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Factors Affecting Oil Recovery in
Hydrocarbon Reservoirs: Numerical
Modeling of Water Alternating Gas Injections

Abstract

As oil production rates diminish in hydrocarbon fields and energy demands rise,
Enhanced Oil Recovery (EOR) techniques are deployed to extract remaining oil post
primary and secondary recovery methods like water flooding and gas injection.
Additionally, reservoir process numerical modeling is an integral component of
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any field development project. This research delves into the factors influencing
oil recovery during the simulation of Water Alternating Gas (WAG) injection into

a hydrocarbon reservoir. The findings indicate a correlation between oil recovery
and horizontal permeability, with diminishing effects of WAG injection beyond a
permeability threshold of 50 md. Moreover, the study identifies a 1:1 water-to-gas

ratio as the optimal injection value, maximizing oil recovery.

Keywords: Numerical simulation; Water Alternating Gas; Oil recovery factor;

Enhanced Oil Recovery; Formation permeability.

Introduction

Globally, the average oil recovery factor stands at 35% [1-4],
leaving approximately one and a half times the extracted amount
still within reservoirs. Enhancing the Recovery Factor (RF) by just
10% could potentially yield an additional 2 billion tons of oil in the
current scenario.

Among Enhanced Oil Recovery (EOR) technologies, the alternate
injection of water and gas (WAG) has gained substantial attention
worldwide in recent years [5-8]. Notably, this method offers the
advantage of utilizing gas produced within the field as a displacing
agent.

The application of alternate injection of water and gas in oil
fields has demonstrated an increase in the oil recovery factor,
ranging from 5% to 10% when compared to conventional water
or gas injection [9-12]. However, its widespread adoption faces
challenges due to the intricate nature of the intermittent injection
process and the difficulty in predicting performance without
resource-intensive and costly technical studies [13-16].

This study aims to analyze the impact of reservoir parameters,
reservoir fluid properties, and the injection process on the oil

© Under License of Creative Commons Attribution 3.0 License | This article is available in: www.sciset.com

Citation: Yang Z, Du M, Niu Z. (2023)
Factors Affecting Oil Recovery in
Hydrocarbon Reservoirs: Numerical
Modeling of Water Alternating Gas
Injections (WAG). J Geol Earth Mar Sci. Vol
1(1): 104.

Received: May 02, 2023; Accepted: May 19,
2023; Published: May 26, 2023

Copyright: © 2023 Niu Z. This open-
access article is distributed under the
terms of the Creative Commons Attribution
License, which permits unrestricted use,
distribution, and reproduction in any
medium, provided the original author and
source are credited.

recovery factor. Utilizing numerical reservoir modeling, the
research will consider both constant and variable parameters
influencing the oil displacement process. Variable parameters
include lateral permeability, vertical permeability anisotropy, oil
and gas density, water viscosity, water-to-gas injection ratio, and
the duration of the alternate injection cycle.

Materials and Methods

Recovery Factor and Mechanism of Water
Alternating Gas Injection (WAG)

The comprehensive oil Recovery Factor (RF) in any secondary
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or tertiary oil recovery method is determined by three distinct
efficiency factors [17-19].

The overall oil recovery factor is influenced by various factors,
including fluid mobility, injection patterns, areal and vertical
heterogeneities, gravity segregation, and the volume of injected
pore fluid. The implementation of Water Alternating Gas injection
(WAG) yields an additional oil recovery factor due to enhanced
lateral and vertical sweep efficiency and a reduction in residual
oil saturation [20-23].

The mobility ratio plays a crucial role in controlling the volumetric
displacement efficiency during gas injection, with favorable
mobility being less than one [24-27]. Adjusting the mobility
coefficient involves increasing the viscosity of the gas or reducing
the relative permeability of the liquid. The alternation of water
and gas injection serves to reduce the mobility of the gas phase,
requiring careful adjustment of the water and gas amounts to
optimize displacement efficiency. Excessive water may lead to
poor microscopic displacement, while excessive gas may result
in suboptimal vertical and potentially horizontal displacement
coverage [28-31].

Additionally, the expansion and evaporation of oil in the presence
of both oil and gas phases contribute to additional recovery in
WAG. Gas injection enhances oil recovery by swelling oil, reducing
gas-oil surface tension, decreasing oil viscosity, and recovering
light and intermediate hydrocarbons through immiscible
displacement towards fully miscible displacement [32-35].

Results and Discussion
Sensitivity to Reservoir Properties

In response to declining production rates in petroleum reservoirs
and escalating energy demands, petroleum engineers are
increasingly exploring Enhanced Qil Recovery (EOR) technologies.
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These techniques aim to recover additional oil through post-
primary and secondary recovery methods, such as waterflooding,
gas injections, and Water Alternating Gas (WAG) processes. EOR
has proven effective in enhancing field recovery factors and
maintaining production plateaus. Notably, the WAG process,
leveraging injection water to stabilize the displacing front and
achieve a favorable mobility ratio, outperforms gas injection
or water flooding. It efficiently sweeps the bottom part of the
reservoir due to the higher density of water, while injected gas
enhances sweep efficiency by reaching previously un-swept
zones.

Reservoir permeability emerges as a pivotal factor influencing
WAG performance, as evidenced by numerous studies [36].
Variations in reservoir permeability significantly impact WAG
effectiveness, with vertical inhomogeneity playing a crucial
role. Studies have revealed an inverse relationship between
permeability coefficients and the degree of oil recovery. Given
the inherent heterogeneity in depositional environments, most
reservoirs exhibit random permeability variations, markedly
influencing vertical sweeps in WAG displacement. Laboratory
investigations emphasize that lower values generally lead to
higher oil recovery in heterogeneous reservoirs, attributing this to
dominant vertical permeability. Lateral permeability and vertical
anisotropy of the formation are considered variable parameters
in this study.

Sensitivity to Reservoir Properties

The immiscible displacement modeling of oil by gas and water
revealed a correlation between horizontal permeability and
the final oil recovery factor, demonstrating an increase with
higher permeability (Figure 1). However, beyond a permeability
threshold of 50 md, no significant additional oil production was
observed under the same conditions.
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Figure 1: Influence of horizontal permeability on oil recovery factor during immiscible displacement.
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Figure 2: Effect of vertical permeability anisotropy on oil recovery factor under immiscible displacement.
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L Figure 3: Influence of oil density on oil recovery factor during immiscible displacement. )

In contrast, changes in vertical permeability (Figure 2) did not lead
to alterations in incremental oil production during the simulation
of alternating water and gas injection, highlighting the minor role
played by the Kv/Kh ratio.

Sensitivity to Fluid Properties

Various factors, including reservoir petrophysical properties, fluid
properties, and field scale considerations, influence the success
of Water Alternating Gas (WAG) injection. Literature studies
emphasize the significant impact of reservoir heterogeneity,
relative permeability, hysteresis, and wettability on WAG
performance.

Simulation results indicated no substantial influence from
altering formation fluid properties (Figure 3), except for a slight
increase in the oil recovery factor with a decrease in the viscosity

of formation water.
Sensitivity to WAG Parameters

The WAG process, generating a mixture of gas and water,
experiences gravity separation due to density contrasts, mobility

3

ratios, and permeability variations. Slug size, a crucial design
parameter, strongly influences the displacement mechanism.
Comparing WAG injection results with different slug sizes
revealed that shorter gas and water slugs outperformed large
cycle injections in terms of efficiency and recovery performance
[36].

The duration of the alternate injection cycle and the Cycle
Length (CL) of the WAG flooding process also impact the overall
waterflooding process. In numerical simulations, the water-to-gas
injection ratio was the sole parameter with an effect. Remarkably,
a 1:1 ratio proved most effective for maximum oil recovery, as
further increases in the proportion of injected gas did not lead to
additional oil recovery (Figures 4 and 5).

Conclusion

In tertiary oil recovery, Water Alternating Gas injection
(WAG) enhances displaced oil recovery from residual oil left
unrecovered during primary and secondary recovery. Numerical
modeling highlighted the significance of horizontal permeability,
with increased oil recovery up to a permeability of 50 md. Fluid
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properties minimally affected oil production, except for a slight
increase in oil recovery with decreased formation water viscosity.
The optimal injection ratio for maximizing oil recovery was
determined to be a water-to-gas WAG ratio of 1:1.
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