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To meet the growing energy demand and ensure national energy security, improving the
recovery rate of developed oil fields and tapping into their remaining oil potential have
become important ways to stabilize crude oil production. Given the constraints posed
by the intricate nature of reservoir formation conditions and the properties of crude oil,
including high viscosity, significant heterogeneity, and low permeability, certain techniques
find it challenging to be effectively utilized. In view of this, this article introduces enhance
heavy oil recovery by in-situ generated foamy oil, foam flooding in deep fractured vuggy
reservoirs, and a new CO» responsive fracturing foam fluid, respectively. These results can
provide constructive conclusions and suggestions for the study of theories and methods of
enhanced oil recovery by gas and foam injection in complex reservoirs.

1. Introduction

Injecting gas to improve crude oil recovery is a technical
means in oilfield development. Its significant advantages in-
clude: (i) Excellent injection performance of the gas, which fa-
cilitates the construction of an efficient displacement pressure
system, (ii) It can produce significant mixing effects or reduce
oil-water interfacial tension after gas injection, while achieving
volume expansion and reducing crude oil viscosity, effectively
increasing the coverage range and improving oil displacement
efficiency, (iii) Gas injection technology has diverse gas source
options and flexible injection strategies, making it widely
applicable to different types of oil fields (Yuan et al., 2020;
Chen et al.,, 2024). Foam fluid has the characteristics of
adjustable density, low filtration rate, little damage, and high
sand carrying capacity. At the same time, foam fluid has
the characteristics of selective plugging in the formation. In
the past 20 years, a series of foam stimulation technologies

have been gradually formed, including foam fracturing, foam
acidizing, foam profile control, foam oil displacement, etc.,
which have been successfully applied and promoted on the
site, and have achieved good application results under complex
oil and gas production conditions.

In addition, if the gas component in gas injection/foam
is COy, it can meet the requirements of CO, utilization and
storage while enhanced oil recovery of complex oil reservoirs,
namely carbon dioxide capture, EOR-utilization and storage
(CCUS-EOR). This technology is not only an important mea-
sure to achieve "carbon peak and carbon neutrality" in China,
but also a strategic replacement technology to significantly
improve the recovery rate of low permeability oil fields, heavy
oil reservoirs and other complex oil fields (Chen et al., 2020a;
Wang et al., 2023; Wu et al., 2023). Given these consid-
erations, this article focuses mainly on these three aspects,
namely, enhance heavy oil recovery by in-situ generated foamy
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Fig. 1. (a) The relationship between foam stability and foam size, (b) comparison of foam flooding effects, (c) schematic
diagram of foam flooding mechanism and (d) comparison of oil displacement effects in fractured vuggy model (Zhou et

al., 2021; Xu et al., 2020, 2022).

oil, foam flooding in deep fractured vuggy reservoirs, and a
new CO; responsive fracturing foam fluid, and proposes some
related questions, challenges, conclusions, and suggestions.

2. Enhance heavy oil recovery by in-situ
generated foamy oil

The primary production process is one of the main recovery
approaches for heavy oil reservoirs, and foamy oil flow serves
as the primary mechanism driving the primary production
process. The studies of foamy oil flow have been widely
considered in heavy oil recovery in both depletion production
process and the gas injection process applied in the heavy
oil reservoirs. In the primary depletion process, the gas phase
is the solution gas in the reservoir. But in the gas injection
process, the mainly studied gas are CO,, CHy4, C,Hg, C3Hg,
N, etc. (Chen et al., 2020b). Due to its relatively higher oil
recovery factor compared to the primary production process,
foamy oil flow is highly regarded in gas injection processes,
particularly in CO, injection processes. With the foamy oil
flow in the gas injection process, the oil recovery factor in the
lab scale can be reached up to 38.02%, which is much higher
than the primary production process (Zhou et al., 2019).

In the CO; injection process, the full-live of foamy oil flow
in the reservoir can be divided into bubble nucleation, bubble
growth and bubble coalescence (Maini, 2001). Once CO»
was injected into the heavy oil reservoir, CO, was dissolved
into heavy oil, and in the production process the foamy oil
was generated, the gas phases changed with pressure decline,
thus the total volume of the foamy oil changing with the

pressure, leading to oil production with the volume of foamy
oil changing. Meanwhile, the foamy oil stability is related
to pressure depletion rates, with the pressure depletion rate
increases, the foamy oil stability and the relative volume of
foamy oil are enhanced, therefore, higher depletion rate can
gain better foamy oil stability and oil production performance
(Zhou et al., 2022). Equation 1 shows Zhou‘s equation, which
developed from the long-core CO, huff-n-puff experiments,
and the soaking time, pressure depletion rate and cycle number
were optimized as 1 kPa/min, 5 hours and cycle 3, respectively.
The formulated equation can be utilized to forecast oil and gas
production in the foamy oil flow using CO; injection process
for both single cycle and the whole production process:

V/1gGp
Np
where N, represents the cumulative oil production; a and b
are coefficients that are dependent on operational parameters
and reservoir properties; G, denotes the cumulative gas pro-

duction.

N,

ey

3. Foam flooding in deep fractured vuggy
reservoirs

At present, extreme conditions of high salinity and high
temperature seriously restrict the development of foam flood-
ing technology in deep fractured vuggy carbonate reservoirs.
Preliminary studies have revealed that by considering the
structure-activity relationship of surfactant molecules and in-
troducing temperature and salt resistant functional groups,
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Fig. 2. CO;-responsive VES-CO, foam fracturing fluid stabilization mechanism and performance.

the tolerance of foam system to temperature and salinity can
be improved to 150 °C and 2 x 10 mg-L~!, respectively. In
addition, the stability of foam can be controlled from the
perspective of foam size by adjusting the preparation process,
as illustrated in Fig. 1(a).

Theoretically, based on the Kelvin foam structure and
liquid holdup model, foam drainage equations can be estab-
lished, and various foam flow experiments can be conducted
within typical fractured vuggy units using multidimensional,
multiscale models. By employing models with variable pore
sizes, parallel fractures, and complex fracture networks, the
impact of fracture distribution on foam flow can be assessed.
Additionally, the transparency of fractures facilitates flow
visualization and provides clear characterization and statistical
data for foam morphology, stability, and other properties.
Within a foam quality range of 50% to 90%, increasing foam
quality results in higher flow resistance, while flow resistance
decreases when foam quality exceeds 90%. When foam quality
reaches approximately 90%, the pressure difference peaks. By
combining machine learning techniques, deeper insights into
the structural evolution of foam are gained, laying a foundation
for studying flow dynamics in fractures and cavities.

To examine the oil displacement behaviors of foam fluids,
microfluidic platforms have been used for micro-visualization
experiments. Comparative analysis with standard foam shows
that the addition of nanoparticles significantly enhances the
sweep efficiency and oil recovery of foam, as illustrated in
Fig. 1(b). Nanoparticle-stabilized foam reduces the volume of

dead-end dead oil by more than 33%. Further understanding
of foam-assisted oil recovery mechanisms, as depicted in
Fig. 1(c), led to preliminary oil displacement experiments
using various techniques within a micro-scale fractured-vuggy
model. These experiments confirmed the remarkable effective-
ness of foam flooding in such systems, with recovery factors
increasing by up to 50%, as shown in Fig. 1(d).

4. A new CO; responsive fracturing foam fluid

Viscoelastic surfactant (VES) cleaning fracturing fluid
presents a viable solution to the issue of reservoir dam-
age associated with traditional fracturing fluids. However, its
implementation is hindered by its relatively high cost. On
the other hand, CO, foam fracturing fluid boasts advantages
such as easy backflow, minimal filtration, and robust proppant
carrying capacity, making it particularly suited for fracturing
operations in water-sensitive and low-pressure heterogeneous
reservoirs. The integration of these two technologies results
in a novel type of fracturing fluid known as VES-CO, foam
fracturing fluid. It combines the beneficial attributes of the two
fracturing fluids, and can reduce VES cost by 60%-90% and
water consumption by more than 70% because of the 60%-
90% foam quality of foam fracturing fluid (Wanniarachchi et
al., 2017). To some extent, this method can solve problems of
massive freshwater consumption, reservoir damage, high costs,
and water sensitivity.

High performance VES-CO; foam fracturing fluid system
can be prepared by using CO, responsive surfactant as the
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basic component, and current research shows that DOAPA
converts to a cationic surfactant, DOAPA-CO,, under the
stimulation of CO;. In the presence of Nasbs, these surfactants
form worm-like micelles, which increase the viscosity of the
foaming solution from 12 mPa-s to 2,869.69 mPa-s. Moreover,
with the help of synthetic resonance technology, the circulation
mechanism of CO; responsive foam fracturing fluid is clarified
by analyzing the structural changes of CO, responsive surfac-
tant before and after stimulation. This analysis confirms that
the system will not change the underlying fluid environment
after multiple cycles (Tang et al., 2018). Under high-pressure
conditions, the settling rate of the proppant stabilizes below 2.4
cm/min, meeting engineering standards. By adjusting the CO,
level, the fracturing fluid can undergo gel breakdown, allowing
the foam viscosity to switch between low and high states (Fig.
2). Furthermore, the damage rate of the new fracturing fluid
is as low as 8.08%, indicating its compatibility with both the
reservoir and fractures (Zheng et al., 2024).

5. Challenges and perspectives

Because of the effect of the porous media, the foamy oil
characters are much more complex in the in-situ reservoirs.
The visible study of foamy oil in the porous media is urgent
to be implemented, so that the character of foamy oil in the
reservoir can be clearly understood. The stability of the foamy
oil indicates the dura whole life of the foamy oil, how to
enhance the stability of the foamy oil using special materials
such as nano material, chemicals etc. is another perspective.

Foam flooding technology has been successfully applied
in shallow sandstone reservoirs, but its development and
application in fractured vuggy reservoirs remain limited to
pilot tests. Moreover, Breakthroughs are needed in both foam
formulation and foaming processes to enhance stability under
high-pressure, high-temperature conditions.

In complex field operations, the returned fluids may con-
tain large amounts of sand, formation water, and crude oil.
Ensuring that the VES-CO, foam fracturing fluid maintains
excellent recyclability in these complex environments will be
a key focus for future research.
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