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Computational fluid dynamics (CFD)
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Turbulence

Model scope

Computational capacity
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Quantum-CFD

Opportunities Challenges

= Reduction in memory requirements = Efficient encoding of data into quantum register
O(N,) grid points — O(log, N;) qubits
= Efficient read-out of Qols from quantum register
= Reduction in compute operations
O(NtNg) flops — O(N;log, N;) qops = Realization of 'fluid dynamics' as quantum circuit

Most 'fluid dynamics' is non-linear and irreversible

GV

Quantum computing is linear and reversible




Different fluid models
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Different fluid models

Kinematic theory based on distribution functions
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From Boltzmann equation to lattice Boltzmann method
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The lattice Boltzmann method
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The lattice Boltzmann method
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The lattice Boltzmann method
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» Reflection or bounce-back boundary




The lattice Boltzmann method




The quantum lattice Boltzmann method
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Amplitude based encoding
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= Collisionless (=streaming) QLBM
with correct boundary treatment
= Proved that collision cannot be

implemented as unitary operator
= Quantum momentum exchange

method to read-out forces



The quantum lattice Boltzmann method
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= Proposed novel space-time encoding ("extended basis
state encoding") that enables the implementation of
streaming and collision as efficient qguantum circuits



Space-time QLBM
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Our QLBM variants

Complexity analysis for D,Q,

Amplitude-based encoding

Space-time encoding

#qubits 0(log, N,) O(NZ +log, N,) )
N¢
. 2
qops streaming 0 (N,:(log2 Ny) ) z:[log2 (N, — t)]
t=0
qops collision n/a 20N, )

") upper bound 4N, + log, N,

) factor depends on the concrete implementation



Memory footprint: amplitude-based encoding
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Memory footprint: space-time encoding
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The QLBM software package
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The QLBM software package
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The QLBM software package

lattice = CollisionlessLattice(
{ "lattice":
{ Ildim": {"X": 16' |Iyll: 16}'
"velocities": {"x": 4, "y": 4}
b

"geometry": [

{"x":[9,12],
"y": 9, 12], —

"boundary": "bounceback" },

{"x":[9, 12],
"y": [3, 6],
"boundary": "specular" },
1}




The QLBM software package

lattice = CollisionlessLattice(
{ "lattice":

{"dim": {"x": 16, "y": 16},
"velocities": {"x": 4, "y": 4}

2

"geometry": [

{"x":[9,12],
"v': 19, 12],
"boundary": "bounceback" },

{"x":[9,12],
"y [3, 6],
"boundary": "specular" },

1)

cfg = SimulationConfig(...)
cfg.prepare_for_simulation()

runner = QiskitRunner(cfg, lattice)
runner.run(NUM_STEPS, NUM_SHOTS)
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The QLBM software package
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The QLBM software package

SpaceTimelattice

lattice = CollisionlessLattice(
{ "lattice":
{"dim": {"x": 16, "y": 16},
"velocities": {"x": 4, "y": 4}
2
"geometry": [
{"x":[9,12],
y':[9, 12],
"boundary": "bounceback" },
{"x":[9,12],
":[3, 6],
"boundary": "specular" },

1)

cfg = SimulationConfig(...)
cfg.prepare_for_simulation()

QulacsRunner

runner = QiskitRunner(cfg, lattice)
runner.run(NUM_STEPS, NUM_SHOTS)
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ABSTRACT

We present QLBM, a Python software package designed to facilitate the development, simulation,
aml analysis of Quantam Lattice Belzmann Methods (QBMs). oLBM is a modular framework that
duces 3 quantum bstraction hierarchy tailored to the implementation of novel QBMs,
The framework interfaces with state-of-the-arnt quantum software infrastructure to l:nahh: efﬁnlcm
simulation and validation pipelines, and leverages novel tion and pr
that signi reduce the ional resources required to develop quantum circuits. We
demansirate the versatiity of the softwae by showeasing multiple QBMs in 2D and 3D with complex
boundary conditions, integrated within utilities. A the source
code are extensive teat suites, thorough online documentation resources, analysis Im]s vlmllzanm
miethods. and demos that aim to increase the ibility of QBMs while
and collaboration. The source code of QLEM is publicly available under a permissive MPL 2.0 license
sthttpe: //github, com/Q0FD-Lab/qlm,

Keywords Quantum computing - Lattice Boltzmann method - Quantum software - Computational fluid dynamics

1 Introduction

The field of Quantam Computing (QC) [50] has received a staggering amount of attention in recent decades from
sesearchers and praciitioners alike. Ever since the formulation of the first quanium algorithms in the early 1990s,
quantum computing captured the interest and attention of scientists attempting to accelerate solvers for high impact,
real-life problems. It was algorithms like those of Deutsch and Jozsa [23], Bernstein and Vazirani [9]. Grover [30],
and Shor [69] that initisted & wave of rescarch aiming to understand how QC can revolutionizs the status quo. Two

properties make the quantuns ing paradigm especially atiractive for the ding large-scal

computational demands of today — i ion and quantum ism, The forme is a

core property of the basic unit of quantum information: the quantum bit o qubit. Unlike classical bits, n qubits encde
ion that can be d through a "-dimensional vector belonging to a complex Hilbert space. The

aaier quantum parallelism, refers to the sbility of quantum computers to simultsneously encode and update multiple
sesults in a single compuiational siep. Thanks to these two properties, QC carries the potential to augment the current
computational landscape with a drastically different yet comph y archetype.

The drive 1o accelerate classical solvers by means of quantum computing has led 1 novel quantum algorithms that target
nearly every branch of computational science. From quantum chemistry [53, 34, 16] wo deep learning [67, 38), data
mining 39, 46), and finance [52], quanium algorithms promise i augment or improve upon classical methods. One
field where quantum computing advantages aie particularly appealing is that of computational fluid dymmm:z (CFD).
State-of-the-art CFD simulations are extremely memory- and that requir
amounts of resources to tackle modem tasks. It is this capacity botileneck mgetbm with




Conclusions

= QLBM end-to-end implementation: initialization
+ streaming + collision + BC + Qol read-out

= Open-source QLBM software framework v0.0.5
released earlier this week

Thank you! &Y h & S

1st International Conference on
Applied Quantum Methods
In Computational Science and Engineering

October 8-10, 2025, Aachen @.
CCOMAS




	スライド 1:               Matthias Möller  Opportunities and Challenges of Computational Fluid Dynamics Applications on Quantum Computers
	スライド 2: Computational fluid dynamics (CFD)
	スライド 3: Turbulence
	スライド 4: Turbulence
	スライド 5: Turbulence
	スライド 6: Turbulence
	スライド 7: The Quantum-CFD team
	スライド 8: Quantum-CFD
	スライド 9: Different fluid models
	スライド 10: Different fluid models
	スライド 11: Different fluid models
	スライド 12: From Boltzmann equation to lattice Boltzmann method
	スライド 13: The lattice Boltzmann method
	スライド 14: The lattice Boltzmann method
	スライド 15: The lattice Boltzmann method
	スライド 16: The lattice Boltzmann method
	スライド 18: The quantum lattice Boltzmann method
	スライド 20: The quantum lattice Boltzmann method
	スライド 22: Space-time QLBM
	スライド 23: Space-time QLBM
	スライド 24: Space-time QLBM
	スライド 25: Our QLBM variants
	スライド 26: Memory footprint: amplitude-based encoding
	スライド 27: Memory footprint: space-time encoding
	スライド 28: The QLBM software package
	スライド 29: The QLBM software package
	スライド 30: The QLBM software package
	スライド 31: The QLBM software package
	スライド 32: The QLBM software package
	スライド 33: The QLBM software package
	スライド 34: The QLBM software package
	スライド 35: The QLBM software package
	スライド 36: The QLBM software package
	スライド 37: The QLBM software package
	スライド 38: Conclusions

