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Fig. 1. Our simulation method reproduces the intricate and complex two-phase air-water interactions in very large-scale scenarios. It achieves this in a
physics-based manner, resolving both phases at cinematic resolution on a single workstation: the example above (right) has ca. 3 billion particles, simulated
with an average of only 2 minutes per time step. No procedural effects or post-processing spray heuristics were employed. Photograph © PA / Eloy Alonso.

Capturing the visually compelling features of large-scale water phenomena,

such as the spray clouds of crashing waves, stormy seas, or waterfalls, in-

volves simulating not only the water but also the motion of the air interacting

with it. However, current solutions in the visual effects industry still largely

rely on single-phase solvers and non-physical "white-water" heuristics. To

address these limitations, we present Phase-Field-FLIP (PF-FLIP), a hybrid

Eulerian/Lagrangian method for the fully physics-based simulation of very

large-scale, highly turbulent multiphase flows at high Reynolds numbers

and high fluid density contrasts. PF-FLIP transports mass and momentum in

a consistent, non-dissipative manner and, unlike most existing multiphase

approaches, does not require a surface reconstruction step.

Furthermore, we employ spatial adaptivity across all critical components

of the simulation algorithm, including the pressure Poisson solver. We aug-

ment PF-FLIP with a dual multiresolution scheme that couples an efficient

treeless adaptive grid with adaptive particles, along with a fast adaptive Pois-

son solver tailored for high-density-contrast multiphase flows. Our method

enables the simulation of two-phase flow scenarios with a level of physical

realism and detail previously unattainable in graphics, supporting billions
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of particles and adaptive 3D resolutions with thousands of grid cells per

dimension on a single workstation.
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1 Introduction
Visual simulation of large-scale fluid phenomena —such as water-

falls, stormy seas, giant waves, or asteroid impacts— is arguably one

of the most challenging and fascinating topics in computer graphics

[Wang et al. 2024]. However, existing single-phase liquid simulators

face significant difficulties in producing animations that fully con-

vey the awe-inspiring scale and intensity inherent in these natural

phenomena. Simply increasing the physical scale and resolution

of a standard single-phase simulation is insufficient to address this

challenge. For example, a single-phase simulation of an asteroid

hitting the ocean gives the appearance of a rock being thrown into

a pond in slow motion, conveying the impression of a much smaller

scale, as illustrated in Figure 2. This occurs because natural fluid

flows at large scales are inherently two-phase phenomena. They are

governed by complex and highly nonlinear interactions between

water and air that result in striking visual differences between small-

and large-scale air-water flow phenomena. Typical examples, such

as those in Figure 1, make clear that the (turbulent) motion of the air,
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made visible through spray and mist droplets, contributes at least as
much�if not more�to the overall visual impression of large-scale
water �ows as the motion of the water itself.

Cinematic simulations of large-scale two-phase �ows have so
far relied on the use of numerous single-phase heuristics [Gissler
et al. 2017; Ihmsen et al. 2012], complex (post)processing pipelines
[Stomakhin et al.2023; Stringhetti 2024], and labor-intensive manual
or artistic interventions, often relying on distributed computing
clusters to achieve cinematic resolutions. In this work, we present a
fully physics-based method that produces such scenes from simple
simulation setups on a single work station. To achieve this, our
work addresses three central challenges: (i) two-phase simulation,
(ii) spatial adaptivity, and (iii) e�cient iterative pressure solvers.

Necessity of Two-Phase Simulation.Water simulations in Graphics
often neglect the air phase, assuming constant zero air pressure.
In thesefree surfacemethods, the governing Navier-Stokes equa-
tions are thus solved only for the water phase. This simpli�cation,
however, becomes insu�cient forlarge-scalephenomena where the
violent motion of large masses of water induces strong movements
of the surrounding air and aerodynamic forces, which scale with
the square of the relative air-water velocity, become dominant. The
resulting high Weber numbers inhibit surface tension from stabiliz-
ing the liquid, leading to fragmentation into spray droplets. These
droplets do not simply follow ballistic trajectories; instead, they
form intricate, dynamic patterns driven by the complex interplay
of gravity, inertial forces and�crucially�the turbulent air velocity
�eld [Sirignano 2010]. Accurately capturing these phenomena re-
quires both modeling the coupled liquid-air velocity and a numerical
method powerful enough to resolve scales ranging from tiny spray
droplets to large gravity-driven waves. Despite the immense visual
importance of large-scale two-phase �ows, much of the impressive
recent progress in the �eld of �uid simulation [Aanjaneya et al. 2017;
Ando et al. 2013; Ferstl et al. 2014; Fu et al. 2017; Liu et al. 2016;
Nabizadeh et al. 2022; Qu et al. 2019; Shao et al. 2022] has so far
been limited to single-phase cases.

When two-phase �ows have been addressed, it has typically
been in the context of smaller-scale, surface-tension driven �ows
[Boyd and Bridson 2012; Hong and Kim 2005] or medium-scale, real-
time scenarios [Li et al. 2020, 2024]. In movie production, however,
the lack of su�ciently scalable and fully physics-based two-phase
solvers is one of the reasons why the special-e�ects industry still
largely relies on heuristics, post-processing pipelines and manual
intervention to produce convincing large-scale water animations
[Stringhetti 2024].

Phase-Field FLIP.Choosing the appropriate computational rep-
resentation for a simulated e�ect is a classic challenge. For liquids,
grid-based (Eulerian) approaches have been successfully combined
with Lagrangian methods, e.g., in the classic FLIP (Fluid Implicit
Particles) approach [Bridson 2015], or for simulating multi-material
�ows [Hu et al. 2019b].

We leverage the versatility of hybrid particle-grid representations
by introducingPhase-Field FLIP(PF-FLIP), a variant of FLIP for the
e�cient simulation of high density-contrast two-phase �ows. PF-
FLIP provides a simple and e�cient interface-capturing scheme
that eliminates the need for surface maintenance steps, as required

in Volume of Fluid (VOF) or Level-Set methods [Sussman et al.
1994], or the evolution of PDEs, as in classical Phase-Field methods
[Jacqmin 1999]. Our approach requires surface reconstruction only
for rendering of the video frame, i.e. every 5 to 10 time steps. Its
Lagrangian advection inherently conserves mass, avoiding the need
for numerical safeguards [Jain 2022] required in traditional methods,
and preventing inconsistencies often encountered in popular multi-
phase schemes like VOF, which typically rely on separate advection
schemes for velocity and interface geometry.

High density ratios, such as1000 : 1for water and air, present a
signi�cant challenge for many traditional two-phase �uid solvers.
One key idea of PF-FLIP is to turn this into an advantage by leverag-
ing the stark density di�erence to reliablyseparate phases, even in
the presence of FLIP-typical particle-induced noise. The 1000-fold
higher density of water compared to air ensures a high "signal-to-
noise" ratio, where noisy density �uctuations in the water phase
remain clearly distinguishable from the noisy background of the air
phase.

Spatial Adaptivity.Most existing multiphase �uid simulation
methods rely on uniform grids or constant-size particles [Boyd
and Bridson 2012; Li et al. 2022; Mihalef et al. 2009; Song et al. 2005;
Yan and Ren 2023] su�cient for grid resolutions of several hundred
cells per dimension. Achieving cinematic realism for large-scale sim-
ulations, however, requires both larger simulation domain sizes and
substantially larger resolutions. As the computational cost scales
with spatial dimensions and time, this yields afourth-orderscaling
in terms of resolution.Spatial adaptivity, which focuses resources
on high-priority regions, is thus essential to avoid an explosion in
resource requirements.

Adaptivity encompassesspatial sparsityandmultiresolutiontech-
niques. Spatial sparsity computes and stores data only in "active"
regions [Ferstl et al. 2016; Hu et al. 2019a; Liu et al. 2016; Museth
2013; Shao et al. 2022; Wang et al. 2020]. Multiresolution, as em-
ployed in our algorithm, takes adaptivity and �exibility a step further
by representing di�erent simulation regions at varying resolutions,
based on their complexity (as measured by a user-de�ned re�nement
criterion). Modern CPUs and GPUs rely on large caches, high core
counts, and wide SIMD units for performance gains, making regu-
larity and coherence in memory access critical. Adaptive schemes
should therefore retain the e�ciency of uniform grids locally, even
within a globally irregular adaptive structure. Tree-based meth-
ods achieve this by associating leaf nodes with uniform sub-grids
(blocks) but introduce administrative overhead and parallelization
challenges.

As an e�cient tree-less alternative, we introduceMultiresolution
Sparse Block Grids(MSBG), a hardware-friendly scheme using sim-
ple linear indexing of large blocks. In Section 8.1, we show that
MSBG outperforms the industry standard VDB by up to an order
of magnitude and demonstrates excellent scalability, solving a test
PDE with 100 billion unknowns at an e�ective resolution of327683

in under two minutes on a single workstation.
For Eulerian-Lagrangian methods, it is moreover crucial that

adaptivity targets both representations. We use a dual scheme: the
grid adapts to particle sizes, while particle size and sampling den-
sity are dynamically adjusted based on re�nement criteria from
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Fig. 2. Motivating example: A 50-meter asteroid hits the ocean at high speed. Le�: Standard single-phase solver [Bridson 2015]. Middle: With secondary spray
particles [Ihmsen et al. 2012]. Right: Our two-phase simulation. Single-phase simulations give the impression of a small rock thrown into a pond in slow
motion. Without air resistance, the water "splash rim" rises unrealistically high and spray particles di�use unnaturally. In reality, spray follows intricate
trajectories driven by the turbulent air velocity as captured by our simulation. All simulations used the same resolution of10243 (pressure) and30723 (spray
density).

the grid. Previous methods for Lagrangian adaptivity [Adams et al.
2007; Ando et al. 2012, 2013] require particle neighborhoods. This,
however, removes a key advantage of the FLIP method: its light-
weight, noninteracting particles. To maintain this advantage, we
propose a fast stochastic coarsening scheme that eliminates neigh-
borhood searches altogether, ensuring that the Lagrangian part of
our pipeline remains fully local and highly e�cient.

Adaptive Linear System Solvers.A �nal potential bottleneck re-
mains in the form of the very large linear Poisson problem that needs
to be solved in pressure projection-based Navier-Stokes simulations.
In the context of two-phase �ows, the pressure system also becomes
highly ill-conditioned for large density ratios. To address this, we
propose a fully adaptive Poisson solver based on (unsmoothed) alge-
braic aggregation multigrid [Shao et al. 2022]. Leveraging MSBG, we
extend the method to supportmultigrid multiresolutionadaptivity.
A two-stage-red-black hybrid Gauss-Seidel smoother ensures mas-
sive parallelizability while halving the memory footprint compared
to conventional parallel smoothers.

Crucially, our MSBG-block-based multigrid V-cycle enables the
e�cient integration of spatially adaptive relaxation[Kowarschik
et al. 2006; Rüde 1993], which we adapt for the speci�c use case of
high density contrast pressure correction. Furthermore, we extend
adaptive relaxation-based multigrid to function as a preconditioner
for the Conjugate Gradient (CG) method, even accounting for the
inherent asymmetry introduced by adaptive relaxation in the multi-
grid preconditioner.

These innovations collectively result in a pressure Poisson solver
with runtime, even at extreme resolutions and density ratios, com-
parable to other simulation components like particle-grid transfers
and advection �in e�ect, eliminating the pressure solve bottleneck.

1.1 Summary of Contributions
To summarize, our work presents four main contributions that, taken
together, signi�cantly improve the state-of-the-art in physics-based
simulation of two-phase �ows at very large scales:

� A hybrid Eulerian/Lagrangian method,Phase-Field-FLIP(PF-FLIP),
for simulating highly turbulent multiphase �ows at large Reynolds

numbers and high �uid density contrast without requiring surface
reconstruction.

� Multiresolution Sparse Block Grids(MSBG): A simple, e�cient,
and modern-hardware-friendly framework for spatially adaptive
simulations.

� A dual particle-grid adaptivity scheme with a fast stochastic
method for particle coarsening without neighborhood search.

� A novel, adaptive Poisson solver, speci�cally tailored for two-
phase, high density-contrast pressure projection.

In combination, our contributions provide the building blocks
for very large-scale simulations of two-phase �ows. Our overall
algorithm, employs adaptivity across all critical components of the
pipeline�i.e., computational grid, particles, and, crucially, also in
the pressure Poisson solver�ensuring that no bottlenecks with sub-
optimal scaling remain. As a result, the proposed solver surpasses
existing state-of-the-art methods in terms of scale, e�ciency, and
the ability to reproduce complex two-phase �ow details. We demon-
strate its capabilities through a series of comparisons and large-scale
multibillion-particle simulations, performed on a single worksta-
tion, without using the GPU. A public implementation of the MSBG
framework is available at https://github.com/tum-pbs/MSBG.

2 Related Work
Fluid simulation has been a prominent research area in computer
graphics for more than two decades [Bridson 2015; Losasso et al.
2004; Stam 2023], and we refer to recent surveys for an in-depth
overview [Wang et al. 2024].

Due to the high density ratio of water to air,free surface methods
solve the Navier-Stokes equations only for the water phase, applying
curvature-based forces [Brackbill et al. 1992], or use an embedded
interface via the Ghost Fluid Method (GFM) [Kang et al. 2000; Liu
et al. 2000]. In Graphics, single-phase liquid simulation has reached
a mature state, producing impressive results [Aanjaneya et al. 2017;
Ferstl et al. 2014; Liu et al. 2016; Shao et al. 2022; Wang et al. 2024].
We employ the FLIP method [Zhu and Bridson 2005], which has seen
numerous extensions [Fu et al.2017; Jiang et al.2015; Nabizadeh et al.
2024; Qu et al. 2022], however, typically focusing on improvements
for single-phase simulations.
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