
Deep neural operators with reliable extrapolation for
multiphysics, multiscale & multifidelity problems
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Geological carbon sequestration
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Modeling of geological carbon sequestration
Multiphase flow in porous media (α = CO2 or brine)

∂Mα

∂t
= −∇ · (Fα|adv + Fα|dif ) + qα

Mass: Mα = φ
∑

p SpρpX
α
p

Advective mass flux: Fα|adv =
∑

pX
α
p ρpup

Darcy velocity: up = −k (∇Pp − ρpg) krp/µp

φ: Porosity

Sp: Saturation

ρp: Density

Xα
p : Mass fraction

Pp: Fluid pressure

µp: Viscosity

g: Gravitational acceleration

k: Absolute permeability

krp: Relative permeability

Challenge: Numerical simulation is computationally expensive.
Multiphysics & Multiscale
Large spatial scale (12.5m–200m × 1,000,000m) & temporal scale
(30 years)

Our approach: Surrogate modeling via machine learning to enable fast
prediction
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Data example

Scalar inputs

Pressure buildup output  - dP (bar)

⋮ ⋮

Gas saturation output  - SGField inputsA C D

B

• Injection rate Q = 1.92	MT/+,
• Iso-thermal reservoir temperature  - = 121.2	℃
• Initial Pressure /!"!# = 258.3 bar
• Irreducible water saturation	0$! = 0.28
• Van Genuchten scaling factor	1 = 0.45
• Perforation top location	/2,3#%& = 32	5
• Perforation bottom location /2,3'%##%( = 38 m
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Standard networks

Aim: Discrete output in 2D space & 1D time (3D)
Convolutional neural network (CNN): 3D U-Net
Fourier neural operator (FNO): 3D FNO

I Learning in the Fourier space

	𝑣(𝑥)

	𝑧(𝑥)

	𝑧(𝑥)

	𝑢(𝑥)

A

B

C

U-FNO: 3D U-Net +
3D FNO

Good prediction
accuracy
High computational
cost
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Multiple-input deep operator network (MIONet)

Idea: Continuous output in space & time
Output is a scalar function of ξ = (x, y, t)
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Trunk net
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𝑣$ Branch net n
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Low computational
cost
Hard to learn
detailed structure
in space
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Fourier-MIONet
Standard: U-FNO (3D U-Net + 3D FNO)

I Accurate, Expensive
MIONet

I Efficient, Hard to learn detailed structure in space
Fourier-MIONet: MIONet + U-FNO

I Time: Trunk net input
I Space: 2D U-FNO as the decoder (“Merge net”)
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Branch merge operation

input merge operation 	𝑄
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Prediction: Gas saturation
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