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d application of a structure
evolution model for aqueous foam based on fractal
theory

Fei Wang, Zhaomin Li,* Hailong Chen and Xibin Zhang

The evaluation and simulation of foam-based materials are still matters of significant debate, despite the

large number of available studies, due to the excellent properties of foam and its successful applications,

especially in oil and gas field development. The properties of foam are substantially determined as

a result of a dynamic structure, however few studies have been reported which investigate and perform

measurements related to such a structure. In this work, a new model based on fractal theory is proposed

for the simulation of aqueous foam. As a first step, the fractal characteristics of foam are confirmed

using image processing and calculations. Accordingly, the foam structure is quantitatively studied by

defining and calculating the foam fractal dimensions. Secondly, a foam structure evolution model is

established, which reveals that the evolutional trend of the fractal dimensions of foam is non-linear with

the changing of time, following an exponential equation. The model is then validated and a sensitivity

analysis is also carried out. Finally, the applications of this model to the evaluation of foaming agents and

the prediction of foam structures are discussed. These results are expected to be helpful for further

understanding the dynamic characteristics of foam fluids and their advanced applications.
1 Introduction

Foam uid is a gas–liquid dispersion system whose range of
applications covers various elds due to its excellent properties,
especially oil and gas eld development,1 including enhanced
oil recovery, matrix acidizing,2,3 gas breakthrough control,
plugging removal, etc. The control of gas mobility and the liquid
production prole show the great potential of foam as an
intelligent uid.4 Actually, a low permeability layer cannot be
effectively developed in oil eld production because of the
heterogeneity of formation. Therefore, we inject foam liquid
into the layers to improve reservoir heterogeneity. Foam liquid
will get into the high permeability layer rst and trap gas,
creating a temporary plugging effect in the high permeability
layer, and the whole process proceeds without human control.
That is to say the bubble spontaneously nishes adjusting the
injection prole, or is intelligent. Besides, the foam liquid can
also smartly adjust the acid prole in the process of acidica-
tion, obtaining the same effect with less acid.

Foam systems have the tendency to minimize the free energy
by reducing the total interface surface area through foam coa-
lescence. Previous studies have shown that the key to the
successful use of foam in oil eld development lies in its
stability and ability to trap gas molecules.5–7 Therefore, it is
important to evaluate the performance of foam uid using
iversity of Petroleum, Qingdao, 266580,

n

model simulations prior to application, which has been exten-
sively investigated in the available literature.

A number of methods have been employed for the perfor-
mance evaluation of foam uids,8 such as the Waring blender
method9 and the Ross–Miles method.10 The advantages of
employing the Waring blender method for the evaluation of the
performance of foam uids lie in its simplicity and reproduc-
ibility, as well as its capability to describe the foaming ability and
stability of the foaming agent, however its results are somewhat
too general to be employed in specic cases. In recent years,
Foamscan equipment has been developed for the evaluation of
foam uid. Such equipment can measure the foam volume, the
liquid volume, the liquid fraction and many other parameters,
while monitoring the foam structure over time using a camera.

Foam uid models are generally divided into static and
dynamic models, the latter being more signicant for practical
applications. Research into dynamic models of foam uid is
mainly going in two directions. The rst is foam drainage
simulation; in this eld, results from I. Saye Robert made
a major contribution through describing the evolution of the
foam membrane rearrangement, drainage, and rupture using
a multi-scale model.11 The second research direction is toward
foam ow simulations,12–43 which need to focus on the
description of rheological characteristics in order to obtain
successful results. Simulations of foam ow in pipes or porous
media are widely used in petroleum engineering. A non-
Newtonian uid model was used for the simulation of foam
ow in oil pipes, and rheological parameters were obtained
This journal is © The Royal Society of Chemistry 2017
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experimentally.44 The simulation of foam ow in porous media
can also be performed upon properly adapting the model to this
system, but most methods for this task are based on a gas–
liquid two-phase ow model.

The relative permeability and viscosity of a gas are known to
vary during foam generation in porous media. Both parameters
appear in the Darcy equation, and different methods have been
employed to alter the mobility in various models, i.e., the
reduction of the gas relative permeability, increasing the effec-
tive gas viscosity, or a combination of both. These models are
generally divided into two types: local-equilibrium models and
population balance models.41 Local-equilibrium models, espe-
cially the implicit texture model, involve a small number of
parameters and are easy to solve, however they cannot properly
account for the dynamic change in foam texture during foam
transport in porous media, which inuences foam mobility. On
the other hand, population balance models can successfully
achieve this goal, and are therefore widely used.

The evaluation methods for foam uids usually allow the
calculation of some macroscopic and static indexes, but fail to
provide the dynamic characteristics which are essential for
applications. Simulations of foam uids have gradually taken
foam structure into account. Furthermore, foam density has
been introduced into population balance models to account for
foam structure, although its value is based on empirical
parameters. To summarize, the majority of models fail to
provide a clear denition of foam structure, which is of primary
importance for all foam uid properties.

In this paper, we attempt to carry out a quantitative investiga-
tion of foam structure and present a new model, based on fractal
theory, for foam simulation. This is mainly accomplished using
image processing and derivations of the foam fractal dimensions.
One of the primary objectives is to analyze the dynamic change in
foam structure. Furthermore, we discuss a new evaluationmethod
and foam structure prediction technique. Our results are of
potential interest for dynamic studies of foam uids and their
advanced applications.
Fig. 1 Flow chart of the Foamscan equipment working process.

This journal is © The Royal Society of Chemistry 2017
2 Establishment of the structure
evolution model
2.1 Image acquisition and processing for aqueous foam

A visualization device is usually employed for aqueous foam
image acquisition. In this work, we used Foamscan equipment,
which monitors structural changes in foam while simulta-
neously analyzing some indexes, including foam volume, liquid
volume, and liquid fraction.

1. Image acquisition. Foam image acquisition is the basis
of the analysis of foam structure, and its realization requires
a highly accurate imaging device. Foamscan (Fig. 1) has a CSA
(Cell Size Analysis) option which employs a camera to accurately
record the changes in foam structure during the processes of
foaming and foam drainage. A number of physical properties,
including foam volume, liquid volume, liquid fraction, and
bubble size, can be obtained at the same time.

Images of the foaming and drainage processes for a SDS
(sodium dodecyl sulfate) nitrogen foam, acquired using
Foamscan, are shown in Fig. 2. These images track the evolution
of the foam structure upon foaming, then upon changing from
uniform small bubbles (time ¼ 100 s) to coarsening bubbles
(time ¼ 1500 s). The draining, rupture and coalescence phases
are clearly observable in the gure.

2. Image processing. Some parts of the images obtained
using Foamscan have a fuzzy appearance, especially at the foam
boundary regions. As a result, image processing is required
before the images can be properly analyzed; the process adop-
ted in the present work consists of two steps.

The rst step is a gray-scale transformation to improve the
clarity of the image. Such a transformation modies the gray
tone of each pixel, eventually changing the overall range and
distribution of gray tones over the image in order to make the
foam structure emerge more clearly.

The second step consists of binarization processing which
simplies the image structure. Binary images are developed
through selecting an appropriate threshold, which changes the
RSC Adv., 2017, 7, 3650–3659 | 3651
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Fig. 2 Evolution of foam structure as a function of time during drainage.

Fig. 3 Images of foam before and after binarization.
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brightness scale from the original 256-level scale to a simpler,
bi-level scale. As a consequence, the boundary of the foam in the
image becomes clearer. This process can be described using the
following function.

pixel
0ðx; yÞ ¼

�
0; pixelðx; yÞ\T

1; pixelðx; yÞ$T
(2.1)

where pixel(x,y) is the value assigned to the initial pixel, and
pixel0(x,y) is the value assigned to the same pixel aer binar-
ization, T is a certain threshold.

As shown in Fig. 3, the foam can be clearly divided into two
parts aer binarization, the bubble formed by gas (displayed in
white in the gure) and the lamella formed by liquid (displayed
in black).
3652 | RSC Adv., 2017, 7, 3650–3659
2.2 Fractal characteristics of aqueous foam

Fractal theory is a discipline that studies geometries, based on
self-similarity, which are commonly found in a number of
natural systems.45,46 In fact, almost all fractals are at least
partially self-similar. This means that parts of the fractal are
identical to the entire fractal on a smaller scale. Fractals attempt
to model a complex iterative process by searching for the
simpler processes underneath. From the images of foam aer
binarization, we can see that foam has an irregular structure
which cannot be measured using conventional methods.
However, foams are partially self-similar in a statistical sense, as
shown in Fig. 4. In order to verify that the foam does have fractal
characteristics, it is necessary to calculate the fractal dimen-
sions of the foam.
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Self-similarity of the part and the whole in foam.

Fig. 5 Sketch maps of two grid divisions for the box-counting
dimension process, with different characteristic lengths.
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2.3 Fractal dimension calculations for aqueous foam

1. Calculation method for foam fractal dimensions. In this
paper, box-counting dimensions47 are used to determine the
fractal dimensions. To calculate the fractal dimensions of the
foam (Df), the fractal is thought of as being set on an evenly
Fig. 6 Flowchart for fractal dimension calculations.

This journal is © The Royal Society of Chemistry 2017
spaced grid, and the number of boxes required to cover the
whole white area are counted, as shown in Fig. 5. The box-
counting dimensions are calculated through studying how
this number changes as the grid becomes ner, by applying
a box-counting algorithm. Suppose that N(r) is the number of
boxes of characteristic length r required to cover the set. The
foam box-counting dimension is dened as:

Df ¼ �lim
r/0

lg NðrÞ=lgðrÞ (2.2)

Since the characteristic length is a nite quantity, we can
compare two basic graphical elements with different charac-
teristic lengths to measure fractal graphics. Two sets of data, ri
and Ni(ri), can be obtained through changing the characteristic
length. Next, two double–logarithmic curves of the number of
boxes are plotted as a function of the characteristic length. If the
curve is linear, the foam structure possesses fractal character-
istics, and the absolute value of the slope obtained using the
least square method gives the fractal dimensions of the foam. If
the curves are not linear, we can conclude that the foam
structure does not possess fractal characteristics. A ow chart of
the foam fractal dimension calculation process is presented in
Fig. 6.

2. Foam fractal dimension calculations. Fig. 7 shows some
representative results for fractal dimension calculations for SDS
foam (0.3 wt%) at different times, using the method described
above. From these curves we can see a linear correlation
between the number of boxes and the characteristic length,
which was also found in other results which are not displayed
here. In fact, these gures show a high matching rate between
the calculated value and the linear tting curve with the least
square method. More specically, the coefficient of determi-
nation R2 for Fig. 7(A) is 0.9963, which represents the foam
structure at 140 seconds; R2 for Fig. 7(B) is 0.9997, which
represents the foam structure at 540 seconds; R2 for Fig. 7(C) is
0.9999, which represents the foam structure at 700 seconds; and
R2 for Fig. 7(D) is 1.0000, which represents the foam structure at
1280 seconds. In summary, R2 is very close to, or even equal to, 1
RSC Adv., 2017, 7, 3650–3659 | 3653
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Fig. 7 Fractal dimension calculation curves for foamwith 0.3 wt% SDS
as a foaming agent at different times. (A) Time ¼ 140 s; (B) time ¼
540 s; (C) time ¼ 700 s; and (D) time ¼ 1280 s.

3654 | RSC Adv., 2017, 7, 3650–3659
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which indicates that linear correlation is credible. Accordingly,
the foam does have fractal characteristics, as we assumed in
Section 2.2. The calculated fractal dimensions at four different
times (i.e., the absolute value of the slope) are 1.50, 1.81, 1.88
and 1.95.

In general, the fractal dimensions identify the amount of
space occupied by complex systems and measures the degree of
irregularity. Since a foam uid is a gas–liquid dispersion
system, foam fractal dimensions can indicate the distribution
of gas in a liquid, i.e., a smaller fractal dimension for a certain
foam indicates a more uniform distribution of bubbles
throughout the foam. Conversely, the bigger the fractal
dimension, the larger the irregularity of gas distribution. The
four curves displayed in Fig. 7 allow identication of the process
of foam coalescence as the fractal dimension grows.
2.4 Establishment of a foam structure evolution model

In the previous section, we used fractal dimensions to charac-
terize the structure of foam. The dynamic change in the foam
structure can then be simulated through studying the variation
in fractal dimension with time.

Fig. 8 shows the variation in SDS foam fractal dimension as
a function of time, acquiring data for the calculations from
Foamscan images, processed as discussed previously. The
gure shows that the foam fractal dimension rapidly increases
to 1.9, and gradually approaches 2 with a smaller slope. Non-
linear correlation of this trend is observed. Using the function
for exponential term curve tting, the tting error is about 2%,
as shown in Fig. 9. Therefore, the fractal dimension of foam
presents exponential behavior with the evolution of the foam
structure (i.e., with time), leading to the following equation:

Df ¼ A + B(1 � e�kt) (2.3)

where Df is the foam fractal dimension, t is time, and A, B, and k
are empirical coefficients that are related to the properties of the
aqueous foam and to experimental conditions. A and A + B
represent the limiting Df values for t / 0 and t / N,
Fig. 8 Variation in foam fractal dimension as a function of time.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Residual analysis of logarithmic fitting.
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respectively. Moreover, k represents a pseudo rst-order kinetic
constant. This equation can express the change in foam struc-
ture during foam drainage, based on which a foam structure
evolution model can be developed.

2.5 Model validation

Since the development of the foam structure evolution model
is based on SDS foam, in order to verify its applicability to
other systems, we validated our model on other foaming
agents, namely HY-2 (an ionic surfactant) and SDBS (sodium
dodecyl benzene sulfonate). Fig. 10 shows the variation in the
foam fractal dimension of HY-2 foam as a function of time.
The fractal dimension of the foam and time show the same
non-linear relationship as that found for SDS foam and the
tting error is about 4%, using the formula above.

2.6 Sensitivity analysis

Foam structure is affected by various factors, including the type
and concentration of foaming agent, the temperature and the
Fig. 10 Variation in HY-2 foam fractal dimension as a function of time.

This journal is © The Royal Society of Chemistry 2017
pressure. In this part, we focus on the effects of temperature
and concentration, which are the primary factors inuencing
the foam structure evolution model above.

For convenient analysis, an effective interval of possible
foam fractal dimension, E, is dened, which ranges from 1.5 to
1.85, according to the results discussed in the previous section.
In this dimension range, the foam structure can be considered
relatively stable. An effective time interval T can be dened as
a lapse in time during which foam stability is maintained, i.e.,
the time range during which the fractal dimension belongs to
the E interval.

E ¼ [1.5, 1.85]

1. Effects of temperature. Fig. 11 shows the variation in
fractal dimension for SDS foam as a function of time, at
a temperature of 20 �C and 60 �C. The fractal dimension still
shows the same non-linear relationship with change in time
and the tting error is about 2% for both using the formula
above, but the behavior is different at different temperatures. In
fact, the foam fractal dimension increases from 1 to 2 at a faster
rate at a temperature of 60 �C than at 20 �C. The effective time T
corresponding to the effective interval of foam fractal dimen-
sion E lasts for about 400 seconds at 20 �C, and for 200 seconds
at 60 �C. As a result, we may state that temperature affects the
dynamic evolution of foam structure, both in terms of foam
coalescence and stability. A higher temperature implies a faster
coalescence, and an accordingly shorter effective time.

2. Concentration of foaming agent. Fig. 12 shows the
variation in SDS foam fractal dimension with time for a foaming
agent concentration of 0.3 wt% and 0.5 wt%. The fractal
dimension still shows the same non-linear relationship with
change in time and the tting error is about 2% for both using
the formula above, with different slopes for different concen-
trations of foaming agent. In fact, the fractal dimension
increases from 1 to 2 at a concentration of 0.5 wt% at a slightly
Fig. 11 Variation in foam fractal dimension as a function of time at
different temperatures.

RSC Adv., 2017, 7, 3650–3659 | 3655
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Fig. 12 Variation in foam fractal dimension as a function of time for
different foaming agent concentrations.
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lower rate than for 0.3 wt%. The effective time T corresponding
to the interval E lasts for about 500 seconds at a concentration
of 0.5 wt%, and for 400 seconds at 0.3 wt%. Therefore, the
concentration of foaming agent also affects the dynamic
evolution of the foam structure in terms of coalescence and
stability. In a certain range, a greater concentration of foaming
agent leads to longer stability for the foam.
Fig. 14 Trend of liquid volume as a function of time.
3 Application of the structure
evolution model
3.1 Evaluation of foaming agents

The foam volume, liquid volume and liquid fraction during
drainage, analyzed using Foamscan, are shown in Fig. 13–15. An
inspection of the trends shows that the foam volume initially
exhibits a rapid drop and aerwards decreases slowly aer 200
Fig. 13 Trend of foam volume as a function of time.

3656 | RSC Adv., 2017, 7, 3650–3659
seconds. The liquid volume increases from nearly zero to the
initial volume then remains stable, which simply indicates the
drainage process. The liquid fraction rapidly falls to zero as the
foam changes from wet to dry.

As discussed in the previous sections, the key to the structure
evolution model is the calculation of the foam fractal dimen-
sion, which is used to quantitatively characterize the foam
structure. An analysis of correlation with foam fractal dimen-
sion is separately carried out between foam volume (Fig. 16),
liquid volume (Fig. 17) and liquid fraction (Fig. 18), and foam
fractal dimension. The foam fractal dimension monotonically
changes with foam volume, liquid volume and liquid fraction,
obtaining a linear correlation over a certain range. In particular,
an increase in the fractal dimension leads to a decrease in the
foam volume and to an increase in the liquid volume, while the
liquid fraction approaches 0 as the foam fractal dimension
increases.
Fig. 15 Trend of liquid fraction of foam as a function of time.

This journal is © The Royal Society of Chemistry 2017
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In fact, a larger fractal dimension corresponds to coarser
foam, which is formed through longer time for drainage.
Meanwhile, the longer the drainage time, the greater the liquid
volume. Thus, a larger fractal dimension corresponds to greater
liquid volume (Fig. 17). Furthermore, the more liquid volume
drained from the foam, the less liquid in the foam (liquid
fraction), so a larger fractal dimension corresponds to a smaller
liquid fraction (Fig. 18). Moreover, a smaller liquid fraction
means amore dry foam, which causes there to be less surfactant
in the lamella. Then, the foam becomes more unstable and the
foam volume will decrease with more coalescence and a rupture
of the foam (Fig. 16).

As a result, it is possible to replace conventional foam eval-
uation criteria by using the foam fractal dimension to evaluate
foam properties.
Fig. 18 Relationship between liquid fraction and fractal dimension.
3.2 Prediction of foam structure

The foam structure evolution model can also be employed to
predict the structure of foam. Eqn (2.3) demonstrates the
possibility of predicting the evolution of foam structure as
a function of time. To account for multiple parameters which
Fig. 16 Relationship between foam volume and fractal dimension.

Fig. 17 Relationship between liquid volume and fractal dimension.

This journal is © The Royal Society of Chemistry 2017
can inuence the structure, we can extend this equation by
introducing a parameter vector ~a and expressing the time
evolution of the foam fractal dimension through the following
equation.

Df ¼ A(~a) + B(~a)(1 � e�k(~a)t), ~a ¼ (x1, x2, x3, .) (3.1)

where ~a is a vector containing the parameters which affect the
foam structure, such as temperature and concentration, which
have been analyzed above.

By using this equation, we can obtain the distribution of
foam structure upon foam coalescence and rupture, and the
rate of these processes can also be evaluated. The coefficients A,
B and k can be determined experimentally, and the appropriate
parameters should be inserted in the vector ~a. Using this
method, the relationship between foam fractal dimension and
time can eventually be determined. Therefore, once the
parameters of the foam and the environment are given, the
structure of the foam may be predicted at any time.
4 Conclusions

(1) In this work, we demonstrated that foam uids have fractal
characteristics, exhibiting a box-counting fractal dimension
ranging from 1 to 2 based on 2-dimensional images. The fractal
dimension of the foam increases gradually upon coalescence.

(2) A structure evolution model based on fractal theory was
established for foam structure. Themodel shows that the fractal
dimensions of aqueous foam correlate non-linearly with the
changing of time and follow an exponential equation. Two
factors affecting the foam structure, namely temperature and
concentration, were separately analyzed using this model. The
results show that a higher temperature leads to faster evolution
of foam structure, whereas a greater concentration of foaming
agent leads to a longer effective time of stability for the foam.

(3) The fractal dimensions change monotonically with foam
volume, liquid volume and liquid fraction. As a result, a new
foam structure evaluationmethod was determined based on the
fractal dimensions of foam.
RSC Adv., 2017, 7, 3650–3659 | 3657
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(4) The foam structure evolution model can be used to
predict foam structure under different conditions, and can
further be extended to simulate foam uids in porous media.
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