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Physics-Guided Data Augmentation (PGDA) refers to a data augmentation approach that
integrates physical laws, constraints, or properties of a system to generate new training samples in
a machine learning model. In [3] PGDA was combined with unsupervised learning and improves
the accuracy and stability of a bit wear machine learning model in drilling applications. In [2], a
PGDA method is introduced to enhance the accuracy and generalization of neural operator models,
leveraging the physical properties of differential equations. Here, we introduce a physics-guided
gas estimator to expand our two-phase dataset to a three-phase dataset.

In a numerical reservoir simulation, the reservoir domain is discretized into a grid, and at each
grid cell, the simulation computes the evolution of pressure and fluid saturations over time. This
dynamic behavior is governed by conservation laws, fluid flow equations, and rock-fluid interactions.
The governing nonlinear flow equation for a two-dimensional reservoir simulator is represented in
Equation 1, where subscript j refers to the fluid phase. In a two-phase simulation, j corresponds to
water and oil, while in a three-phase simulation, it includes gas. Here, k is the absolute permeability,
k. is the relative permeability, p is the fluid density, u is the viscosity, and ¢ is the porosity.
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The gas phase can either be dissolved in oil or exist as a separate gas phase, depending on
pressure conditions. We decided to estimate gas saturation and production rate based on solubility
ratios, the parameter that expresses the amount of gas present in the liquid.

Formally, gas saturation, denoted as Sy, represents the fraction of the pore volume occupied
by free gas, so we can write the general equation for the flow rate of dissolved and separated gas:

4g = Rsq, (2)

where ¢ is the gas flow rate, g, is the oil flow rate and R, is the solubility ratio, which quantifies the
amount of gas dissolved in oil at a given pressure. To properly define Sy, we carefully avoid using
Sy =1— 8, — S,, since our data comes from a two-phase reservoir where originally S,, + S, = 1.
Therefore, we express oil saturation as:

Sy=1- S, (3)

To estimate the amount of gas present per unit pore volume in the oil-filled region, we assume
that the gas content is directly proportional to the solubility ratio Rs. When the pressure decreases
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due to reservoir exploration, the reservoir fluid cannot keep all gas dissolved. Consequently, some
gas is released from the oil, forming a free gas phase (S, > 0) To address this, we define S, as:

Sy =Rs(1—5,)—aP, (4)

where P is the reservoir pressure and « is a small proportionality constant. This formulation
ensures that at high pressure, S, — 0 meaning almost all gas remains dissolved in oil, and, at lower
pressure, S, > 0, meaning gas is liberated as a free phase. Moreover, following this framework, R,
follows the function:

Ry =Rl (1—e ) (5)
where, R7'** is the maximum possible solubility ratio, v is a small positive parameter that controls
the growth rate of R, and P is pressure. This formulation is physically consistent because it is
exponential and monotonic, meaning R always increases with pressure. At low pressures (P — 0),
R, ~ 0, ensuring that no gas dissolves in the absence of sufficient pressure. Converse0.03ly, at
high pressures (P — o), R, approaches its upper bound RI®*, preventing unbounded growth.
The exponential term e~7" guarantees that R, remains strictly non-decreasing while ensuring that
solubility does not increase indefinitely. Thus, to introduce variability and reflect more realistic
reservoir conditions, we decided to add Gaussian noise to gas saturation and gas production rate,
using a normally distributed random variable with mean 0 and standard deviation that controls
the noise level.

Following this framework, we successfully expanded a two-phase (oil and water) dataset with
300 simulations from [1] to a three-phase dataset (oil, water, and gas). Figure 1 shows a simulation
with oil and water saturation and the estimated gas saturations for timesteps 0, 10, and 20.
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Figure 1: Water, oil and gas saturation for simulation 1. Source: elaborated by the author.

Acknowledgment

This work was carried out with the support of the Coordination for the Improvement of Higher
Education Personnel (CAPES) — Brazil — Funding Code 001, the National Council for Scientific
and Technological Development (CNPq), and Petrobras.

References

[1] E. J. R. Coutinho, M. Dall’Aqua, and E. Gildin. “Physics-Aware Deep-Learning-Based Proxy
Reservoir Simulation Model Equipped With State and Well Output Prediction”. In: Frontiers
in Applied Mathematics and Statistics 7 (2021). 1SSN: 2297-4687. DOI: 10.3389/fams.
2021.651178.

[2] Y. Li, Y. Pang, and B. Shan. “Physics-guided Data Augmentation for Learning the Solution
Operator of Linear Differential Equations”. In: vol. 2022 IEEE 8th International Conference
on Cloud Computing and Intelligent Systems (CCIS). 2022, pp. 543-547. DOI: 10.1109/
CCIS57298.2022.10016380.

[3] H.Xu, T. P. Luu, G. D. Zhan, Y. S. Qiu, A. S. Aljohar, T. Furlong, and J. Bomidi. “Physics-
Guided Data Augmentation Combined with Unsupervised Learning Improves Stability and
Accuracy of Bit Wear Deep Learning Model”. In: IADC /SPE International Drilling Con-
ference and Exhibition. 2024, D021S014R004. po1: 10.2118/217954-MS.

010009-2 © 2026 SBMAC



