
electrically conducting foams.>*’ Recent technique has
been developed and tested for a multi-point foam probe,
which allows measurement of the electrical current across a
foam phase at multiple locations.**™** The change in electri-
cal current is important for the continuous monitoring of the
rate of foam formation and collapse.43 Such techniques are
particularly valuable in processes where foams cannot easily
be visualized, for example, foam formation in bioreac-
tors.>®° However, a protocol for the electrical resistance
technique to determine the appropriate drainage properties in
various aqueous foams has been limited.

This study focused on the development of a systematic
methodology for the characterization of foam drainage rate,
regime and stability by the multi-point electrical resistance
measurement technique. As compared to existing drainage
studies by other measurement techniques in the literature,
our methodology developed in this study was validated by
correlations between the drainage velocity and the superficial
velocity in the sodium dodecyl sulfate (SDS) foam column
of large diameter (15.2 cm). We carried out both forced and
free drainage experiments to show the drainage properties of
aqueous foams stabilized with sodium dodecylbenzenesulfo-
nate (SDBS), a commercial form of linear alkylbenzene sul-
fonate that comprises the majority of anionic surfactants
currently manufactured by the chemical industry44 and is the
most frequently used in household detergents.45 We finally
described a half-life time of the foam estimated by the elec-
trical resistance measurement technique, which can be used
subsequently for advanced monitoring of foam development
and evolution. This approach was proposed as a powerful
tool for studying drainage of foams and offered practical
techniques over other techniques (e.g., optical or light trans-
mission) because it was simple, require less specialized
equipment, and had minimal impact on subsequent analysis.

Drainage Model and Boundary Conditions

A theoretical model of foam drainage focuses on gravity-
driven flow through aqueous foams and describes the time
and space evolution of the foam liquid fraction, ¢ (z, t).l(”18
This model is based on the local description of the liquid flow
in a single foam structure (a PB and a node). The drainage
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equation is derived by averaging over the whole network of
PBs and nodes. The foam is considered as a porous medium,
but its permeability is not constant and is dynamically coupled
to the liquid flow, unlike conventional porous media. Hence,
the Darcy’s law that relates the permeability (k) and the aver-
age front drainage velocity (v¢) through the foam is shown in
Eq. 1 with permeability as an explicit function of ¢ (z, t)

k
Vi = ——=pg ey
u

where u is the bulk viscosity of foaming solutions, p is the
liquid density, and g is the gravitational acceleration. The
permeability of the porous medium (i.e., foam) to liquid
flow is determined by the physicochemical properties of
foaming solutions. A detailed derivation of a general expres-
sion for k(¢) is presented in Koehler et al.'®

In the first limiting case, assuming no-slip boundary con-
ditions (less mobile) at the bubble surface, the liquid flowing
inside the PBs is Poiseuille-like with high surface viscosity
at the bubble surfaces and the permeability is k(e) =KCL28.
K. is the dimensionless permeability number, which depends
only on the PB (channel) geometry and L is the PB length.
The front velocity is given by
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In the second case, assuming slip boundary conditions
(mobile) at the bubble surfaces, it is proposed that the main
hydrodynamic resistance occurs in the nodes. The bubble
surfaces are mobile, thus the surface velocity is non-zero,
yielding another form for k(¢) = KL%, leading to:
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In this node-dominated regime, K, is a dimensionless
number, describing the node permeability. Experimental
results could be expressed as v¢ ~ vy, where « is the fitting
parameter, and simple power-law adjustments of forced
drainage provide an exponent o between 1/3 and 1/2."° 46

In free drainage, we focused on the time variation of the
liquid fraction within a foam at multiple locations, which
follows power-laws: &(z) =t ?. The exponent f depends on
the parameter y = z/z (to/D"?* (z=0 at the foam top).16
Here, zy and #, are the length scales and the typical time
defined by zo = Cy/2pgL and t, = Cyu/ZKx(pg)zLS. C is the
constant, y is the surface tension, K, is the dimensionless
parameter depending on the drainage regime: K. for rigid
surfaces and K,, for mobile ones

e~ 123 for 7 <1, @
e~t ' for y> I(less mobile, PB-dominated)

e~t ' for 1 <1,

e~t 2 for x> 1(mobile, node-dominated) ©

In the transition range, the flow is in a single PB with inter-
faces that are neither perfectly rigid nor perfectly mobile.
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Figure 1. Schematic diagram of the multipoint electrical resistance measurement system for characterization of

drainage regimes and stability.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Material and Methods
Foaming solutions

SDS of high purity and SDBS were purchased from
Sigma-Aldrich (St. Louis, MO) and were used as a foaming
agent to represent common anionic surfactants. Our tech-
nique was applicable for this kind of nonpolar liquids. In a
typical preparation, an aqueous solution was prepared by dis-
solving powder surfactants in deionized (DI) water, followed
by filtration through a 0.22 um filter (Millipore Corp., Mol-
sheim, France). A typical concentration was 1.2 X 1072
mol/L. (1.5 CMC) for SDS aqueous solutions, which is
slightly above the critical micelle concentration (CMC) esti-
mated at the 8.2 X 107> mol/L.* To compare existing
results in the literature, concentrations of SDS were adjusted
in the range of 8.2 X 107 mol/L (1.0 CMC) to 1.6 X 10~>
mol/L (2.0 CMC). The CMC of SDBS was equal to 1.2 X
1072 mol/L,*® and this surfactant was particularly stable.
SDBS concentration was 1.8 X 107> mol/L (1.5 CMC) for
forced drainage and 1.2 X 1072 mol/L (10 CMC) for free
drainage to reduce coarsening effects. All foams were made
by injecting nitrogen gas through a sintered air diffuser
inside the foaming solution at a controlled gas flow rate of
0.1 m’/h.

Experimental set-up

All experiments for the study of drainage were performed
with the multi-point electrical resistance measurement sys-
tem (Figure 1). The input of nitrogen gas into the foaming
solution produced foams along the height of the test column
(diameter of 15.2 cm and height of 1.0 m). This measure-
ment apparatus consisted of a stainless steel electrode placed
around the inner edge of the column, a multi-point foam
probe placed at the center of the column, and a controller
connected to the main body of the foam probe. Foam probe
and controller were developed by Charis Technology (Maid-
stone, Kent, UK) and they allowed for continuous monitor-
ing and recording of total foam heights and -electrical
resistance. The probe consisted of 16 electrodes at regular
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intervals (7.5 cm). When a voltage (1.0 V) is applied to the
electrodes, the response of electrical currents at each elec-
trode was logged in a PC every seven seconds by the con-
troller. It provided a conductance reading that can be
converted to a specific conductivity (o) by means of the fol-
lowing equation.“ 4249

(6)

where A is the conductance (S), 0 is the cell constant, which
is equal to the distance between electrodes divided by
the cross-sectional area of electrodes, R is the resistance (Q)
(1/R = conductance), and b, a, and [ are the diameter of col-
umn from probe center to wall (here 15.2 cm), the diameter
of the probe (here 1.2 cm), and the length of each electrode
(here 7.5 cm), respectively.

Drainage experiments

The protocol for all forced drainage experiments com-
prised the following steps. First, a foam layer (80 cm) was
prepared in the test column and was allowed to drain com-
pletely under normal gravity conditions to obtain a rela-
tively uniform column of dry foam (typically liquid fraction
£<10~%). Once the foam was dry, the same foaming solu-
tion was added to the top of the column at a controlled
flow rate (Q). As this solution migrated downward through
the dry foam, a wet front traveled down the foam column
at a steady velocity (v;). The experiment was terminated
when the wet front reached the bottom of the foam result-
ing in almost uniformly wet foam. Electrical resistance,
measured at multiple locations along the foam column, was
used to follow the advancing wet front. This front velocity
will depend on the injected superficial velocity by the mass
conservation. Adding liquid for a time Az at the top pro-
duced uniformly wetted foam behind the front spanning a
volume (v¢A-Ar) and the liquid fraction (&) can be calcu-
lated as:
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A free drainage experiment of SDBS foams was investi-
gated to validate the result of the drainage regime by the
forced drainage experiment and to improve the study of
foam stability. In free drainage experiments, the drainage
dynamics were observed by the electrical resistance tech-
nique which allows to follow the liquid fraction as a function
of time, &(#), in several points of the foam column. This pro-
vided the drainage curves of the liquid fraction in the foam
at any time, which can be normalized by the initial liquid
fraction obtained after complete foam formation. Together
with the drainage curves, we obtained continuous on-line
profiles of total height of the foam, H(f), then the foam sta-
bility could be characterized by its half-life time, defined as
the time required for the foam to be reduced by half.*

Results and Discussion
Calibration curves and detection limits

Figure 2 presents the relationship between the relative
conductivity and the liquid fraction of anionic surfactant
(SDS) foams. The measurement region of the probe is a cir-
cular slice through the column and the shape of the regions
is maintained by the interaction of the electric field from
each electrode with that from neighboring electrodes. Rela-
tive conductivity values were computed from electrical
resistance measurement data obtained at multiple locations
in the foam column. The error bars are the sample standard
deviations. The liquid fraction was calculated according to
Eq. 7. This calculation was based on average values of the
macroscopic drainage rate during the drainage through the
foam column at individual injected superficial velocities. The
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Figure 2. Relationship between the relative conductiv-
ity and the liquid fraction for anionic surfac-
tant (SDS) foams.

The liquid hold-up was computed from the macroscopic
drainage rate obtained at individual injected superficial
velocities during forced drainage experiments. The lower
detection limit for relative conductivity is 0.0017, corre-
sponding to the liquid fraction of 0.0046. The dotted lines
were fitted to the Eq. 8 and the solid lines were fitted to
the Eq. 9. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 3. Representative relative conductivity profiles
for foam probe electrodes from the bottom
(H=22.5 cm) to the top (H=67.5 cm) during
foam formation and forced drainage experi-
ments.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

lower detection limit for relative conductivity is 0.0017,
corresponding to the liquid fraction of 0.0046. In a two-
phase foam system, a similar relationship between the rela-
tive conductivity and the liquid fraction has been developed
by Lemlich.*’ The following equation is particularly useful,
as it requires only a measure of the relative conductivity for
predicting the liquid fraction

e=3-0,=3- 2 ®)
01
where o; and o, are the specific conductivity in the foam and
bulk liquid phase, respectively. For our experimental setup,
all parameters in Eq. 6 except A were constant, and the rela-
tive conductance was, therefore, equal to the relative conduc-
tivity. The dotted line was fitted to Eq. 8 in Figure 2 to
demonstrate the capacity of continuous on-line measurements
of the liquid fraction. The equation is only valid at lower
values of liquid fraction (6<0.1),** as the liquid remains
largely in the PBs with the derivation of this equation.*>!
As the liquid fraction increases, the relationship becomes
sub-linear due to the increasing importance of nodes.’* For a
wider range of liquid fractions, a simple empirical formula
(Eq. 9) gave an excellent description of collected data,*® as
shown by the nearly identical solid lines in Figure 2
o 36,(1+11a;) ©)
(1+250,+100,2)

When considering all the data conducted for SDS foams,
the relative conductivity tends to be higher for our experi-
mental data than for other two fitted lines. As the liquid frac-
tion increases, particularly above approximately 0.007, there
is closer agreement between some scatter in the data and
Eq. 8. In free drainage, the variation of the liquid fraction
along the foam column was computed from Eq. 9 after the
measurements of both the conductivity in the foam phase
and the conductivity in the bulk liquid phase.
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Macroscopic drainage observation

Electrode pairs located at multiple heights of the foam
column measured the relative conductivity profiles with time
(Figure 3). As the foam developed, the relative conductivity
increased, reaching a maximum when gas input was termi-
nated and the foam started draining. As expected, the rela-
tive conductivity was higher for electrodes closer to the bulk
liquid surface during the foam formation. It could be visually
observed that the relative conductivity varied with height,
the foam being wettest at the bottom and driest at the top.
The foam was allowed to reach a height of 80 cm before the
gas was stopped, and then drained out until equilibrium was
eventually reached between gravitational and capillary
forces. In order to prepare the dried foam column, liquid
drainage was continuously allowed until the relative conduc-
tivity had similar values at different heights along the foam
column. The drainage rate’s relationship to vertical location
showed that drainage was fastest at the bottom of the foam
column and slowest at the top. This observation can be
attributed to the higher hydrostatic head at the top, which
leads to more resistance to the liquid flow in the foam phase.

The forced drainage method allows an estimation of accu-
rate liquid fraction of the foam. The relative conductivity
profiles were enlarged for the forced drainage time in Figure
3 with the heights of 30.0, 37.5, 45.0, and 52.5 cm of the
foam column (Figure 4). Once the added solution (9.37 X
1074 cm/s) has passed each electrode, the relative conductiv-
ity started increasing because the wet front traveled down
the foam column, and in the limit of long times, approached
an equilibrium state. This liquid fraction distribution
becomes more and more uniform as drainage proceeds. The
front moving down along the foam column did not spread
out, but took the form of a solitary wave. This velocity is
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Figure 4. Representative relative conductivity profiles
with time during forced drainage experi-
ments.

Average front velocity could be estimated as v¢=1 (=7.5
cm)/t; through a series of drainage experiments with dif-
ferent superficial velocities for aqueous foam stabilized
with sodium dodecyl sulfate (SDS) at the concentration of
12 x 1072 mol/L (1.5 CMC). Superficial velocity was
9.37 x 10~* cm/s. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Relationship between the front velocity and
the superficial velocity for aqueous foams
stabilized with sodium dodecyl sulfate (SDS)
at the concentration of 8.2 x 10~2 mol/L (1.0
CMC), 1.2 x 1072 mol/L (1.5 CMC), and 1.6 x
10~2 mol/L (2.0 CMC), respectively.

Each line indicated power-law relations with an expo-

nent «. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

thus the same as the surface-averaged liquid velocity behind
the wave and could be estimated as vy = [/t;, where t; is the
average time it takes the midpoint of the wet front to migrate
from one electrode to another. This macroscopic front drain-
age velocity was measured in a series of experiments with
different superficial velocities.

Method validation

The capacity of the technique was confirmed by the estima-
tion of macroscopic drainage rates through a series of forced
drainage experiments for aqueous foam stabilized with SDS.
Simple surfactant foams were first tested at a range of injected
superficial velocities. The concentrations of SDS solutions
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1072 mol/L (1.5 CMC).

The line indicated power-law relations with an exponent

o =0.32 = 0.05. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

used in this experiments were 8.2 X 1072 mol/L (1.0 CMO),
12 X 1072 mol/L (1.5 CMC), and 1.6 X 10~ mol/L (2.0
CMCO), respectively. These values were selected to compare
the performance of the drainage regime with the existing stud-
ies using other measurement techniques.

It was reported that a power-law relationship between the
front velocity and the superficial velocity was in a good
agreement with experimental findings. We found that a sim-
ple power-law yielded an exponent o = 0.35 = 0.04 for 1.0
CMC, o =0.38 = 0.03 for 1.5 CMC, and = 0.30 = 0.04 for
2.0 CMC, respectively (Figure 5). Power-law relationships
were analyzed by regression statistics with confidence level
of 95%. P-values were less than 0.001 for all relationships.
The estimated power laws as a fitting parameter indicated
that the bubble surfaces are mobile, i.e., in the node-domi-
nated, since the power-law exponent was close to its theoret-
ical value (¢=1/3) in Eq. 3. Under the same foaming
conditions, the results obtained by the multiple light scatter-
ing technique'® and the segmented capacitance sensors with
two parallel plates®® were in good agreement with those
used. In two-phase foams, the electrical resistance measure-
ment method developed in this work was validated.

Drainage behavior of SDBS foams

Drainage regime of a column of draining aqueous foam
stabilized with SDBS was characterized by both forced and
free drainage experiments in which local drainage rates are
measured by the electrical resistance technique. Forced
drainage experiments were carried out for the SDBS foam at
the concentration of 1.8 X 10~ mol/L (1.5 CMC). The vari-
ation of the front velocity with the superficial velocity of the
injected fluid was investigated to determine the drainage
regime (Figure 6). The data were fitted with power-laws
over a range of almost two orders of magnitude of flow
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rates. The power-law exponent o (= 0.32 = 0.05) was close
to the theoretical value for the node-dominated regime,
where dissipation mainly occurred in the nodes with the
mobile PB surfaces (Eq. 3).

Free drainage experiments were performed to verify the
drainage properties (i.e., node-dominated regime) obtained
from the forced drainage experiment. To validate the result
obtained from forced drainage experiments, the same foam-
ing solution was used in free drainage experiments. The evo-
lution of the liquid fraction over time was followed at a
fixed position in the foam, 10 cm from the top. The liquid
fraction was calculated from the relative conductivity in
Eq. 9. The drainage curve could be normalized by the initial
liquid fraction in foams (gy = 0.002) obtained after the foam
formation. Free drainage curves showed the power-law decay
and the time scale on which power-law behavior appears
was of the order of 100 s (Figure 7). From the long-time
scale, the drainage regime can be determined from the expo-
nent of a power-law, ¢ = ? (Eqs. 4 or 5).
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Figure 7. Normalized liquid fractions with free drainage
time for aqueous foams stabilized with SDBS
at the concentration of 1.8 x 10~2 mol/L (1.5
CMC) and 1.2 x 1072 mol/L (10 CMC),
respectively.
Drainage curve corresponds to a fixed height, 10 cm below
the top of the foam. The initial liquid fraction in foams
was 0.002 and the exponent  was estimated to be 1.0 and

1.4, respectively. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Foam half-life time (#;,) was estimated when the height
reached at half of initial foam height (Hy,) and was 33.6

min. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

High concentrations of SDBS ([SDBS]/CMCgpgs = 10)
were used to strongly minimize the coalescence-induced
foam destabilization.’® At higher concentration, the liquid
fraction was dramatically decreased after certain drainage
times (Figure 7). This suggests that higher surfactant con-
centrations cause more stable foam for a long time, how-
ever, the drainage regime was not changed with similar
theoretical values of power-law exponent. The value of the
exponent (f) was estimated to be 1.4 for the SDBS concen-
tration of 10 CMC and supports our expectation of high sur-
face mobility in the PB walls during drainage. These results
confirmed the previous experiment’s results, showing that
the node-dominated regime was found in forced drainage
experiments.

Foam stability determination

In the majority of studies where the drainage regime is
predicted, no attempt was made to investigate foam stabil-
ity. The time of rupture of half of the foam column, ¢/,
was the commonly used to quantify foam stability. The ini-
tially produced foam column decayed to half of its height.
The foam probe used in this study continuously measured
the variation of total foam heights during the foam forma-
tion and drainage. The foam heights were plotted versus the
corresponding elapsed time for the free drainage of SDBS
foams (Figure 8). Typical concentration of SDBS was 1.2 X
1072 mol/L (10 CMC) and the estimated t, was 33.6 min.
The capability of this simple automated method to estimate
the half-life time could be applied for testing and predicting
of foams of extremely varying stability. The technique is
relatively low-cost, easy to use, and is therefore useful for
the study of foam drainage for both qualitative and quantita-
tive description of various foaming systems. However,
important issues must be clarified for a complete under-
standing of the correlation between the drainage regime and
foam stability.
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Conclusions

The measurement of foam electrical properties provides a
basis for characterizing the foam drainage properties that are
not easily determined in various stable foams. A new
approach to the characterization of foam drainage properties
has been proposed by an improved measurement device
based on the electrical resistance of foam. This device pro-
vides a continuous on-line measurement of the electrical
resistance at multiple locations along the foam column. The
experimental approaches include estimations of macroscopic
drainage rates through the foam structure, and analysis of the
regime for standing foams. The results clearly showed the
potential of the multi-point electrical resistance measurement
system to yield information on the liquid distribution, drain-
age rates, foam heights, and stability. Determination of drain-
age regime for SDS foams was first attempted by this
technique, which enables both real-time monitoring and inter-
vention in foam development. In our experiments, all tested
SDS foams were likely to exhibit the node-dominated drain-
age regime. This result was in a good agreement with the
findings of existing drainage studies using other measurement
techniques in the literature. Our developed method designed
to characterize drainage regime was validated for SDS foams.

This research further explored these results using SDBS.
Results showed that all tested SDBS foams were also likely
to exhibit the node-dominated drainage regime based on both
forced and free drainage studies. Experiments suggest that our
developed technique was applicable for any other foams stabi-
lized with surfactants to determine drainage regime.

This research also introduced an accurate method for
quantifying foam stability that can simultaneously measure
variations of foam height with electrical resistance at multi-
ple locations. The data obtained are potentially useful for
predicting the evolution of the liquid content and the foam
height as a function of time that is typically assessed as
foam stability. This inexpensive and efficient method for
measuring electrical resistance and liquid variations in real-
time may be particularly relevant to monitoring programs for
unidentified foams in many industries.
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Notation

cross-sectional area of the foam column, cm>
radius of foam probe, cm

distance from probe center to wall, cm
gravitational acceleration, m/s?

foam height, cm

permeability, m?

dimensionless PB-dominated permeability number
dimensionless node-dominated permeability number
length of PB, m

length of electrode on foam probe, cm

controlled flow rate, m3/h

resistance, Q

time, s

t; = drainage time during forced drainage experiment, s
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t1, = foam half-life time, s
ve = front drainage velocity, cm/s
vs = superficial velocity, cm/s
z = vertical coordinate, cm

Greek letters

o = power-law exponent in forced drainage experiment

B =

power-law exponent in free drainage experiment

&= liquid fraction
0 = cell constant in Eq. 6
A = electrical conductance, S

n=
p=

bulk viscosity of foaming solution, Pa-s
density, kg/m®

o = specific conductivity, S/cm
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