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ABSTRACT: Quantum computational fluid dynamics (QCFD) is an active but still immature research area, and
quantum lattice Boltzmann methods (QLBM) provide a natural mesoscopic route because their collision–streaming
structure can be decomposed into algorithmic blocks. This paper reviews QLBM and related hybrid quantum–classical
fluid approaches from an engineering computational fluid dynamics (CFD) perspective, emphasizing physical scope,
boundary realism, nonlinear collision treatment, measurement cost, hardware assumptions, and comparison with
optimized classical baselines. The discussion is connected to computational aeroacoustics (CAA), where practical
workflows already separate source generation, acoustic propagation, and design loops, creating possible insertion
points for selective quantum or hybrid acceleration. As a concrete classical reference problem, we also develop a
three-dimensional, 19-velocity (D3Q19) multiple-relaxation-time (MRT) lattice Boltzmann method (LBM) acoustic
benchmark. In this benchmark, harmonic monopole, dipole, and quadrupole sources are imposed through an
additive particle source term, and the computed fields are validated against a D3Q19 MRT-specific Chapman–Enskog
macroscopic reference derived from the implemented collision model and source moments using axial waveforms
and far-field directivity. The same benchmark is then mapped to an illustrative QLBM architecture using Carleman
lifting, linear combination of unitaries (LCU) or block encoding, conditional streaming, and acoustic readout. The
resulting roadmap argues that near- and mid-term quantum contributions to aeroacoustics are more likely to appear
through targeted hybrid kernels and benchmarked mesoscopic subproblems, rather than replacing mature industrial
CFD/CAA pipelines.

KEYWORDS: Quantum lattice Boltzmann method; quantum computational fluid dynamics; computational aeroa-
coustics; lattice Boltzmann method; hybrid quantum–classical algorithms; multiple-relaxation-time LBM; acoustic
multipole sources; Carleman lifting

1 Introduction
This review situates quantum lattice Boltzmann methods (QLBM), defined here as quantum algorithms

involving circuits, encodings, and measurements for fluid-dynamics problems expressed through lattice
Boltzmann formulations, within the broader field of quantum computational fluid dynamics (QCFD).
Within this broad field, partial differential equation (PDE) formulations, Navier–Stokes (NS)-oriented
quantum routes, quantum machine learning (QML), quantum-inspired approaches, hybrid linear solvers,
and mesoscopic methods appear as recurring algorithmic families. The discussion is organized around major
themes and application-driven questions. Tables 1–6 summarize the benchmark ladder, baseline compar-
isons, representative QLBM literature, acoustic-observable templates, and engineering-readiness mapping.
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Literature Search Strategy and Review Organization
The review was designed as a structured critical and scoping review rather than a formal meta-

analysis or pooled-effect systematic review. The strategy follows guidance for literature reviews and scoping
studies, while using Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)-
informed reporting principles to make the search and screening process systematic [1–4]. Searches were
performed in Web of Science, Scopus, Google Scholar, IEEE Xplore, arXiv, AIAA, Springer, Elsevier, APS,
ACM, and publisher databases. Search terms included “quantum lattice Boltzmann”, “quantum computa-
tional fluid dynamics”, “quantum Navier–Stokes”, “quantum advection–diffusion”, “hybrid quantum classical
computational fluid dynamics (CFD)”, “quantum linear solver fluid dynamics”, “Carleman quantum fluid”,
“lattice Boltzmann acoustics”, “LBM aeroacoustics”, “absorbing layers lattice Boltzmann method (LBM)”,
“computational aeroacoustics fan noise”, and “Helmholtz liner acoustics”.

Papers were retained if they contributed to QLBM, broader QCFD, quantum PDE algorithms, hybrid
quantum linear solvers for flow or acoustics, classical LBM foundations, large-eddy simulation (LBM-LES),
LBM aeroacoustics, or computational aeroacoustics (CAA) workflows relevant to aeroacoustic observables.
Papers were excluded if the term “quantum lattice Boltzmann” referred only to classical solvers for quantum
kinetic equations without relevance to quantum computing, or if the work lacked any connection to fluid
simulation, acoustic observables, or computational modeling. The final corpus was grouped into eight cat-
egories, covering QCFD surveys, QLBM algorithms, quantum PDE/linear solvers, quantum-inspired/QML
CFD, classical LBM and LBM-LES, LBM acoustics, CAA and rotating-machinery acoustics, and resource-
estimation/measurement literature. The database list, search strings, eligibility criteria, exclusion criteria, and
citation-expansion steps are reported to provide a clear account of how the review corpus was assembled [5].
In the audit log, 1173 raw hits were recorded for transparency, 822 records were entered into the screening
table, 284 duplicate records were removed, and 538 unique records remained after deduplication. Manual
title/abstract screening excluded 424 records and retained 114 records for corpus checking. Broad raw-
hit counts were not treated as screened records unless individual records were exported or entered into
the screening log. The current manuscript reference list contains 171 references; the audit was used to
reconcile this bibliography against screened records and to identify additional candidate papers as part of a
retrospective transparency step rather than a prospectively registered systematic-review protocol. Fig. 1 sum-
marizes the retrospective PRISMA-informed search-audit workflow used to document record identification,
deduplication, manual title/abstract screening, and bibliography reconciliation.

The review draws on peer-reviewed articles and identifiable preprints published through July 2026
on quantum and hybrid fluid algorithms, with QLBM as the central focus. It also uses classical LBM and
computational aeroacoustics literature to provide comparison, validation context, and application framing.
Because the objective is to map an emerging interdisciplinary field rather than estimate a pooled effect size,
the review should be interpreted as a structured critical and scoping review with a descriptive bibliometric
component [1,2,6]. Propellers, fans, and installed propulsion serve as representative application touchpoints
for computational aeroacoustics, where flow simulation is coupled with sound prediction and design.

CFD is standard in aerospace, energy, transport, and turbomachinery, yet high-fidelity prediction
remains costly when turbulence, moving boundaries, flow–acoustic coupling, and repeated design loops
must all be resolved. In aeroacoustics and rotating machinery, the structures that generate sound are often
weak but sensitive to how unsteadiness is resolved.
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Figure 1: Retrospective Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)-informed
search audit and bibliography-reconciliation workflow. Raw database hits were logged for transparency but were not
counted as screened unless exported or recorded into the screening table. Duplicate records were removed by digital
object identifier (DOI) where available and otherwise by normalized title, year, and authorship metadata. Manual
title/abstract screening was used to retain records relevant to quantum lattice Boltzmann methods (QLBM), quantum
computational fluid dynamics (QCFD), quantum partial differential equation (PDE) and linear solvers, hybrid CFD
and CAA kernels, classical lattice Boltzmann method (LBM), large-eddy simulation (LES), LBM-LES, LBM acoustics,
CAA workflows, and resource/measurement literature.

Industrial CAA is commonly organized around flow simulation, source extraction, acoustic propa-
gation, and design iteration. This decomposition provides natural entry points for discussing hybrid or
quantum-assisted methods, without requiring the assumption of a single end-to-end quantum flow solver.

Quantum algorithms have attracted growing interest for fluid-related problems, but fluid dynamics
remains nonlinear, multiscale, and difficult to measure on quantum hardware in full generality [7–9]. QLBM
is a useful focal point because its collision–streaming structure aligns closely with the way classical LBM and
CFD are already formulated and discussed. Broad QCFD reviews map algorithmic families and hardware
horizons [7,8], while related surveys examine quantum machine learning and quantum-inspired approaches
for CFD [9]. Aerospace-oriented studies have also explored variational quantum algorithms on model flow
problems [10]. Building on this context, the present review emphasizes QLBM and connects it to classical
LBM–LES foundations (Section 3.5), evaluation criteria and CAA-oriented benchmarks (Sections 6 and 7),
linear-acoustics interfaces (Section 8), and the research roadmap (Section 12).

In parts of the mathematical-physics literature, the phrase “quantum lattice Boltzmann” can denote a
classical lattice Boltzmann–type discretization used to approximate quantum kinetic or master equations. In
this usage, it is a classical numerical scheme for quantum equations. In the quantum-computing literature,
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QLBM refers to quantum algorithms, including circuits, encodings, and measurements, aimed at fluid-
dynamics problems. This review uses QLBM only in the latter sense. Where a collision–streaming update is
meant generically, we write “LBM-like” or “mesoscopic step” to keep the two usages distinct.

Within this broad field, LBM warrants sustained attention. Monographs and textbooks document
classical formulation, validation practice, and implementation [11,12]. Classical LBM is already well known
for its regular data structures, locality, complex-boundary handling, and strong performance on parallel
architectures. It has also become a valuable tool for weakly compressible turbulence, multiphase transport,
porous-media flow, and selected aeroacoustic workflows. These properties make LBM an attractive candidate
as a conceptual bridge to quantum computing. The discrete collision–streaming structure lends itself to
algorithmic decomposition, while the mesoscopic state representation opens alternative encoding strategies
that differ from direct discretizations of the Navier–Stokes equations. For this reason, QLBM has attracted
substantial research activity within QCFD [13–17].

The scope of this review assumes that QLBM will complement direct numerical simulation (DNS),
LES, and hybrid CFD/CAA workflows in the near term. This perspective is motivated by low-noise
propulsion and engineering aeroacoustics, including sound prediction for propellers and fans [18,19].
Source-based CAA commonly builds on Lighthill’s acoustic analogy and its extension to moving surfaces
through the Ffowcs Williams–Hawkings formulation [20,21]. These source formulations are coupled with
acoustic-propagation models and evaluated using receiver-side quantities such as spectra, directivity, and
sound-pressure levels [22,23].

The scope stays close to QLBM and hybrid routes for aeroacoustic and low-noise propulsion needs,
while whole-field QCFD surveys supply orientation and context [7,8]. Concrete entry points, including
transport kernels, linear subproblems, and outer-loop tasks, are spelled out where they sharpen the
discussion.

The paper also introduces a compact classical multiple-relaxation-time (MRT) lattice Boltzmann
method (LBM) acoustic benchmark, together with an illustrative quantum-compatible reformulation of
the same algorithmic structure. Harmonic monopole, dipole, and quadrupole sources are generated at the
population level by an additive particle source term and propagated in a quiescent weakly compressible
lattice. The source-moment idea is related to earlier LBM multipole work [24], but the analytical reference
used here is derived directly for the implemented D3Q19 MRT scheme. The resulting axial pressure
waveforms and far-field directivity patterns are compared with an MRT-derived Chapman–Enskog (CE)
macroscopic point-source reference. The benchmark establishes a classical acoustic reference problem. The
subsequent QLBM-oriented reformulation maps the same update to a mainstream lifted-operator architec-
ture using Carleman linearization, linear combination of unitaries (LCU) or block encoding, conditional
streaming, and acoustic readout. Fig. 2 shows how the review narrows from QCFD to QLBM and then to
aeroacoustic motivation.

Figure 2: Structure of the review, from the broad QCFD landscape, including quantum-native partial differential
equation/Navier–Stokes (NS) routes, quantum machine learning (QML), and quantum-inspired (Q-inspired) routes, to
QLBM as the methodological emphasis and then to target aeroacoustic and low-noise propulsion workflows (right-hand
box). QCFD remains broader than QLBM alone.
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2 Broad Quantum CFD Background
Early QCFD studies followed several distinct algorithmic routes. Ray et al. reformulated a reduced tran-

sient channel-flow problem as a binary optimization problem for adiabatic quantum annealing [25]. Griffin
et al. examined universal-gate strategies for direct numerical simulation of the incompressible Navier–Stokes
equations, emphasizing state encoding, nonlinear-term treatment, and readout limitations [26]. Gaitan
proposed a quantum PDE algorithm and demonstrated it for quasi-one-dimensional compressible nozzle
flows, while Oz et al. adapted this approach to Burgers’ equation with and without shock formation [27,28].

Separately, the Harrow–Hassidim–Lloyd (HHL) algorithm established a foundational quantum linear-
system method [29]. Subsequent hybrid quantum–classical CFD studies targeted specific components
of classical solvers. Chen et al. proposed a quantum acceleration strategy for steady finite-volume CFD
with explicit treatment of classical input and output [30]. Lapworth embedded HHL within a pressure–
velocity-coupling hybrid CFD solver and reported lid-driven-cavity benchmarks [31]. Song et al. applied
a variational quantum linear solver to the pressure-Poisson step of an incompressible projection method
and tested the approach on noisy quantum hardware [32]. Chen et al. later introduced iterative quantum
linear solving and subspace scaling, demonstrating Poiseuille flow and acoustic-wave propagation on
superconducting hardware [33]. Bharadwaj and Sreenivasan developed QFlowS and demonstrated gate-
level hybrid quantum linear-system workflows for low-Reynolds-number flows, including state-preparation
and quantum post-processing considerations [34]. Other quantum-native fluid formulations include hydro-
dynamic Schrödinger reformulations, incompressible nonlinear Navier–Stokes algorithms, and potential
quantum-advantage analyses for fluid dynamics [35–39].

For orientation, the QCFD literature can be grouped into four overlapping families [7,8]: hybrid
quantum linear-solver approaches for discretized flow problems; quantum-native PDE and ensemble
reformulations; QLBM [13,15,17,40]; and quantum machine learning or quantum-inspired approaches for
CFD [9,41]. Recent work also broadens the QCFD landscape through general perspectives on quantum
simulation of fluid flows [42], fully quantum lattice-based mesoscale algorithms demonstrated for diffusion
and Burgers’ equations [43], and particle-based quantum hydrodynamics formulations such as Smoothed
Particle Hydrodynamics (SPH) [44]. Fig. 3 sketches this taxonomy. The remainder of the paper concentrates
on QLBM and hybrid linear-acoustics interfaces, while broader QCFD coverage is left to the surveys
cited above.

Figure 3: High-level taxonomy of QCFD, covering four overlapping families used in this review: hybrid quantum–
classical linear-solver approaches for discretized flow problems, including variational quantum linear solver
(VQLS) routes [30–33]; quantum-native PDE, Navier–Stokes-oriented, and ensemble reformulations [27,35,38,39];
QLBM [13,15,17,40]; and quantum machine learning or quantum-inspired CFD approaches [9,41]. QLBM is the
methodological emphasis of this review.
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Near-term fluid simulation is likely to use quantum methods on selected subproblems, such as sparse
linear systems, outer-loop solves, or hybrid blocks in which turbulence remains on classical hardware [32,33].
Broader analyses of potential quantum advantage for fluid dynamics [37] address longer-horizon algorithmic
possibilities beyond these hardware-grounded demonstrations. Fig. 4 summarizes the usual near-term, mid-
term, and long-term layering [7–9].

Figure 4: Schematic overview of near-, mid-, and long-term horizons for quantum CFD and QLBM, informed by broad
QCFD and related quantum/quantum-inspired CFD literature reviews [7–9]. Here, noisy intermediate-scale quantum
(NISQ), graphics processing unit (GPU), and high-performance computing (HPC) denote the hardware and computing
contexts used in the figure. The bullets summarize the authors’ synthesis of the landscape instead of direct quotations
from a single source. Further details and caveats are discussed in the main text.

Critical Synthesis of QCFD Routes
The taxonomy in Fig. 3 assigns different maturity levels and engineering relevance to the QCFD

branches. Hybrid quantum–classical linear-solver approaches are currently the most directly aligned with
established CFD and CAA workflows because pressure-Poisson, Helmholtz, linearized Navier–Stokes, and
other block-linear subproblems already appear inside classical solvers. At the algorithmic level, their poten-
tial advantage depends on efficient sparse-matrix access, conditioning or preconditioning, state preparation,
and restricted output extraction [29,45,46]. CFD-oriented demonstrations additionally show that solver
integration, hardware noise, and recovery of useful flow observables remain practical bottlenecks [30–33].

Quantum-native PDE and Navier–Stokes reformulations are more ambitious because they alter the
mathematical representation of the governing equations. Early routes include annealing-based and nonlinear
or unitary PDE formulations tested mainly on reduced or model flow problems [25,27,38]. Other proposals
use hydrodynamic Schrödinger representations, ensemble formulations, or direct incompressible Navier–
Stokes constructions [35,36,39]. These approaches are important as long-horizon algorithmic proposals, but
their extension to wall-bounded, turbulent, geometry-dependent engineering flow remains to be established.

QLBM occupies a middle position. Its main strength is structural: collision, streaming, moment
recovery, and boundary handling are already natural units of mesoscopic CFD algorithms. This makes QLBM
easier to compare with classical LBM than direct quantum discretizations of the Navier–Stokes equations.
Its main weakness is equally structural: the classical LBM steps most valuable for engineering (nonlinear
equilibrium, dissipative collision, complex boundaries, forcing, turbulence closure, and repeated readout
of fields or spectra) are precisely the steps that are hardest to implement coherently and economically
on quantum hardware. Quantum-inspired and QML-assisted routes are therefore best viewed as adjacent
accelerators or surrogates rather than substitutes for a validated quantum flow solver [9,41]. From an
engineering perspective, the clearest near- and mid-term directions are bounded subproblems with local
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or low-dimensional outputs: linear acoustic propagation blocks, weakly compressible transport kernels,
benchmarked QLBM collision–streaming modules, and design-loop components where the measurement
target is explicit.

3 The Evolution of QLBM Literature
The reviewed QLBM and QCFD literature is strongly weighted toward recent work, especially during

2021–2026. Fig. 5 summarizes selected landmark contributions on a thematic timeline. The figure is intended
as a curated map of the QCFD and QLBM literature, while the descriptive bibliometric component is limited
to publication year and topic grouping [6]. The subsections below follow thematic branches instead of
strict chronology.

Table 1: Suggested benchmark ladder for QCFD and QLBM research, proposed here as a qualitative synthesis aid based
on the literature reviewed in this paper. The first rung covers linear advection-diffusion equation (ADE) or scalar-
transport benchmarks. Higher rungs require stronger justification against optimized classical baselines and clearer
boundary-condition realism.

Rung Stage Typical Content and Purpose

1 Linear ADE or scalar
transport

Isolate encoding, collision, streaming, and measurement; establish
consistency with LBM modified equations.

2 Poiseuille, Couette, and
Couette-like shear

Basic validation of viscous physics and boundary treatment in
simple flows.

3 Lid-driven cavity benchmarks Standard incompressible-flow diagnostics; still far from industrial
turbulence.

4
Weakly compressible and

mesoscopic
transport-acoustics

LBM-native weakly compressible flow, acoustic-relevant
transport, and mesoscopic sound-generation settings; bridge

toward strengths of the mesoscopic picture.

5 Linearized acoustics and wave
propagation

Helmholtz, linearized Navier–Stokes, and related
wave-propagation subproblems aligned with hybrid QCFD linear

solvers, including frequency-domain or outer-loop acoustics
blocks.

6 Homogeneous and decaying
turbulence snippets

Stress-test nonlinearity and resolution scaling below
wall-bounded LES.

7 Engineering aeroacoustics and
rotating machinery

Coupled flow, acoustics, and geometry variation; comparisons
become meaningful only after lower rungs are satisfied.

Because the field is still young, recency alone is a poor proxy for importance. In the discussion below, a
contribution is treated as a landmark when it changes the algorithmic bottleneck being addressed, the phys-
ical regime being attempted, or the validation standard expected of later work. Incremental developments
remain valuable when they reduce overhead, clarify consistency, or improve implementation realism, yet
landmark methods that open a new class of QLBM test problems carry greater weight in this review. This
distinction is used below to separate four questions that are often conflated: whether a method is physically
more expressive, whether it is more resource efficient, whether it improves time-marching or boundary
realism, and whether it produces observables that a CFD or CAA user would actually need.

The comparison below also separates the physical equation being targeted, the quantum representation
used for collision and streaming, the numerical or benchmark evidence reported, and the extent of
resource accounting. Reported accuracy, qubit counts, gate counts, circuit depth, ancilla requirements, and
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measurement costs are noted in Table 3 where the cited studies provide them. Many current works still offer
only partial resource estimates or proof-of-concept circuit demonstrations, which limits direct engineering
comparison with optimized classical LBM from a CFD/CAA perspective. For this reason, Table 3 treats
resource reporting itself as part of the critical assessment. When a study reports qubit counts, gate counts,
circuit depth, benchmark errors, or measurement requirements, these are identified at the level reported in
the cited work. When such information is absent or only partially specified, the table states this explicitly.
This avoids treating all QLBM papers as equally mature and makes clear which contributions are algo-
rithmic proposals, which are benchmark demonstrations, and which already include engineering-relevant
resource accounting.

Figure 5: Selected landmark timeline for QCFD and QLBM literature, organized by publication year and theme.
Marker labels show first-author surname and reference number. Horizontal position indicates calendar year, row
tint indicates theme, and vertically stacked markers denote distinct works from the same year within a row.
References: [7,8,13–17,25–27,30–33,38–40,47–58].

3.1 Early Linear Transport and Advection–Diffusion Formulations
Earlier quantum lattice-gas CFD work provides a useful historical antecedent to modern QLBM

formulations, even though the present review uses QLBM in the quantum-computing algorithmic sense
rather than as a classical solver for quantum kinetic equations [59].

An early QLBM study by Budinski formulated the advection–diffusion equation (ADE) within an
LBM framework and presented a collision–streaming style quantum update pipeline [13]. The key idea was
to exploit the LBM update structure to obtain a quantum algorithm composed of initialization, collision,
propagation, and measurement steps. The work helped establish a recognizable template for later QLBM
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research, beginning with linear or linearized physics, careful attention to mesoscopic population encoding,
and explicit treatment of multiple time steps.

The later work by Wawrzyniak et al. [15] advanced this branch of the literature substantially. Their
advection–diffusion algorithm emphasized modularity across one to three dimensions, support for common
velocity sets, and improved complexity through more efficient encoding and collision building blocks. The
authors also stressed that an LBM approximation for the advection–diffusion equation solves a modified
equation instead of the exact continuum PDE, a point that remains central to any rigorous QLBM review.
Classical consistency analysis therefore remains obligatory alongside algorithm design.

Xu et al. further improved the linearized collision treatment for advection–diffusion, proposing an
ancilla-free or reduced-overhead formulation that better exploited quantum parallelism under a linear
collision model [48]. Schalkers and Möller developed an efficient fail-safe quantum transport formulation
that complements the LBM-based ADE route [47]. Independent one-dimensional quantum ADE algorithms
also appear in the fluids literature [60]. Collectively, these works show that the advection–diffusion class has
become a common proving ground for QLBM because it isolates tractable parts of the method while still
preserving nontrivial transport structure.

3.2 From Linear Transport to Navier–Stokes-Oriented QLBM
A second branch of the literature attempts to extend QLBM beyond linear transport toward fluid flow

proper. Budinski’s streamfunction–vorticity formulation for the Navier–Stokes equations is a notable early
milestone here [14]. Instead of tackling the primitive-variable incompressible system directly, the work used
a reformulation that fits more naturally within an LBM timestep procedure. This illustrates a recurring
pattern in QCFD. Progress often depends less on “solving Navier–Stokes on a quantum computer” in the
usual textbook sense than on finding physically meaningful reformulations whose algebraic structure is
more favorable.

Kumar and Frankel proposed a quantum unitary matrix representation of the LBM for low-Reynolds-
number flow simulation [40]. Their formulation relied on singular-value decomposition (SVD) and careful
state preparation to represent collision and streaming through products of unitary operations. The bench-
mark set included advection–diffusion, Poiseuille flow, Couette flow, and lid-driven cavity flow. From a CFD
perspective, the main contribution lies in making gate-count and qubit-cost discussion explicit alongside
reproduction of classical benchmark cases. Low-Reynolds-number benchmark agreement alone carries
limited weight for viability at larger scales.

Zeng et al. introduced a hybrid quantum-classical LBM with a linearized non-equilibrium collision
operator and modular circuit structure for practical flow simulation [49]. This line of work is important
because it reflects a shift from purely conceptual quantum-fluid algorithms toward algorithms designed
around current or near-term constraints. Hybridization acknowledges that different parts of the LBM
update may belong on different hardware, instead of forcing the whole method to remain fully quantum.
Complementary lines target nonlinear collisions, dissipative relaxation, realizability, and circuit complexity.
Itani et al. formulate a quantum algorithm for lattice Boltzmann (QALB) update with a nonlinear collision
term for incompressible flow [53]. Tiwari et al. analyze algorithmic requirements for a more realizable
QLBM under hardware constraints [61]. Lăcătuş and Möller study surrogate quantum circuits for the lattice
Boltzmann collision operator [62]. Khan et al. propose a deterministic realization of classical dissipative
MRT relaxation on quantum computers, using a signed two-rail encoding and open-system amplitude-
damping construction to avoid the success-probability loss associated with block-encoding the dissipative
relaxation block [63]. Lee et al. propose a multiple-circuit decomposition to reduce quantum resources in
QLBM workflows [51].
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3.3 Dynamic Circuits and Multiple Time Steps
A recurring obstacle in QLBM has been the need to measure and reinitialize the state after each time

step. This overhead can erase any plausible quantum benefit. Wawrzyniak et al. addressed this problem with
a dynamic-circuit formulation in which the collision operator is implemented as a fully unitary process,
enabling multiple time steps without full state reinitialization [50]. Lee et al. and Tiwari et al. pursue
complementary routes toward resource-reduced and realizable multi-step QLBM implementations [51,61].
The dynamic-circuit work also reduced the dependence of ancilla overhead on the velocity set, which is
significant because qubit costs tied directly to larger lattices would otherwise scale poorly.

In practical CFD, stable long-time marching defines feasibility as much as per-step accuracy. Quantum
fluid solvers that stall after a handful of steps carry limited engineering meaning.

3.4 Toward Nonlinear and Turbulence-Relevant QLBM
Earlier nonlinear lattice-model and Carleman-lattice-Boltzmann constructions showed how multi-

dimensional nonlinear updates and moderate-Reynolds-number fluid circuits can be expressed in quantum
form [52–54,64]. A notable recent step toward nonlinear QLBM is the 2025 work by Wang et al. [16].
The study introduced a node-level ensemble description of a lattice-gas formulation, enabling a QLBM
framework for nonlinear fluid dynamics. Reported demonstrations included vortex-pair merging and
decaying turbulence, with simulations reaching up to 16.8 million computational grid points. This represents
an important advance beyond earlier QLBM demonstrations that focused mainly on linear transport or more
restricted flow settings. At the same time, industrial turbulence on quantum hardware remains out of reach.
The contribution is therefore best interpreted as a more direct treatment of nonlinear structure within QLBM,
without implying near-term industrial hardware advantage.

This work marks a promising broadening of the literature. For several years, much QLBM work could be
viewed as concentrated on quantum-advection-diffusion-style benchmarks. The Wang et al. result indicates
that nonlinear fluid dynamics is now being confronted more directly, even if the path to engineering LES
or DNS remains long [16]. Recent work also reports QLBM demonstrations on real quantum devices,
including linear-acoustics-oriented examples [65], and nontrivial incompressible-flow benchmarks with a
QLBM algorithm [55].

3.5 What Would It Mean for QLBM to Become Relevant for DNS, LES, and Hybrid Turbulence
Workflows?
Large-eddy simulation (LES) filters the Navier–Stokes equations and models unresolved stresses

through a subgrid-scale (SGS) closure. In wall-modeled LES, the outer-flow discretization is additionally
coupled to a near-wall model. Classical LES commonly relies on eddy-viscosity and related closures, includ-
ing Smagorinsky-type models [66] and dynamic formulations [67,68]. Homogeneous turbulence simulations
also require carefully designed forcing to maintain statistical stationarity [69]. In lattice Boltzmann formu-
lations, body forces must be introduced in a way that preserves consistency with the discrete lattice [70].
Foundational reviews of LBM for fluids [71,72] document the classical capabilities and complexity that
QLBM development must address to approach engineering-relevant turbulence regimes. Classical LBM has a
long history in turbulence simulation and high-performance implementation, including early discussions of
lattice-Boltzmann computing challenges, massively parallel turbulent-channel simulations, direct and large-
eddy simulations of turbulent flow, and decaying homogeneous isotropic turbulence benchmarks [73–76].
For LES, the subgrid-scale closure should be introduced consistently at the kinetic or mesoscopic level, which
has motivated dedicated SGS formulations for lattice Boltzmann methods [77].
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The focus on LES is intentional because LBM–LES and wall-modeled LBM are already established
parts of classical mesoscopic turbulence simulation and are directly relevant to aeroacoustic source
prediction. DNS provides a stricter validation target for future QLBM, since it would require fully
resolved nonlinear time marching, controlled dissipation and dispersion, and recovery of long-time turbu-
lence statistics. Hybrid Reynolds-averaged Navier–Stokes–large-eddy simulation (RANS–LES) approaches,
including DES, improved delayed detached-eddy simulation (IDDES), unsteady Reynolds-averaged Navier–
Stokes–computational aeroacoustics (URANS–CAA) chains, and wall-modeled large-eddy simulation
(WMLES)-type workflows, are also relevant from an industrial perspective; in such settings, QLBM would
more plausibly enter as a targeted transport, source-region, linearized-acoustic, or design-loop component
while turbulence modeling, wall treatment, geometry handling, and source extraction remain coupled
workflow elements.

For QLBM to become relevant to DNS, LES, or hybrid RANS–LES workflows, reproducing homo-
geneous decaying turbulence on a quantum circuit would be insufficient on its own. That would test
only part of the problem. The harder requirement is to handle heterogeneous flow settings with walls,
pressure gradients, moving bodies, and long-time integration that produces statistically meaningful outputs.
Homogeneous-turbulence benchmarks are still useful because they test nonlinearity and resolution scaling
without the added complexity of geometry. They play a similar role in classical algorithm development [76].
Recent LBM-LES work on forced homogeneous isotropic turbulence (FHIT) asks whether kinetic-level
coarse-graining keeps the solver in a hydrodynamic regime compatible with conventional subgrid-stress
modeling. That assessment uses a turbulent Knudsen number diagnostic together with spectra and higher-
order statistics [78]. In parallel, physics-constrained neural closures for LBM-LES, trained on filtered DNS
fields, show how classical methods already combine mesoscopic numerics with data-driven SGS models and
deployment-oriented coupling [79]. These studies set a demanding classical benchmark that any quantum or
hybrid QLBM accelerator must clear before it can be considered useful for turbulence-relevant applications.
Mesoscopic LBM has also been applied to more complex interfacial turbulence, including immiscible
Rayleigh–Taylor turbulence, which broadens the classical turbulence baseline beyond periodic single-phase
tests [80].

From a QLBM perspective, an LES-relevant research program would eventually need three elements.
First, it would need stable long-time marching with measurement strategies that can recover spectra and
second-order statistics. Second, it would need boundary models that go beyond periodic boxes. Third, it
would need either explicit subgrid modeling within the lattice formalism or a defensible hybrid split in
which quantum kernels accelerate only resolved-scale transport, while closures remain classical. This division
would be similar to the way industrial LES already separates numerical solution from physical modeling.

Until these elements are available, QLBM is better viewed as a possible mesoscopic accelerator within
selected parts of a workflow, instead of a direct replacement for LES. This position is also consistent with
classical LBM practice. Wall-modeled LBM LES is now a developed classical research direction, with explicit
wall models, high-Reynolds-number channel-flow studies, and systematic comparisons of collision schemes,
SGS models, and wall functions [81–83]. Recent LBM LES work also couples near-wall modeling with
synthetic-turbulence generation and physics-informed data-driven wall models, setting a higher classical
baseline than minimal toy LBM simulations [84,85]. Dynamic subgrid modeling on the lattice [86] and
entropic-LBM turbulence statistics [87] show that classical LBM stacks are already highly developed. Future
QLBM benchmarks should therefore be tested against both minimal toy LBM baselines and this class of
optimized classical workflow. Table 2 contrasts classical LBM and LES baselines with plausible near-term
quantum target subproblems.
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Table 2: Classical LBM and LES baselines vs. plausible near-term quantum targets for wall-modeled large-eddy
simulation (WMLES), homogeneous isotropic turbulence (HIT), forced homogeneous isotropic turbulence (FHIT),
subgrid-scale (SGS) modeling, boundary conditions (BCs), finite element method (FEM), boundary element method
(BEM), linearized Navier-Stokes equations (LNSE) acoustic blocks, physics-informed neural network (PINN) wall
models, and quantum linear systems algorithm (QLSA) routes. Realism indicates how credible end-to-end deployment
is on present or announced hardware, using an ordinal scale rather than a calendar forecast.

Classical
Stack Current Capability Quantum Target

Subproblem Realism Main
Bottleneck

LBM-LES,
WMLES,

and closures

GPU/HPC mesoscopic
solvers [88,89]; FHIT
validation and neural

LBM-LES
closures [78,79]; PINN

wall models [85]

Hybrid: linearized
collision and stream
substeps; outer-loop

surrogates

Mid–long
Nonlinearity,

readout,
industrial BCs

LES forcing
and SGS on

lattices

Smagorinsky and
dynamic SGS [66,67];

stationary HIT
forcing [69]; consistent

LBM forcing [70]

Occasional linear solves
in coupled blocks, rather

than replacement of
classical SGS

Long

Physics
modeling vs.
algorithmic

overhead

Foundational
LBM for
complex

flows

Theory and practice at
engineering

complexity [71,72]

QLBM kernels, hybrid
circuits, proof-of-concept

benchmarks
Near–mid

Unitary
embedding,
encoding,

measurement

Pressure,
Helmholtz,
and linear
acoustics

Sparse FEM/BEM,
coupled

LNSE–Helmholtz in
CAA [22]

VQLS and QLSA on
sparse blocks;

frequency-domain solves
Near–mid

Preconditioning,
state

preparation

3.6 Boundary Conditions, Bounce-Back, and Complete Formulations
In classical LBM, boundary treatment is often where elegant theory meets engineering reality. Quantum

formulations face the same tension. Liu et al. recently proposed a complete formulation based on linear equi-
librium distribution functions, incorporating bounce-back boundary conditions directly into the collision
matrix and representing streaming through conditional unitary shift operations [17]. Schalkers and Möller
have also emphasized that data encoding and momentum-exchange boundary forcing are central to the
realism of quantum Boltzmann methods [90,91]. Recent boundary-focused QLBM work further develops
coherent implementations of bounce-back and specular-reflection-type boundary conditions, reinforcing
boundary treatment as a core algorithmic issue rather than a post-processing detail [92]. These developments
matter because they treat boundary conditions and observables as integral parts of the quantum formulation.

For an engineering-facing review, such developments matter. A quantum algorithm that reproduces
only periodic or highly idealized domains may be interesting, yet it leaves open the wall-bounded and
installed-flow settings relevant to fans, propellers, ducts, liners, and rotating machinery. Progress on bound-
ary representation therefore benefits from more attention than is sometimes given in purely algorithmic
reviews. Complementary benchmark-oriented work has established a reproducible D3Q19 MRT-LBM
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Poiseuille-flow test with body forcing, bounce-back walls, analytical verification, and an operator-level audit
for future quantum and hybrid implementations [93].

3.7 Software Ecosystems and Reproducibility
Maturing scientific fields eventually develop software infrastructure, and QLBM is beginning to do so.

Georgescu et al. introduced a dedicated software framework for QLBM, designed to generate, simulate, and
analyze quantum circuits for two- and three-dimensional CFD problems [58]. Shinde et al. reported an Intel
Quantum software development kit (SDK) implementation of QLBM that illustrates how classical software-
engineering practice can be transferred to quantum circuit development [57]. Bharadwaj’s QFlowS likewise
contributes tooling for quantum fluid-circuit construction and experimentation [56]. Such frameworks
primarily support reproducibility and scaling studies beyond isolated demonstrations that remain largely
proof-of-concept. Physical usefulness still rests on validation against classical baselines.

The most mature entries in the table are therefore not simply the most recent ones, but those that
combine a clear physical target with benchmark evidence and explicit resource reporting; conversely, papers
that introduce important formulations but leave qubit, gate-depth, measurement, or classical-baseline costs
unspecified should be read as methodological advances rather than engineering-ready demonstrations.

Table 3: Critical comparison of representative QLBM and QLBM-tooling literature, including singular-value decom-
position (SVD)-based unitary-factor approaches where relevant. The table emphasizes the physical target, algorithmic
distinction, reported evidence or resource information, and remaining validation need for engineering CFD/CAA.

Reference Physical
Target Algorithmic Distinction Reported

Evidence/Resource Status
Remaining CFD/CAA

Limitation

Budinski [13], 2021
Advection–
diffusion via

LBM

Introduced an early
collision–streaming

QLBM template with
initialization, collision,

propagation, and
measurement.

Demonstrated the
algorithmic structure for

linear transport; full
CFD-scale qubit,
gate-depth, and

measurement budgets
were outside the main

focus.

Leaves nonlinear collision,
acoustic-source

generation, complex
boundaries, and CAA

observables outside the
present validation scope.

Budinski [14], 2022

Incompressible
flow,

streamfunction–
vorticity

Extended QLBM concepts
toward

Navier–Stokes-type flow
using a reformulation
compatible with LBM

time stepping.

Provided a route beyond
scalar transport, but the

formulation remains tied
to reformulated variables

rather than a complete
primitive-variable
engineering solver.

Needs stronger
connection to

pressure/velocity fields,
wall-bounded flow, and

acoustic source quantities.

Wawrzyniak
et al. [15], 2025

Advection–
diffusion
QLBM

Developed a modular
multidimensional ADE

formulation with
improved encoding and

support for common
velocity sets.

Reports improved
algorithmic construction
for linear ADE settings;
resource discussion is

mainly algorithmic, while
CFD-scale qubit,
gate-depth, and

measurement budgets
remain only partially

specified.

Modified-equation
consistency, nonlinear

flow extension, and
acoustic-observable

recovery remain open for
CFD/CAA use.

(Continued)
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Table 3 (continued)

Reference Physical
Target Algorithmic Distinction Reported

Evidence/Resource Status
Remaining CFD/CAA

Limitation

Xu et al. [48], 2025
Linear-

collision
ADE

Reduced ancilla or
collision overhead by

exploiting the structure of
a linearized collision

model.

Useful resource
improvement for a

restricted linear setting;
no demonstration of full

nonlinear LBM or
aeroacoustic prediction.

Extension to nonlinear
equilibrium, forcing,

boundary conditions, and
pressure-fluctuation
observables remains

necessary.

Kumar and
Frankel [40], 2025

Unitary LBM
flow

benchmarks

Used SVD-based unitary
factors for ADE,

Poiseuille, Couette, and
lid-driven-cavity

benchmarks.

Includes qubit and
gate-cost discussion

alongside comparison
with classical benchmark

behavior.

Benchmark agreement at
low Reynolds number
does not yet establish

scalability against
optimized classical LBM

or CAA workflows.

Zeng et al. [49],
2025

Hybrid
practical-flow

QLBM

Introduced a modular
hybrid formulation with a

linearized
non-equilibrium collision

operator.

Important near-term
direction because it avoids

forcing all LBM
operations into a fully

quantum pipeline.

Linearized collision, wall
treatment, nonlinear

physics, and CAA-grade
boundary conditions

require further validation.

Wawrzyniak
et al. [50], 2025

Multi-step
QLBM

Used dynamic circuits to
reduce repeated

measurement and
reinitialization across time

steps.

Targets a major resource
bottleneck in

time-marched QLBM by
enabling multiple steps

before full readout.

Long-time stability, noise
accumulation, spectra,

and field-statistics
extraction remain to be

demonstrated for
engineering problems.

Wang et al. [16],
2025

Nonlinear flow
and decaying

turbulence

Advanced QLBM beyond
linear transport using an
ensemble or lattice-gas

construction for nonlinear
dynamics.

Reported substantially
larger nonlinear-flow
demonstrations than

earlier linear-transport
studies.

Industrial turbulence,
wall-bounded LES,
moving geometry,

acoustic source spectra,
and hardware-level
resource accounting
remain unresolved.

Liu et al. [17], 2026
QLBM with
boundary
treatment

Built bounce-back-type
boundary treatment into

the collision-matrix
formulation and used
conditional unitary

streaming.

Significant because
boundary handling is
treated as part of the

algorithm rather than as
an afterthought.

Generality beyond linear
equilibrium, simplified
walls, and periodic or
idealized settings still

needs to be established.

Georgescu
et al. [58], 2025

QLBM
software

framework

Provided tools for
generating, simulating,
and analyzing QLBM
circuits in two- and
three-dimensional

settings.

Improves reproducibility
and enables circuit-level

scaling studies.

Software maturity alone
does not establish physical

validity; benchmark
comparison with classical

CFD/CAA remains
essential.

Bharadwaj [56],
2024

Quantum-fluid
circuit tooling

Provided infrastructure
for constructing and

testing quantum fluid-flow
circuits.

Useful for exploratory
circuit development and

workflow standardization.

A gap remains between
circuit construction and

validated CFD/CAA
prediction with physical

observables.
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3.8 Critical Synthesis across QLBM Streams
The literature reviewed above shows progress along several different axes, and these axes require separate

assessment. Linear ADE and scalar-transport QLBM papers are the most mature algorithmically because
they isolate encoding, streaming, and collision with relatively clean consistency checks. They are therefore
useful benchmark platforms, yet readiness for nonlinear flow or acoustic-source prediction remains to be
demonstrated separately. NS-oriented and nonlinear/turbulence-oriented QLBM papers are physically more
ambitious, yet their additional expressiveness is obtained through streamfunction–vorticity reformulations,
linearized or hybrid collision models, Carleman lifting, ensemble constructions, or lattice-gas analogues, all
of which introduce their own overhead or regime restrictions. Dynamic-circuit and unitary-factorization
studies attack an important time-marching bottleneck, while stable long-time statistics, norm control,
and economical readout remain open requirements. Boundary-focused work is particularly important for
engineering CFD because periodic domains are rarely the final target, yet existing demonstrations still fall
short of the moving, curved, impedance, and installed-flow boundaries that dominate practical CAA.

Table 4 summarizes the main QLBM-related literature streams by landmark contribution, relative
strength, and remaining CFD/CAA limitation.

This comparison suggests a different prioritization from a purely chronological literature survey. For
near-term engineering value, the most promising QLBM-related directions combine modest physical scope
with explicit resource accounting, boundary handling, and observable-level validation. Weakly compressible
linear acoustics, scalar transport with controlled modified-equation error, and hybrid Helmholtz or lin-
earized Navier–Stokes (LNSE) blocks have clearer output targets than a full turbulent-flow field. Conversely,
QLBM claims aimed at LES, aeroacoustic source generation, or rotating machinery need substantially
stronger evidence: stable multi-step evolution, credible boundary models, comparison against optimized
GPU/HPC LBM, and readout strategies for spectra, correlations, forces, or pressure signals. This is why
the roadmap later in the paper treats QLBM as a selective workflow component rather than a near-term
replacement for established CFD/CAA solvers. The illustrative QLBM uplift in Section 10 is presented for the
same reason: as a benchmark architecture and reporting template for future resource analysis, rather than as
a completed quantum implementation or quantum-advantage demonstration.
Table 4: Critical comparison of major QLBM-related literature streams. The table separates landmark value from
remaining limitations so that algorithmic progress is distinguished from engineering readiness.

Stream Landmark Contribution Relative Strength Main Limitation for
CFD/CAA

Linear ADE and
scalar-transport

QLBM [13,15,47,48]

Established tractable
collision–streaming templates and

improved encoding or collision
overhead for linear transport.

One of the most mature
current platforms for

consistency checks, circuit
construction, and

reproducible small-grid
benchmarks.

Linear scalar physics leaves
nonlinear equilibrium,

acoustic-source generation,
wall-bounded flow, and full-field

readout at engineering scale
outside the present validation

scope.

NS-oriented
QLBM [14,17,40,49]

Moved the discussion from scalar
transport toward flow variables,

incompressible formulations,
linearized non-equilibrium

collision, and boundary-aware
updates.

Most relevant bridge from
QLBM methodology to

recognizable
fluid-mechanics

benchmarks.

Often relies on reformulated
variables, linearized collision

physics, simplified boundaries, or
limited validation regimes;

primitive-variable and CAA
observables remain

underdeveloped.

(Continued)
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Table 4 (continued)

Stream Landmark Contribution Relative Strength Main Limitation for
CFD/CAA

Dynamic, unitary, and
multi-step formula-
tions [40,50,51,61]

Addressed unitary embedding and
repeated time marching, including

SVD/unitary-factor approaches
and dynamic circuits.

Targets a genuine QLBM
bottleneck: repeated
measurement and

re-initialization across time
steps.

Long-time stability, norm control,
gate depth, noise accumulation,

and extraction of spectra or
statistics remain insufficiently

demonstrated.

Nonlinear and
turbulence-oriented

QLBM [16,52–55]

Attempts to include nonlinear
collision or turbulent-flow behavior

through Carleman, lattice-gas,
ensemble, or related constructions.

Physically more ambitious
than linear transport and

therefore important for the
long-term relevance of

QLBM.

System-size growth, truncation
error, closure modeling,

wall-bounded turbulence, moving
geometry, and LES-level validation

remain open.

Boundary-focused
QLBM and software

infrastructure

Boundary-focused studies address
data encoding, momentum

exchange, bounce-back treatment,
and conditional

streaming [17,90,91]. Software
frameworks support reproducible

circuit generation and
implementation studies [56–58].

Important for moving
beyond ideal periodic

boxes and isolated
proof-of-concept circuits.

Complex geometry, moving walls,
impedance or absorbing acoustic

boundaries, and validation against
mature classical LBM stacks
remain largely unresolved.

Hybrid QCFD
linear-solver interfaces

Quantum linear-system algorithms
provide the foundation for sparse

linear solves [29,45]. CFD-oriented
studies apply or benchmark these

methods in finite-volume,
pressure-Poisson, and related

solver blocks [30–33].

Likely the clearest
near-term interface with
decomposed engineering

workflows.

Addresses subproblems within
CFD/CAA workflows rather than a

full QLBM solver; speedup
depends on preconditioning, data
loading, output compression, and
fair comparison with optimized

classical linear solvers.

4 Cross-Cutting Technical Challenges in QLBM

4.1 Nonlinearity Handling
The central difficulty in fluid dynamics is nonlinearity. Several strategies appear in the literature,

including linearized equilibria, truncated Carleman linearization, streamfunction–vorticity reformulations,
ensemble or lattice-gas transforms, and hybrid classical–quantum splitting. Each strategy buys tractability
at a price. Linearized equilibria may restrict the physical regime. Carleman methods increase system
dimension. Hybrid splitting reduces the amount of genuinely quantum computation. Ensemble methods
introduce alternative representational overhead. A balanced review treats these strategies as partial solutions
instead of universal remedies.

4.2 State Preparation and Measurement
The promise of amplitude encoding is that a large state can be represented compactly in qubits. State

preparation and readout are nonetheless central bottlenecks. Preparing physically meaningful distributions
may require structured loading assumptions or quantum random access memory (qRAM) access, and useful
output usually arrives only through statistical measurement routines [94–96]. QLBM intensifies this issue
because CFD users rarely want a single scalar answer. They usually want fields, spectra, forces, moments,
or statistics over many time steps. Classical shadow protocols provide one possible route for reducing
measurement overhead when many quantities must be estimated [97]. The more field information must be
extracted, the harder it is to preserve any putative speedup.
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4.3 Comparison with Optimized Classical LBM
Another underappreciated issue is the baseline for comparison. Graphics processing unit (GPU)

implementations can achieve strong LBM performance through optimized memory-access strategies [88].
Mixed-precision implementations can further reduce memory requirements and improve performance
while retaining suitable accuracy [89]. These results motivate using optimized GPU and high-performance
computing (HPC) LBM implementations, rather than unoptimized serial codes, as baselines for assessing
QLBM advantage claims. Classical LBM also has mature high-performance and complex-geometry applica-
tions. Exascale-oriented studies and large-scale simulations involving biological or built porous structures
illustrate the strength of modern classical implementations [98–101]. Non-ideal and multiphase capa-
bilities are further demonstrated by multirange pseudopotential and high-density-ratio phase-separation
formulations [102,103]. Application-specific multiphysics LBM studies, including phase-change-enhanced
hydrogen-storage modelling, further show that the classical LBM comparator is broader than single-phase
transport [104]. Classical LBM can also be enhanced by data-driven wall models, synthetic turbulence
generators, and other accelerators [84,85]. Assessing QLBM’s future relevance requires comparison with
modern classical LBM, including optimized and data-augmented stacks, instead of minimal or unoptimized
classical baselines alone. Fig. 6 summarizes how representative QLBM and hybrid QCFD routes treat these
cross-cutting bottlenecks from an engineering CFD perspective.

Figure 6: Evidence-linked bottleneck map for QLBM from an engineering CFD perspective. The literature streams
follow the hybrid QCFD background and QLBM thematic branches in Sections 2 and 3. Early and modular linear

(Continued)
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Figure 6: (continued) ADE QLBM formulations are represented by [13,15,47], while reduced-overhead and indepen-
dent ADE developments are represented by [48,60]. NS-oriented QLBM includes streamfunction–vorticity, unitary,
and hybrid collision formulations [14,40,49]; related realizability and surrogate-collision studies are represented
by [61,62]. Dynamic and unitary QLBM work addresses unitary factorization, repeated time marching, and resource
reduction [40,50,51,61]. Nonlinear and turbulence-oriented developments include Carleman and nonlinear collision
formulations [52–54,64], while ensemble and nontrivial-flow studies are represented by [16,55]. A real-device QLBM
demonstration, including a linear-acoustics-oriented application, is represented by [65]. Boundary-focused work
addresses bounce-back, data encoding, and momentum exchange [17,90,91]. Hybrid QCFD linear-solver interfaces
include finite-volume and hybrid flow-solver studies [30,31], together with pressure-Poisson and broader hybrid CFD
workflow studies [32–34]. The figure summarizes the main technical contributions and remaining engineering gaps,
emphasizing that practical CFD/CAA use still requires stronger treatment of nonlinear flow, boundary realism, stable
multi-step evolution, measurement/readout, and comparison with optimized classical LBM baselines.

5 Classical LBM as a Bridge to QLBM for Engineering Use
Classical LBM practice is the natural reference when judging QLBM proposals for aeroacoustic and

propulsion-related transport. Wall-resolved and wall-modeled LES on the lattice, synthetic inflow for
WMLES, GPU-oriented implementations, and physics-informed near-wall modeling already define the per-
formance bar for mesoscopic solvers [78,79,84,85]. The following subsection states the shared mathematical
skeleton that QLBM work typically assumes before discussing quantum encodings.

This bridge section defines the standard against which QLBM claims should be judged, rather than sim-
ply restating the familiar LBM update. A quantum formulation that reproduces only the collision–streaming
skeleton but omits forcing, boundaries, turbulence closure, readout, or comparison with optimized classical
LBM has demonstrated algorithmic structure without yet establishing engineering CFD capability.

5.1 Mathematical Backbone of Classical LBM and QLBM
The following equations provide a compact anchor for the rest of the review. Concrete lattice sets,

collision models, and quantum encodings vary across papers, so the notation is intentionally schematic.
For incompressible flow, the classical macroscopic system is

∇ ⋅ u = 0, (1)
∂u
∂t

+ (u ⋅ ∇)u = − 1
ρ
∇p + ν∇2u + f. (2)

For scalar advection–diffusion benchmarks, a common companion is

∂ϕ
∂t

+ u ⋅ ∇ϕ = D∇2ϕ + S . (3)

Classical mesoscopic lattice methods trace back to lattice-gas and lattice-Boltzmann formulations [105].
The Bhatnagar–Gross–Krook (BGK) relaxation model [106] provided one of the earliest compact collision
models, while lattice BGK (LBGK) and incompressible LBGK analyses clarified how Navier–Stokes recovery,
dispersion, dissipation, isotropy, Galilean invariance, and stability depend on the collision model and
relaxation parameters [107–109]. In compact form,

f ∗i (x, t) = Ci[f(x, t)], (4)
fi(x + ci Δt, t + Δt) = f ∗i (x, t). (5)
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Here C denotes the chosen collision model. In simple BGK LBM it is a single-relaxation-time relaxation
toward equilibrium, while in the benchmark developed later in this paper it is the D3Q19 MRT collision
written in moment space. Macroscopic density and momentum are recovered as

ρ = ∑
i

fi , ρu = ∑
i

ci fi .

For weakly compressible acoustic LBM, pressure fluctuations are obtained from the lattice equation
of state.

QLBM work typically encodes mesoscopic degrees of freedom in a quantum state and seeks streaming
and collision updates compatible with quantum operations. A schematic encoding is

∣ψ(t)⟩ = ∑
x, i

αx, i(t) ∣x⟩ ⊗ ∣i⟩, (6)

with an abstract step (concrete unitaries, ancillas, and hybrid steps differ by paper) such as

∣ψ(t + Δt)⟩ ≈ Ustream Ucoll ∣ψ(t)⟩, (7)

The recovered macroscopic observables can be written schematically as

mk(x, t) = ⟨ψ(t)∣M̂k(x)∣ψ(t)⟩, (8)
∣ψ(t + Δt)⟩ ≈ Ustream Ucoll[mk] ∣ψ(t)⟩. (9)

Here M̂k denotes an observable associated with the macroscopic quantities of interest (e.g., density,
momentum, or other moments), while the bracketed dependence indicates that in many practical or hybrid
formulations the collision step can depend on classically reconstructed moments instead of a closed-form
unitary realization of the full nonlinear update. These two relations make explicit why readout cost and
hybridization recur throughout the QLBM literature. In this sense, the practical distinction between QLBM
proposals often lies less in the continuum equations targeted than in the choice of encoding, the realization
of non-unitary collision physics, and the observables that must be measured at each step. In this schematic,
Ustream realizes lattice advection as a permutation-like map on encoded indices, while Ucoll denotes a unitary
embedding, approximation, or hybrid implementation of the generally non-unitary classical collision. This
overall picture is why the literature emphasizes linearized collisions, ancilla constructions, and dynamic or
decomposed circuits instead of a single closed-form unitary for full BGK/MRT physics.

Boundary treatment remains central in LBM practice. Velocity and pressure boundaries are often based
on the Zou–He construction, while curved or moving boundaries can be handled through interpolated
bounce-back and momentum-transfer methods [110–112]. No-slip walls are often imposed with bounce-back
rules that relate populations on incoming and outgoing lattice links at wall nodes. Section 6 treats boundary
realism as a separate evaluation axis because quantum formulations must encode these rules compatibly with
streaming and measurement.

Classical LBM evolves distribution functions over a discrete set of lattice velocities. Each timestep
combines a local collision operation with streaming to neighboring nodes. This structure maps naturally
to population-level linear algebra, permutation-like advection, and moment-based physics, which are all
features commonly used in QLBM constructions. Important limitations remain, including non-unitary colli-
sions, boundary treatment, nonlinear equilibria, and the cost of reading out full fields from encoded quantum
states. Fig. 7 decomposes a QLBM-style timestep into encoding, collision, streaming, measurement, and time
marching. The dashed callouts highlight the main technical pressure points that recur across the literature.
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Figure 7: Schematic anatomy of a quantum lattice Boltzmann workflow, starting from the classical problem state-
ment and moving through discretization, quantum encoding, collision and streaming, measurement of macroscopic
moments, and time marching. Dashed lines indicate the main pressure points discussed throughout the QLBM liter-
ature, including state preparation during encoding, non-unitary and nonlinear collision physics, boundary treatment
during streaming, and readout when recovering fields or statistics.

5.2 Critical Implications for QLBM Claims
The comparison with classical LBM leads to three practical filters for evaluating future QLBM proposals.

First, a physical-equivalence filter is needed: the quantum update should specify which continuum or lattice
equation it approximates, whether the collision model is BGK, MRT, linearized, or lifted, and whether
the recovered macroscopic variables have the same meaning as in the classical solver. This is especially
important in acoustics, where small density and pressure fluctuations, dispersion, and dissipation errors
can matter even when bulk flow variables appear accurate. Second, a workflow-equivalence filter is needed:
the proposed quantum block should identify whether it replaces a transport kernel, a collision step, a
source-region model, a linear propagation solve, or a design-loop calculation. Without that separation, end-
to-end resource claims become difficult to interpret because state preparation and readout can dominate
the cost of apparently compact amplitude encodings. Third, a performance-equivalence filter is needed: the
baseline should be a modern GPU/HPC or otherwise optimized LBM/CAA implementation, rather than
serial pedagogical code. These filters convert the classical–quantum connection from a loose analogy into an
explicit validation checklist.
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For the present aeroacoustic focus, the most demanding outputs include pressure spectra, directivity,
phase, source strength, wall-pressure correlations, and receiver-side sound metrics, in addition to density
or velocity snapshots. Without controlled sampling cost for such observables, a QLBM method will remain
difficult to use even if its internal collision–streaming circuit is elegant. Conversely, a limited QLBM or hybrid
quantum block can still be valuable if it is inserted at a well-defined place in the CAA chain and reports the
same acoustic quantities used by classical workflows. The benchmark and illustrative uplift developed later
in the paper are framed with this narrower standard in mind.

6 How to Evaluate Quantum CFD from a Fluids Perspective
Many discussions of QCFD naturally emphasize quantum-algorithmic structure, hardware scaling, and

asymptotic complexity. These issues are essential, yet they remain insufficient from the viewpoint of fluid
simulation. For CFD practitioners, a useful evaluation framework must also ask what equations are being
solved, how nonlinearities are treated, which boundary conditions are represented, what physical regime is
addressed, and what classical baseline is used for comparison.

This review adopts the following criteria.

1. Physical scope. Does the method address advection–diffusion, incompressible flow, compressible flow,
weakly compressible transport, turbulence, or acoustics?

2. Algorithmic realism. Are nonlinearity, state preparation, and measurement explicitly accounted for, or
are they hidden behind idealized assumptions?

3. Boundary-condition realism. Can the method accommodate solid walls, moving walls, bounce-back
rules, immersed geometries, or acoustic boundary models in a credible way?

4. Hardware relevance. Is the algorithm intended for noisy intermediate-scale quantum (NISQ) hardware,
for a hybrid classical–quantum setting, or for a more distant fault-tolerant era?

5. Engineering comparability. Is the quantum method compared against optimized classical CFD/LBM,
or only against simplified classical baselines?

These criteria help separate mathematically interesting quantum reformulations from methods that
are likely to become useful for CFD practice. A method may be elegant from the standpoint of quantum
algorithm design while still being restricted by its physical regime, boundary treatment, measurement cost,
state-preparation assumptions, or comparison with classical solvers.

7 Aeroacoustics and Rotating Machinery: Engineering CAA Context
This section treats aeroacoustics and rotating machinery as the target application class for mapping

quantum and hybrid methods onto established CAA practice, including decomposed chains from unsteady
flow through sources, propagation, and design metrics. Classical CAA is rooted in acoustic-analogy theory,
from Lighthill’s formulation for flow-generated sound to the Ffowcs Williams–Hawkings (FW–H) exten-
sion for moving solid surfaces [20,21]. Modern reviews emphasize the separation between unsteady flow
simulation, source extraction, acoustic propagation, and receiver metrics [23,113].

Industrial CAA already employs such decomposed chains (unsteady flow → sources → acous-
tics/propagation → metrics → design loops). That structure yields clear interfaces at which hybrid
acceleration can be discussed, and it matches textbook and industrial descriptions of fan, propeller, and
installed-noise practice [18,19,22].

The acoustic relevance of LBM is physical as well as algorithmic. Weakly compressible LBM can
propagate sound waves and has developed into a mature tool for computational aeroacoustics and direct
noise computation [114–117]. LBM has also been used for acoustic source identification, acoustic control,
duct damping, and acoustic manipulation, which supports its role as a classical comparator for future
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QLBM acoustic benchmarks [118–121]. Classical LBM recovers density and momentum from velocity-
distribution moments, so pressure fluctuations are connected to density fluctuations through the lattice
equation of state, while velocity, stress, and wall-pressure information can be extracted from hydrodynamic
and non-equilibrium moments.

This classical LBM–acoustics foundation makes the QLBM question more precise. QLBM becomes
acoustically relevant only when the quantum or hybrid formulation preserves the same source-bearing quan-
tities that classical LBM uses for acoustics. These quantities include weak pressure and velocity fluctuations,
non-equilibrium stress information, vorticity, wall-pressure signals, and long-time spectra. A QLBM pro-
posal is acoustically meaningful when it can preserve and recover these observables with credible boundary
treatment, measurement strategy, and comparison against classical LBM–CAA baselines. Fig. 8 summarizes
this chain and turns it into evaluation criteria for QLBM and hybrid quantum–classical acoustics.

This mapping also clarifies why the relevant classical comparator is the existing LBM–CAA and linear-
acoustics toolchain against which any QLBM or hybrid quantum contribution must be judged.

Figure 8: Physics map connecting LBM/QLBM variables to aeroacoustic observables. Mesoscopic populations or
quantum-encoded populations must be converted into weak pressure/velocity fluctuations, non-equilibrium stresses,
vorticity, and wall-pressure data before they become useful for acoustic-source descriptions. Propagation and radiation
can then be handled by classical or hybrid CAA models such as the Ffowcs Williams–Hawkings (FW–H) analogy,
Lighthill-type analogies, LNSE, Helmholtz, or liner/duct formulations. The noise outputs include sound pressure level
(SPL), overall sound pressure level (OASPL), tonal peaks, broadband spectra, and directivity. The lower row lists the
corresponding tests that any QLBM or hybrid quantum proposal must pass before it can be considered relevant to
engineering aeroacoustics, including comparison with GPU LBM, LES/IDDES, and CAA baselines.

7.1 Classical LBM and Linear-CAA Baselines as Comparators
Claims about QLBM or hybrid quantum transport are most fairly assessed against the same classical

LBM stacks used in turbulence and near-wall aeroacoustic-oriented LBM work. For aeroacoustic applica-
tions, LBM has been compared directly with high-order Navier–Stokes and finite-volume methods in terms
of dispersion, dissipation, computational cost, and time to solution, which makes classical LBM a demanding
comparator for future QLBM or hybrid quantum contributions [122–124]. Practical LBM CAA also depends
on stabilization, regularization, grid refinement, and mesh coupling, because small pressure errors can
contaminate acoustic predictions [125–129]. Multiblock, block-structured, non-uniform, and octree LBM
meshes are especially relevant for engineering CAA because resolution is usually concentrated near walls,
shear layers, source regions, and propagation paths rather than distributed uniformly across the full
domain [130,131]. For QLBM, this adds a further challenge beyond uniform-lattice collision and streaming:
block-interface coupling, prolongation/restriction, interpolation error, load balancing, and acoustic errors
introduced at refinement interfaces must eventually be addressed.
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Open-domain LBM aeroacoustics additionally requires careful boundary treatment, including non-
reflecting boundary conditions, perfectly matched layer (PML) formulations, outflow treatments, and
absorbing-layer analyses [132–135]. These stacks include wall-modeled LES with synthetic inflow, GPU-
resolved regimes, forced-homogeneous diagnostics for subgrid modeling, and physics-informed or neural
closures coupled to the lattice [78,79,84,85]. For propagation in liners and ducts, coupled linearized LNSE and
Helmholtz formulations with viscothermal losses define a credible linear-algebraic subproblem class [22].
That setting is a useful comparator for hybrid quantum linear solvers because it isolates sparse structure
without requiring full nonlinear turbulent CFD on a quantum processor. Fig. 9 sketches the decomposed
CAA chain and highlights three hybrid insertion targets used repeatedly below.

Figure 9: Decomposed CAA chain with three primary hybrid insertion targets shown in the lower shaded callout
boxes. These targets are mesoscopic transport near the high-fidelity (HF) flow stage, where unsteady Reynolds-averaged
Navier–Stokes (URANS), IDDES, and WMLES–LBM can appear as classical comparators, linearized acoustic modeling
through Helmholtz- and LNSE-type blocks or FW–H analogy, and outer-loop design or many-query optimization
with uncertainty quantification (UQ) loops. Geometry, source extraction, and metrics remain largely classical in the
near-term discussion.

7.2 Decomposed Workflows and Candidate Insertion Points
Aeroacoustics is often discussed as a demanding application for quantum CFD because of turbulence,

broadband content, and long time horizons. At the same time, engineering CAA is typically already
split into unsteady flow, extraction of source or surface data, and acoustic propagation or reconstruction
via analogies, linearized equations, or frequency-domain models. For rotating machinery, FW–H and
Farassat-type formulations convert unsteady blade loading and surface-pressure data into far-field acoustic
predictions [21,136]. Related moving-source acoustic-analogy formulations provide additional context for
source propagation in uniformly moving media [137]. That decomposition yields well-defined interfaces at
which hybrid quantum–classical acceleration has been hypothesized in the broader QCFD literature, without
assuming that an entire propeller-noise prediction will run on a quantum processor.

Classical studies of propeller tip-vortex noise, tonal noise in centrifugal fans, and liner acoustics coupled
through linearized Navier–Stokes/Helmholtz formulations exemplify the same workflow structure [18,19,22].
Compressor distortion and axial-compressor flow-control studies provide rotating-machinery source-flow
and design-loop context, while acoustic radiation should still be treated through dedicated CAA mod-
els [138,139]. They anchor the discussion in published CAA practice without prescribing a near-term
quantum implementation roadmap.
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7.3 Fan and Propeller Studies as Acoustic-Observable Templates
The propeller and fan studies are best used here as acoustic-observable templates for quantities that

present QLBM methods have yet to address directly. Axial-fan benchmark studies and ducted-propeller
analyses provide additional engineering templates because they combine unsteady flow simulation, source
extraction, acoustic propagation, and validation against receiver-side noise metrics [140,141]. Yao et al.
studied blade-tip vortex noise for future electric-aircraft propellers using improved delayed detached-eddy
simulation (IDDES) coupled with a convective FW–H formulation, with aerodynamic design and noise
mitigation treated together [18]. Ottersten et al. studied tonal-noise generation in a voluteless centrifugal
fan using IDDES and FW–H, where the inlet-gap configuration affected the unsteady flow structures that
interact with the rotating blades and contribute to tonal noise [19]. These studies are useful for this review
because they identify the flow and acoustic quantities that a future QLBM or hybrid quantum method would
need to preserve before it could be considered relevant to engineering CAA.

For a propeller case, the relevant quantities include tip-vortex strength and trajectory, blade-loading
fluctuations, near-field pressure data on FW–H source surfaces, and far-field sound-pressure metrics. For
a centrifugal-fan case, the corresponding quantities include wall-pressure spectra, blade-passing-frequency
content, the location and strength of turbulence and blade-interaction regions, and the far-field tonal
response. These requirements are stricter than reproducing a velocity field on a simplified lattice. A quantum
or hybrid solver that distorts phase, amplitude, spectral content, or boundary loading would have limited
value for CAA, even if the underlying transport benchmark appears accurate.

To connect this discussion to a concrete engineering aeroacoustic problem, Fig. 10 shows a repre-
sentative propeller blade-tip vortex noise workflow adapted from Yao et al. [18]. It serves here as an
acoustic-observable template rather than a quantum-computing result, and it illustrates the full classical
chain from source-region vortical structures, through the permeable FW–H data surface and observer
placement, to the far-field directivity used to compare designs. These are the same classes of quantities that
a future QLBM or hybrid quantum–classical method would need to preserve before it could contribute to
engineering CAA.

This example clarifies the intended role of QLBM in the present review. Panel (a) corresponds to the
source-region transport problem, where a mesoscopic method must preserve vortex strength, phase, and
fluctuation amplitudes. Panel (b) forms the interface between the flow solver and the acoustic analogy,
where pressure or loading data are transferred to FW–H-type propagation. Panel (c) gives the engineering
output. The QLBM roadmap proposed here therefore complements full propeller-noise prediction, and it
identifies which source-region, readout, and hybrid-propagation blocks should be benchmarked first. Table 5
summarizes the corresponding fan, propeller, and liner observable templates used for this comparison.
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Figure 10: Representative engineering aeroacoustic workflow for propeller blade-tip vortex noise, adapted from Yao
et al. [18]. Panel (a) shows tip-vortex and source-region structures visualized as Q-criterion iso-surfaces colored by
velocity magnitude for three propeller designs (Boxprop, Conprop 3, and Conprop 6). Panel (b) shows the permeable
FW–H data surface and the far-field observer arc, together with the flight direction and emission angle θ used for the
acoustic prediction. Panel (c) shows the far-field OASPL directivity for the same designs, the receiver-side acoustic
quantity used to compare them. The figure defines the real acoustic observables that a future QLBM or hybrid quantum–
classical method must preserve, namely source-region vortical structures, pressure and loading data on acoustic source
surfaces, and receiver-side directivity or spectra.

Table 5: Fan, propeller, and liner studies used as acoustic-observable templates for evaluating QLBM and hybrid
quantum methods. The purpose is to define source-relevant and receiver-relevant observables for future evaluation,
while keeping present engineering CAA cases as classical reference workflows.

Anchor Case Classical CAA Structure Quantities a QLBM or Hybrid Method
Would Need to Preserve

Electric-aircraft propeller
noise [18]

IDDES flow solution
coupled to convective FW–H

acoustic prediction

Tip-vortex strength and trajectory;
blade-loading fluctuations; near-field

pressure on FW–H source surfaces; far-field
SPL and tonal or broadband spectral content

(Continued)
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Table 5 (continued)

Anchor Case Classical CAA Structure Quantities a QLBM or Hybrid Method
Would Need to Preserve

Voluteless centrifugal-fan
tonal noise [19]

IDDES flow solution coupled
to FW–H acoustic prediction

Wall-pressure spectra;
blade-passing-frequency peak; turbulence

and blade-interaction location; sensitivity to
inlet-gap or geometry changes; far-field tonal

response

Liner and duct
propagation [22]

Coupled LNSE and
Helmholtz-type propagation

with viscothermal and
boundary effects

Frequency-domain pressure field; impedance
or liner boundary response; attenuation and

phase accuracy; receiver-side acoustic
metrics

In this setting, QLBM belongs at the mesoscopic transport and source-region level once it recovers
pressure fluctuations, non-equilibrium stresses, wall data, and spectra with acceptable fidelity. Hybrid
quantum linear solvers fit more naturally into Helmholtz or LNSE-type propagation once a classical flow
simulation has supplied the source data. The fan and propeller studies define the acoustic observables against
which any future QLBM or hybrid method must be judged.

7.4 Three Distinct Quantum Routes through CAA
The workflow view separates three different quantum routes that should be evaluated with differ-

ent criteria. This separation is important because QLBM, quantum linear solvers, and quantum-assisted
optimization address different parts of an aeroacoustic pipeline.

1. QLBM route for weakly compressible transport and source-region physics. QLBM is primarily
connected to the mesoscopic part of the problem, including weakly compressible transport, reduced
source-region dynamics, moment recovery, and simplified acoustic-source models. In this route, the
central question is whether the method preserves pressure fluctuations, velocity fluctuations, non-
equilibrium stresses, wall-pressure data, and spectra with sufficient fidelity for CAA.

2. Hybrid quantum linear-solver route for acoustic propagation. Acoustic propagation, liner response,
and duct acoustics often lead to Helmholtz, LNSE, or coupled LNSE–Helmholtz systems [22,142,143].
These problems are closer to sparse linear algebra than to full nonlinear turbulent flow. We
therefore identify hybrid quantum linear solvers as candidate kernels for propagation or frequency-
domain blocks, with classical CFD or LBM supplying the acoustic sources. The relevant quantum
linear-system foundations are provided by HHL and subsequent quantum linear-system algorithm
developments [29,45], while CFD-oriented hybrid studies provide the application context [30–33].

3. Quantum-assisted design route for repeated low-noise design loops. Low-noise fan and propeller
design often requires many geometry changes, parameter sweeps, uncertainty studies, and optimization
loops. Quantum annealing, quadratic unconstrained binary optimization (QUBO) formulations, the
quantum approximate optimization algorithm (QAOA), and quantum-inspired or hybrid optimization
may become useful for such outer-loop tasks, including geometry optimization, source localization,
sensor placement, reduced-order calibration, and uncertainty quantification, while the high-fidelity
IDDES, LES, or LBM forward solve remains classical [144–146].
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This three-route structure avoids treating QLBM as the only quantum connection to aeroacoustics.
QLBM belongs mainly to mesoscopic transport and source-region modeling. Hybrid quantum linear solvers
belong mainly to propagation and frequency-domain acoustics. Quantum-inspired optimization belongs
mainly to repeated design and uncertainty workflows. Table 6 summarizes this division across relevant CFD
and CAA subproblems.

Table 6: Qualitative mapping of CFD/CAA subproblems to classical practice, plausible quantum or hybrid routes, and
horizon, including deep neural network (DNN) wall models, PINN wall models, Reynolds-averaged Navier–Stokes
(RANS), UQ in design loops, and reduced-order models (ROM). The last column indicates how each subproblem
typically appears in aeroacoustics and rotating-machinery CAA.

CFD Subproblem Classical Methods
Today

Possible Quantum or
Hybrid Route Horizon Main

Bottleneck
Aeroacoustics and

Rotating Machinery

Unsteady
turbulent carrier

flow
(LES/IDDES/RANS)

HPC CFD, wall
models,

LES/IDDES/RANS;
LBM-LES in selected

mesoscopic stacks

Mostly classical;
quantum unlikely to
replace bulk solver

soon

Long Nonlinearity,
BCs, readout

Source flow for
FW–H; dominates

cost in many studies

Weakly
compressible and

mesoscopic
transport

LBM, mesoscopic
weakly compressible

schemes, hybrid
transport models

QLBM kernels; hybrid
collision–stream splits Near–mid

Encoding,
unitary

collision, BC
realism

Relevant to installed
propulsion/duct

paths; weakly
compressible

noise [114–117]

Acoustic analogy
and propagation

FW–H, wave
extrapolation

Classical methods
lead; quantum role

secondary
Long

I/O of
surfaces,

signal chain

Core to propeller/fan
noise

workflows [18,19]

Linear acoustics,
Helmholtz, and

LNSE blocks

FEM/BEM, coupled
LNSE–Helmholtz

VQLS and QLSA on
sparse blocks; hybrid

frequency
solves [29,31–33,147]

Near–mid
Preconditioning,

state prep,
readout

Liners, ducting,
installed noise [22]

ROM, surrogates,
and data-driven

closure

DNN/PINN wall
models [79,85]

Quantum-inspired
tensors; hybrid
sampling [41]

Near–mid Training data,
transferability

Design loops,
many-query scenarios

Outer-loop
optimization and

UQ

Adjoints, gradient
sampling

Quantum-assisted
optimization (limited) Near–mid

Problem
encoding,

noise

Blade/geometry
sweeps for tonal

noise [18,19]

7.5 Realism and Present Limits
At present, existing QLBM methods fall short of industrial propeller or fan aeroacoustics. The realistic

near-term question is narrower. It asks whether selected quantum, hybrid, or quantum-inspired kernels
can accelerate subproblems inside classical CAA workflows. Full fan or propeller noise prediction still
requires turbulent source generation, complex geometry, moving boundaries, wall-pressure and load-
ing spectra, acoustic propagation, and receiver-side metrics. These requirements remain beyond current
QLBM demonstrations.

This realism is consistent with the QLBM literature reviewed above. Advection–diffusion QLBM studies
remain valuable because they test encoding, collision, streaming, and time marching, but they remain
transport benchmarks instead of engineering aeroacoustic solvers [13,15]. Dynamic-circuit work addresses
the important time-marching problem by reducing the need for full step-by-step reinitialization, yet it
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remains part of a longer path toward practical CFD and CAA usage [50]. Nonlinear QLBM work is a major
advance because it moves beyond purely linear transport, but industrial CAA also requires boundary realism,
source spectra, wall data, and comparison with optimized classical LBM and CFD baselines [16].

Accordingly, QLBM is best assessed as a mesoscopic kernel for selected transport and source-region
tasks, hybrid quantum linear solvers on Helmholtz, LNSE, liner, and duct propagation blocks, and quantum-
assisted optimization in repeated low-noise design loops.

8 Alternative Quantum Entry Points beyond QLBM: Linearized Acoustics and Helmholtz-Type Blocks
QLBM is only one possible route for connecting quantum algorithms with aeroacoustic workflows.

Frequency-domain acoustics, liner and duct acoustics, and coupled LNSE and Helmholtz formulations often
lead to sparse linear systems or repeated linear solves inside outer loops. Duct and liner acoustics often reduce
to frequency-domain Helmholtz, LNSE, or coupled propagation problems with impedance and viscothermal
boundary effects [142,143,148]. We therefore identify these problem classes as candidate test cases for hybrid
quantum linear solvers; this is a proposed research direction rather than an established quantum-acoustics
result. Quantum linear-system algorithms provide the foundation for sparse linear solves [29,45]. High-
precision differential-equation and PDE algorithms extend this foundation to time-dependent and spectral
problem settings [149–152]. CFD-oriented hybrid studies provide the application context [31–33]. Na et al.
proposed a unified approach that couples the LNSE and Helmholtz equations to predict sound propagation
with viscothermal losses in acoustic liners [22]. Such a formulation provides a concrete classical comparator
for quantum-accelerated or hybrid linear algebra, without requiring a full quantum Navier–Stokes solve.

For installed propulsion and noise-control components, this line of work is strategically important
because it identifies a credible target for hybrid quantum methods. Locally linear acoustic propagation
with engineering boundary physics is narrower than full turbulent CFD, but it remains directly connected
to practical CAA workflows. Fan-duct and liner studies in particular suggest that quantum acceleration
should first be evaluated on well-defined propagation or frequency-domain subproblems rather than on
complete turbulent fan or propeller simulations [23,142,143]. Important open issues remain, including state
preparation when boundary data or acoustic sources enter the linear system, frequency-by-frequency or
multi-frequency outer loops, boundary-condition fidelity, and comparison with modern classical sparse
solvers and preconditioners. Even with these limitations, the target is well aligned with the hybrid QCFD
view that quantum methods are more likely to enter through selected subproblems than through monolithic
flow solvers.

9 Classical MRT-LBM Acoustic Multipole Benchmark
This section describes a D3Q19 MRT-LBM acoustic benchmark for harmonic monopole, dipole, and

quadrupole radiation in a quiescent weakly compressible lattice. Sound is generated by an additive particle
source term inserted after MRT collision and before streaming. The construction uses source moments
in the spirit of additive LBM multipole methods [24], while the macroscopic reference below is derived
independently for the implemented D3Q19 MRT collision model. The domain is cubic and sufficiently
large that the observer arrays lie in the far field of the compact source; the simulation is run for a fixed
number of timesteps chosen so that the outgoing wave has not yet reached the boundary when acoustic
quantities are extracted. The benchmark serves two roles. It validates the classical solver against an MRT-
derived Chapman–Enskog macroscopic multipole reference, and it defines the collision, source, streaming,
and readout blocks that are carried forward in the QLBM uplift of Section 10. It is not intended as a full-
scale fan or propeller noise simulation; rather, it is a controlled CAA-relevant rung between idealized QLBM
demonstrations and the more demanding installed-flow benchmarks required for engineering use. Fig. 11
shows the domain layout, observer geometry, and update workflow.
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Figure 11: Computational setup for the three-dimensional, D3Q19 multiple-relaxation-time (MRT) lattice Boltzmann
method (MRT-LBM) acoustic multipole benchmark. Panel (a) shows a central slice through the cubic lattice, with the
compact harmonic source at the domain center, a spherical directivity observer array at a nominal radius R satisfying the
Chapman–Enskog (CE) reference-wavenumber relation Re[kCE(ω)]R = 25, and the dipole axis a. Panel (b) shows the
orthogonal slice with the source location, the axial line used for the signed source-moment density-fluctuation profile
ρ′/M, and the dipole-axis direction. The medium is at rest. The workflow strip summarizes MRT collision, additive
source insertion, periodic streaming, and acoustic readout based on root-mean-square (RMS) directivity.

Throughout this section, ρ′(x, t) = ρ(x, t) − ρ0 denotes the density fluctuation about the uniform
base density.

The validation uses two complementary acoustic observables. The signed axial density-fluctuation
response ρ′/M checks the radiated wave along the propagation direction, including wavelength, phase,
and amplitude, and the root-mean-square (RMS) directivity checks the angular radiation pattern on a
spherical observer array placed in the far field. Together, these quantities probe both the propagation
accuracy and the spatial radiation pattern of the lattice, and provide a compact classical reference for the
later quantum formulation.

9.1 MRT-LBM Update Used in the Benchmark
Let fi(x, t) denote the population associated with lattice velocity ci , where i = 0, . . . , Nq − 1. For

the D3Q19 lattice used here, Nq = 19. The present benchmark uses an MRT collision model because
moment-space relaxation gives additional control over hydrodynamic and non-hydrodynamic modes.
Three-dimensional MRT formulations with D3Q15 and D3Q19 velocity sets provide the classical basis for
this choice [109,153]. The MRT collision is written in moment space as

m = Mf, (10)
m⋆ = m − Λ (m − meq) , (11)
f⋆ = M−1m⋆. (12)
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Here M is the moment transform, Λ is the diagonal relaxation matrix, and meq is the equilibrium
moment vector. The relaxation parameter reported in Table 7 sets the viscous relaxation scale inside the
MRT matrix, while conserved and non-hydrodynamic modes are handled through the diagonal entries of
Λ. Streaming then shifts each post-collision population along its discrete velocity:

fi(x + ci Δt, t + Δt) = f ⋆i (x, t). (13)

The acoustic pressure fluctuation is recovered from the density fluctuation through the weakly
compressible relation

p′(x, t) = c2
s [ρ(x, t) − ρ0] . (14)

9.2 Periodic Streaming and Multipole Source
Post-collision populations are streamed periodically along the discrete lattice velocities. The domain

size and timestep count are chosen so that the outgoing acoustic field is sampled before periodic wrap-
around reaches the observers. This deliberate simplification isolates source insertion, MRT dispersion,
waveform recovery, and directivity, but it does not test wall, absorbing, impedance, or open-boundary
treatments. Table 7 lists the grid, relaxation parameter, forcing frequency, source amplitude, observer
locations, and post-processing window used in the simulations below.

The monopole, dipole, and quadrupole sources follow acoustic source-term LBM formulations in which
sound is generated by additive particle or source terms at the population level and validated against analytical
acoustic fields [24,154,155]. The source is inserted after collision and before streaming,

f ⋆i (x, t) ← f ⋆i (x, t) + si(x, t), (15)

so that the multipole character is defined entirely through the velocity moments of the source,

S(0) = ∑
i

si , S(1)α = ∑
i

ciα si , S(2)αβ = ∑
i

ciα ci β si , (16)

where S(0) is the mass (monopole) source, S(1)α is the momentum (dipole) source, and S(2)αβ is the stress
(quadrupole) source. For the implemented D3Q19 MRT scheme, Taylor expansion followed by Chapman–
Enskog expansion gives the source-modified linear conservation laws [109,122,153]

∂t ρ′ + ∂α jα = S(0) − 1
2
(∂tS(0) + ∂αS(1)α ) , (17)

∂t jα + c2
s ∂α ρ′ − Vα = (1 − 1

2
∂t)S(1)α − ∂β(TαβγδS(2)γδ ) + c2

s (τe − 1
2
) ∂αS(0). (18)

Here

Tαβγδ = τν Pd ev
αβγδ + τe Ptr

αβγδ ,

so the deviatoric quadrupole part relaxes with τν , while the trace part relaxes with the MRT energy-mode
time τe = 1/s1. This is the D3Q19 MRT-specific Chapman–Enskog result used in the analytical reference.

The source acts at a single lattice node, consistent with a compact point source. Its spatial profile is a
normalized point envelope centered at xs ,

g(x) = δx,xs , ∑
x

g(x) = 1, (19)
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where δx,xs is the Kronecker delta on the lattice. The envelope localizes the source to a single node; the
multipole character is set by the discrete velocity weights. Using the lattice weights wi , the lattice sound speed
cs , a unit dipole axis a, and a symmetric quadrupole tensor Q, the source term is built in Hermite form on
the D3Q19 lattice as

smono
i (x, t) = wi σ0(t) g(x), (20)

sdip
i (x, t) = wi

ci ⋅ a
c2

s
σ1(t) g(x), (21)

squad
i (x, t) = wi

ciα ci β Qαβ − c2
s tr Q

2c4
s

σ2(t) g(x). (22)

These satisfy ∑i ciα smono
i = 0, so the monopole injects mass with no net momentum; ∑i sdip

i = 0 with
∑i ciα sdip

i = σ1(t) g(x) aα , so the dipole injects momentum along a with no net mass; and the quadrupole
term carries the prescribed stress moment S(2)αβ with vanishing mass and momentum, realizing the lowest
three multipoles of the D3Q19 source-moment decomposition.

The source strengths are modulated harmonically with a smooth start-up ramp that suppresses the
initial transient,

σ0(t) = σ1(t) = σ2(t) = A r(t) sin(ωt), r(t) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

1
2
[1 − cos(πt/T)] , 0 < t < T ,

1, t ≥ T ,
(23)

where A is the source amplitude, ω is the angular frequency, and T = 2π/ω is one forcing period.

Table 7: Numerical parameters for the classical MRT-LBM acoustic multipole validation. All quantities are given in
lattice units.

Category Parameter Value
Domain and lattice Grid and velocity set 192 × 192 × 192 D3Q19 lattice

Solver Collision model, relaxation time, and density MRT-LBM, τ = 0.505, ρ0 = 1.0

Solver Time integration and precision 160 time steps with early stopping,
double precision

Medium Background state Medium at rest, u0 = 0 (no mean flow)

Source location Source center (all cases) xs = (96, 96, 96)

Source frequency and shape Harmonic forcing and spatial profile f = 0.045, ω = 2π f , single-node point
source

Monopole source Source amplitude A = 10−6

Dipole source Amplitude and dipole axis A = 10−6, a = (1, 0, 0)

Quadrupole source Amplitude and tensors A = 10−6; longitudinal (Qx x ) and shear
(Qx y)

Directivity observers Far-field radius and angular sampling Re[kCE]R = 25; 19 × 72 angular
samples

Axial profile Direction and range x-axis, ∣x − xs ∣ up to 80 lattice units

Post-processing Sampling and harmonic recovery Validation from step 110; least-squares
single-tone fit



32 Comput Model Eng Sci. 2026;148(2):2

In all three multipole cases, A = 10−6, so the generated density and pressure perturbations remain in
the linear acoustic regime. Nonlinear acoustic effects are therefore negligible at the scale of the present
benchmark; the retained response is the O(A) radiated field, while quadratic corrections scale as O(A2).

9.3 Validation Observables
The validation compares the lattice acoustic field against an MRT-derived Chapman–Enskog macro-

scopic reference. Accurate acoustic verification requires preserving weak pressure fluctuations, their radiated
waveform, and their angular pattern at low numerical dissipation [122–124]. The source construction uses
the same additive population-source moment principle as earlier LBM multipole work [24], where p̂(x) is
our outgoing Green-function solution of the viscous acoustic wave equation obtained by Chapman–Enskog
expansion of the same implemented D3Q19 MRT collision model, relaxation rates (including the fixed
energy-mode rate s1 = 1.19), and source moments. The reference wavenumber is

kCE(ω) = ω√
c2

s + iωνL
, νL = 4

3
ν + νb , (24)

where ν = c2
s (τ − 1

2) and νb = 2
3 c2

s (τe − 1
2) with τe = 1/s1. The observer radius is set by Re[kCE(ω)]R = 25.

This CE reference gives the macroscopic limit of the implemented lattice scheme; the exact finite-wavelength
forced lattice resolvent lies outside this comparison. In harmonic form the analytic field is

p′(x, t) = R{p̂(x)e iωt} . (25)

Two observables are used. The first, and main, observable is the signed axial density-fluctuation response
along the propagation direction, normalized by the scalar source moment M of each multipole. We use

M0 = S(0), Mx = ex ⋅ S(1), Mx x = S(2)x x , (26)

and plot

ρ′(x)
M

, M ∈ {M0, Mx , Mx x}, (27)

which places the monopole, dipole, and quadrupole on a common scale and compares the radiated waveform
directly. This quantity is equivalent to p′(x)/(c2

sM) through p′ = c2
s ρ′. The second observable is the RMS

directivity on the far-field observer sphere,

p(χ)
rms(θ , φ) =

∣p̂ χ(xs + Rn(θ , φ))∣
√

2
, χ ∈ {mono, dip, quad}. (28)

The agreement with the analytic pattern is summarized by the shape correlation

p̃rms(θ , φ) = prms(θ , φ) − p̄rms, (29)

Cdir = ⟨p̃LBM
rms , p̃ana

rms ⟩
∥p̃LBM

rms ∥2 ∥p̃ana
rms∥2

, (30)

where p̄rms is the mean over the observer sphere. The amplitude at each observer is obtained from a least-
squares single-tone fit of the sampled pressure history, taken over a post-transient window that begins
after the source ramp has completed and the wavefront has passed the observers. The directivity panels are
normalized by each curve’s own peak so that they isolate the angular radiation shape.
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9.4 Benchmark Results
The main benchmark comparison is shown in Fig. 12, which compares the signed, source-moment-

normalized axial density-fluctuation response ρ′/M of the lattice with the analytic point-source reference
for the monopole, dipole, and quadrupole. Normalizing each response by its scalar source moment (M0,
Mx , Mx x ) puts the three multipoles on a common axis and isolates the radiated waveform. Across all three
panels the lattice (MRT-LBM) reproduces the wavelength and phase of the analytic oscillation essentially
exactly along the propagation direction. The peak amplitudes match closely.

Figure 12: Main benchmark comparison for the classical MRT-LBM acoustic multipole setup. Each panel shows the
signed, source-moment-normalized axial density-fluctuation response ρ′/M as a function of distance ∣x∣ from the
source, for the monopole (ρ′/M0), dipole (ρ′/Mx ), and quadrupole (ρ′/Mx x ). The lattice result (MRT-LBM, markers)
is compared with the MRT-derived Chapman–Enskog macroscopic reference (line); both share the same absolute
normalization, so wavelength, phase, and amplitude are compared directly. The lattice matches the analytic wavelength
and phase across the full range, with only small residual amplitude differences at larger distances.

Fig. 13 shows the corresponding RMS pressure directivity on the far-field observer sphere for four source
configurations. The monopole gives near-isotropic radiation, the dipole and the xx quadrupole give the
expected two-lobe patterns with the correct null structure, and the x y quadrupole gives the characteristic
four-lobe clover pattern. In every case the lattice markers track the analytic reference around the full ring.

Table 8 reports the directivity-shape correlation between the lattice and analytic patterns for the four
source configurations over the post-transient sampling window.

Taken together, the axial waveform comparison and the directivity patterns confirm that the setup
reproduces both the radiated waveform and the angular radiation structure of the analytic multipoles, with
directivity correlations above 0.999 for the directional cases. This gives a compact, well-controlled classical
acoustic reference for the QLBM uplift.
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The benchmark gives a compact classical target for the QLBM uplift in Section 10. Collision, source
injection, streaming, pressure readout, and acoustic recovery enter as separate algorithmic blocks.

Figure 13: RMS pressure directivity for the classical MRT-LBM acoustic benchmark on the far-field observer ring at a
nominal radius R satisfying Re[kCE(ω)]R = 25. Each panel compares the lattice result (markers) with the MRT-derived
Chapman–Enskog macroscopic reference (line) for the monopole, dipole, xx quadrupole, and x y quadrupole, with
each curve normalized to its own peak to compare the radiation shape.
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Table 8: Directivity-shape agreement for the classical MRT-LBM acoustic multipole benchmark on the 1923 lattice,
evaluated over the post-transient sampling window (from step 110). The correlation measures the agreement between
the lattice and analytic RMS radiation patterns on the far-field observer sphere at a nominal radius R satisfying
Re[kCE(ω)]R = 25. The monopole pattern is isotropic, so a shape correlation is not informative and the uniform
radiation is verified directly from the directivity panel instead.

Case Directivity Correlation Comment
Monopole Isotropic pattern Uniform radiation reproduced

Dipole 0.9996 Two-lobe pattern and axial null
Quadrupole (xx) 0.9991 Lateral two-lobe quadrupole pattern
Quadrupole (x y) 0.9996 Four-lobe clover pattern

10 Illustrative QLBM Uplift of the MRT-LBM Acoustic Benchmark Using Mainstream
Linear-Algebraic Encodings

This section is an illustrative operator-level uplift, rather than an executed quantum implementation. No
quantum circuit is compiled or simulated, and no numerical qubit, gate, depth, or shot counts are claimed.
The purpose is to identify how the validated classical MRT-LBM acoustic benchmark would decompose into
state preparation, lifted collision–source operators, streaming, and acoustic readout, so that future QLBM
implementations can report resources in a reproducible way.

The classical benchmark of Section 9 exposes the pieces that a quantum lattice Boltzmann formu-
lation must represent, including local MRT collision, compact acoustic source insertion, streaming, and
acoustic readout. This section gives a general-to-specific mathematical uplift of that benchmark into
an illustrative QLBM architecture using Carleman lifting, SVD-based unitary dilation, and conditional
streaming [16,17,52,156,157], together with LCU and block encoding [46,147]. The section defines a con-
crete benchmark architecture on which state preparation, lifted-operator construction, streaming, and
measurement assumptions can be discussed using the same physical quantities as the classical MRT-LBM
acoustic problem.

10.1 General Operator-Level QLBM Representation
Collect all D3Q19 populations over the computational lattice into a global vector f(t) = { fi(x, t)}x, i ∈

R
N Nq , where N = Nx Ny Nz and Nq = 19. The classical MRT-LBM acoustic update of Section 9 can then be

written abstractly as

fn+1 = SstrFχ
src(tn)CMRT(fn), χ ∈ {mono, dip, quad}. (31)

Here CMRT is the MRT collision, Fχ
src is the monopole, dipole, or quadrupole forcing, and Sstr is the velocity-

conditioned periodic streaming shift. Eq. (31) follows the same operator order as the reference solver:
collision, source insertion, and streaming.

The quantum uplift is written at the operator level. The non-unitary or affine collision–source part
of the update is first represented by a lifted linear operator Aχ(tn). A unitary realization of this lifted
operator may then be obtained through LCU, block encoding, SVD-based unitary dilation, or a related
hybrid construction. At the schematic level,

∣Ψn+1⟩ ∝ UstrUAχ(tn)∣Ψ
n⟩. (32)
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The streaming shift Ustr is unitary on the periodic lattice, so no separate boundary operator appears. This is a
direct benefit of the periodic, early-stopping benchmark: the only non-unitary content is the collision–source
map Aχ(tn), and the rest of the timestep is an exact unitary shift.

(⟨0∣a ⊗ I)UA(∣0⟩a ⊗ I) = Aχ(tn)
α

, α ≥ ∥Aχ(tn)∥. (33)

Eq. (33) defines a block encoding of the generally non-unitary lifted operator [46]. If the operator admits
an efficient decomposition as a linear combination of implementable unitaries, it may be realized proba-
bilistically using an LCU construction [147]. SVD-based unitary dilation provides an alternative used in
QLBM-oriented constructions [17]. Quantum linear-system algorithms such as HHL are relevant when
the computational task is formulated as solving a linear system, but they do not by themselves provide
a generic implementation of the collision–source map [29,45,158]. These operator-embedding approaches
are consistent with recent QLBM formulations that handle non-unitary collision operators through SVD-
based or related decomposition strategies and conditional streaming constructions [17,51,62]. They are also
consistent with Carleman-lattice-Boltzmann (CLB) constructions, which use sparse lifted matrices, matrix-
oracle access, and block-encoding techniques to represent lifted or nonlinear dynamics [52,54,156]. The
matrix-oracle CLB formulation also makes clear that ancilla overhead and success probability remain serious
obstacles for multi-step time evolution [156].

10.2 Carleman-Lifted Realization for the MRT-LBM Acoustic Benchmark
Carleman linearization provides a natural route for representing polynomial nonlinear dynamics as

a truncated linear system, and it has become central in quantum algorithms for dissipative nonlinear
differential equations, related linear or nonlinear ordinary differential equation (ODE) models, and recent
multi-step QLBM formulations based on local Carleman lifting [157,159,160]. For the present weakly
compressible acoustic benchmark, a concrete realization is obtained by expanding the MRT-LBM update
around the quiescent base state used in the classical simulation:

ρ = ρ0 + ρ′, u = u′, ∣ρ′∣/ρ0 ≪ 1, (34)

so that the base state is the medium at rest, u0 = 0, and u′ is the acoustic velocity fluctuation.
Using the moment-space MRT update defined in Section 9.1, with m = Mf, diagonal relaxation matrix

Λ, and equilibrium moments meq , the uplift is formulated in terms of perturbations about the same quiescent
base state. Define the perturbation variable

y = m − m̄, (35)

where m̄ is the base-state moment vector. Under acoustic scaling, the local collision map can be expressed
schematically as a polynomial map

y+ = A1y + A2(y ⊗ y) + A3(y ⊗ y ⊗ y) + ⋅ ⋅ ⋅ + bχ(tn), (36)

where bχ(tn) collects the known affine pieces from source insertion. For a Carleman truncation of order K,
introduce the lifted vector

zK = [1, y, y⊗2, . . . , y⊗K]T
. (37)

The nonlinear or affine MRT-LBM step is then approximated by a linear lifted update

zn+1
K ≈ Aχ

K(tn)zn
K , χ ∈ {mono, dip, quad}. (38)
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The role of K = 2 is different from the role of the linear acoustic reference. Because the imposed source
amplitudes are small, the benchmark response is assessed in the linear acoustic regime, for which the retained
operator is the A1 part of Eq. (36); a K = 1 lift is sufficient for that strictly linear perturbation model. The
illustrative uplift, however, is written for the expanded MRT collision map before discarding the second-order
equilibrium contribution. Since the standard weakly compressible MRT equilibrium contains quadratic
momentum products, K = 2 is included as the minimal Carleman truncation that can retain the A2(y ⊗ y)
term. Thus, K = 2 is used as a reporting option for the weakly nonlinear MRT collision structure, rather than
as a requirement for the linear acoustic validation.

The monopole, dipole, and quadrupole sources enter through the additive particle source term sχ
i (x, t)

defined in Section 9.2, with χ ∈ {mono, dip, quad}. The corresponding population update is an affine
forcing map,

f ↦ f + sχ(x, t), (39)

whose conserved velocity moments S(0), S(1)α , and S(2)αβ prescribe the monopole, dipole, and quadrupole
strengths directly. In the lifted Carleman system, this source enters as a known coefficient block inside
Aχ

K(tn). Fig. 14 shows the general-to-specific uplift architecture for this benchmark.

Figure 14: General-to-specific QLBM uplift of the MRT-LBM acoustic benchmark. The left column shows the classical
D3Q19 MRT-LBM workflow used for the monopole, dipole, and quadrupole acoustic validation, following the reference
solver order of MRT collision, source insertion, periodic streaming, and pressure/directivity readout. The middle
column shows the general quantum-algorithmic representation, where the non-unitary or affine collision–source part
is lifted into a linear operator and represented using mainstream linear-algebraic tools such as linear combination
of unitaries (LCU), block encoding, SVD-based unitary dilation, or hybrid normalization, followed by conditional
streaming and measurement of acoustic observables. The right column shows the illustrative Carleman realization,
in which perturbation variables are lifted into zK = [1, y, y⊗2 , . . . , y⊗K]T , evolved by Aχ

K(tn), followed by conditional
streaming and measurement of the axial waveform and RMS directivity. The schematic defines a benchmark architecture
for future resource analysis without claiming present quantum advantage.
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10.3 LCU, Block Encoding, and Streaming
The quantum state encodes the lifted LBM vector, including Carleman degree as well as physical

populations.

∣Ψn
K⟩ = 1

∥zn
K∥ ∑

α
zn

K ,α ∣α⟩, (40)

where α indexes the position, velocity or moment component, and Carleman degree. The dominant quantum
task is to apply the generally non-unitary lifted operator Aχ

K(tn). A standard route is to construct an LCU
or block encoding

Aχ
K(tn) =

L−1
∑
�=0

a�(tn)U�, (41)

with unitary components U� and coefficients a�, or equivalently a unitary UAχ
K

satisfying Eq. (33) with
normalization αK ≥ ∥Aχ

K(tn)∥. An LCU realization is probabilistic and may use ancilla post-selection [147];
amplitude amplification and modern block-encoding or quantum singular-value-transformation techniques
belong to the broader framework [46]. The LCU and block-encoding components of the proposed uplift are
consistent with the broader Hamiltonian-simulation and matrix-transformation literature, including trun-
cated Taylor-series simulation, qubitization, quantum singular value transformation, and linear combination
of Hamiltonian simulation methods for non-unitary dynamics [46,161–164]. This is the quantum-linear-
algebraic representation of collision and source insertion.

Periodic streaming is represented by the lattice shift

Ustr∣x⟩∣i⟩ = ∣(x + ci Δt) mod L⟩∣i⟩, (42)

where L = (Lx , Ly , Lz) is the domain size in lattice units. On a quantum register this shift is unitary, so
streaming enters the uplift without additional block-encoding overhead; the non-unitary part of the timestep
is confined to the lifted collision–source operator. In the present benchmark the simulation horizon is short
enough that boundary wrap does not affect the sampled region.

A compact timestep summary is therefore

∣Ψn+1
K ⟩ ∝ UstrUAχ

K(tn)
∣Ψn

K⟩, c ∈ {mono, dip, quad}, (43)

on the same periodic 1923 lattice used in the classical benchmark. The K = 1 case corresponds to the linearized
acoustic perturbation operator, whereas K = 2 is the minimal lift that retains the first quadratic contribution
of the expanded MRT collision map.

10.4 Acoustic Observables and Benchmark Interpretation
The acoustic observables are recovered from the physical-population component of the lifted state. The

density and pressure fluctuation are

ρ(x, t) =
18
∑
i=0

fi(x, t), ρ′(x, t) = ρ(x, t) − ρ0, p′(x, t) = c2
s ρ′(x, t). (44)
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The benchmark-level observables are the signed axial density-fluctuation response ρ′/M along the propa-
gation direction and the RMS directivity on the observer sphere, at the same observer locations used in the
classical MRT-LBM validation of Section 9.3:

prms,QLBM(θ , φ) against prms,ana(θ , φ), (45)

and

ρ′QLBM(x)/M against ρ′ana(x)/M. (46)

These are compared against the MRT-derived Chapman–Enskog monopole, dipole, and quadrupole
references and against the classical MRT-LBM results. The key performance quantities for the QLBM
uplift include directivity correlation, axial-waveform error, and the Carleman truncation order K, the
block-encoding normalization αK , post-selection success probability, state preparation cost, number of
timesteps before re-normalization or readout, and the measurement budget required to recover the acoustic
observables. For this benchmark, observer amplitudes, RMS directivity, and selected spectral quantities could
be estimated with amplitude-estimation routines, where the useful speedup depends on state preparation
cost, repeated operator application, and measurement precision [165–167]. For a time-marched acoustic
benchmark, the repeated operator-application cost, normalization, success probability, condition-number
dependence, and measurement of selected observables should be reported explicitly, as emphasized across
modern quantum linear-system and time-dependent differential-equation solvers [45,46,152,158,164].

The construction is an illustrative benchmark architecture for future resource analysis. A meaningful
QLBM resource claim should report logical qubits, gate depth, state-preparation assumptions, qRAM or
oracle access, measurement budget, amplitude-estimation overhead, error-correction assumptions, and
physical resource estimates [96,168]. Its cost depends on the Carleman truncation order K, sparsity and
conditioning of Aχ

K , block-encoding normalization αK , state-preparation assumptions, post-selection or
amplitude-amplification overhead, number of timesteps, and the measurement budget required to recover
acoustic observables. Non-unitary collision and source operations enter as lifted linear or affine maps
represented through LCU, block encoding, SVD-based dilation, or hybrid normalization, tied throughout
to the classical acoustic problem introduced earlier. Fig. 15 is therefore used as a reporting template for the
acoustic uplift, using the fixed classical parameters in Table 7; it identifies the quantities that a future circuit
realization or hardware-aware emulator should report.

11 Research Directions for QLBM in Engineering CFD
The following directions summarize recurring themes in the QLBM literature and in broader QCFD

reviews, emphasizing practical constraints, acoustic observables, and staged validation over speculative
quantum advantage.
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Figure 15: Resource-accounting reporting template for the illustrative QLBM uplift of the MRT-LBM acoustic
benchmark. The anchor row records fixed classical parameters from Table 7. Panels 1–6 list the encoding, Carleman
truncation, lifted collision–source operator, block encoding, timestep, and acoustic-measurement quantities that a
future circuit realization or hardware-aware emulator should report before any QLBM acceleration claim is compared
with optimized classical MRT-LBM or LBM–CAA baselines. The state-preparation panel includes quantum random
access memory (qRAM) or oracle assumptions. Symbolic scaling expressions are tied to the notation in Section 10;
numerical quantum qubit, gate, depth, and shot counts are intentionally left for future implementation-specific analysis.

11.1 Benchmark Hierarchy
Based on the literature synthesized above, Table 1 makes explicit a ladder that the narrative sections

of this paper have already assumed implicitly, progressing from linear ADE transport through canonical
flow benchmarks, then mesoscopic weakly compressible transport-acoustics (LBM-native) and, separately,
linearized wave-propagation acoustics aligned with hybrid linear solvers, and finally turbulence stress tests,
before arguing about engineering aeroacoustics. Without such a hierarchy, cross-paper comparison stays
ambiguous. Explicit placement on the ladder, together with classical comparators matched to the same stage
of difficulty, makes claims easier to interpret and contest on common ground.

The acoustic multipole benchmark in Section 9, together with the QLBM uplift in Section 10, provides a
concrete example of a weakly compressible acoustic benchmark on this ladder. It links the review discussion
to a reproducible MRT-LBM test with additive source injection, axial-waveform and directivity recovery, and
an explicit lifted-operator and block-encoding decomposition.

Future work should implement the proposed QLBM acoustic formulation in a quantum-circuit simula-
tor or hardware-aware emulation framework, and should compare the resulting directivity, axial waveform,
measurement cost, and resource scaling against the classical MRT-LBM reference.
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11.2 A Small CAA-Oriented Benchmark Set
The benchmark ladder in Table 1 can be made more actionable by adding a small set of demonstrative

CAA benchmarks. The classical acoustic multipole case in Section 9 and its illustrative uplift in Section 10
form the first member of this set. These cases test whether a QLBM, hybrid quantum linear solver, or
quantum-inspired workflow preserves the acoustic quantities that matter before extending the discussion
to full fan or propeller noise prediction. The proposed cases are simpler than industrial geometries, yet
each one targets a specific acoustic weakness in quantum-fluid discussions, including recovery of pressure
fluctuations, spectral accuracy, boundary treatment, state preparation, and readout.

The first case is one-dimensional acoustic-pulse propagation. It tests whether a weak pressure or density
disturbance can be propagated with the correct wave speed, amplitude, phase, dispersion, attenuation, and
reflection behavior. This case is closest to the LBM-acoustics connection because pressure follows from
density fluctuations in the weakly compressible lattice setting. The second case is a two-dimensional cylinder
or edge dipole-source surrogate. A classical flow solver can provide wall-pressure or compact-source data,
while the acoustic propagation step is handled separately. This case tests whether source-region quantities
such as wall-pressure spectra, phase, and compact dipole strength are preserved. The third case is a duct
or liner Helmholtz benchmark. This case is aimed less at QLBM and more at hybrid quantum linear
solvers, because the main object is a sparse frequency-domain system with impedance or liner boundary
conditions. Table 9 summarizes these demonstrative CAA benchmarks and the specific acoustic weakness
targeted by each case.

Table 9: Small CAA-oriented benchmark set for evaluating QLBM, hybrid quantum linear solvers, and quantum-
inspired workflows. The cases are demonstrative validation targets rather than full industrial aeroacoustic simulations.

Benchmark Main Acoustic
Quantities

Suitable Quantum
Route Success Criteria

1D acoustic pulse
propagation

ρ′(x , t), p′(x , t), lattice
sound speed cs , phase,
dispersion, attenuation,

reflection

QLBM or weakly
compressible

LBM-like transport

Correct wave speed, stable
amplitude, controlled numerical

dispersion, and accurate
reflection from simple

boundaries.

2D cylinder or
edge dipole-source

surrogate

Wall-pressure signal,
compact dipole strength,
phase, source spectrum,

near-field pressure

Classical flow with
QLBM-inspired or

hybrid source-region
kernel

Preserved source frequency,
amplitude, phase, wall-pressure
spectrum, and source-location

sensitivity.

Duct or liner
Helmholtz

problem [22]

Frequency-domain
pressure field, impedance

response, attenuation,
phase, receiver-side SPL

Hybrid quantum
linear solver, VQLS,
QLSA, or quantum

Krylov-type
block [29,31–33,147]

Clear state-preparation model,
credible preconditioning,

accurate impedance boundary
response, and efficient readout

of receiver metrics.

These benchmarks also clarify the division between the three quantum routes identified in Section 7.
QLBM is best tested on the acoustic-pulse and source-region transport cases. Hybrid quantum linear solvers
are better tested on the Helmholtz or LNSE-type duct and liner case. Quantum-inspired optimization
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becomes relevant only after these forward models have reliable observables, since optimization without
acoustic fidelity would only accelerate an unreliable design loop.

11.3 Boundary-Condition Realism
Boundary treatment should be treated as a primary validation target rather than a secondary implemen-

tation detail. Further attention to bounce-back, immersed boundaries, wall models, moving boundaries, and
frequency-domain acoustic boundary conditions would narrow a persistent gap relative to mature classical
LBM practice and would strengthen the path toward engineering relevance. For acoustics-oriented QLBM,
the boundary question is especially important because wall pressure, reflected waves, impedance effects, and
source-surface data can directly affect phase, amplitude, spectra, and directivity. Future QLBM studies should
therefore report not only whether a boundary rule can be encoded, but also whether the resulting acoustic
observables remain accurate over many time steps.

11.4 Resource Accounting
Cross-study comparison is easier when asymptotic complexity is reported together with its depen-

dence on sparsity, conditioning, precision, and the assumed matrix-access model. Quantum linear-system
and block-encoding analyses make these algorithmic dependencies explicit [45,46,158]. Time-dependent
differential-equation and high-precision PDE algorithms further show that temporal discretization, target
accuracy, and state or output assumptions must be included in complexity assessments [152,164]. Practical
assessments also emphasize that formal speedups are insufficient without qubit count, gate count and
depth, measurement requirements, state-preparation assumptions, classical preprocessing, and hardware-
level resource costs [96,168]. For the acoustic uplift, Fig. 15 makes the same reporting categories explicit
at benchmark level. As the literature grows, such accounting increasingly functions as expected context
alongside numerical results.

11.5 Advanced Classical Baselines and Data-Driven Closures
Where industrial or deployment-oriented claims appear, baselines drawn from GPU-accelerated clas-

sical LBM, data-driven LBM wall models, and established hybrid CFD/CAA pipelines carry particular
interpretive weight. Such baselines are important because classical LBM is already highly optimized for
local streaming–collision updates, parallel execution, wall modeling, and aeroacoustic post-processing. A
QLBM result should therefore be compared against a classical method matched to the same benchmark
rung, observable, and accuracy requirement, rather than against a minimal or unoptimized reference
implementation.

The recent convergence of LBM with data-driven wall modeling, broader machine-learning methods for
fluid mechanics, reinforcement-learning wall models, and automated turbulence-closure discovery suggests
a longer-term possibility [169–171]. Quantum and machine-learning accelerators could both be inserted into
an LBM-centric engineering workflow. Whether such programs can outperform highly optimized classical
HPC remains an open question. It can only be settled through head-to-head studies on agreed benchmark
ladders and comparable classical baselines.

12 Research Roadmap
This closing roadmap identifies measurable benchmark targets that connect the QLBM literature

surveyed here to aeroacoustic and low-noise propulsion workflows. It complements the methodological
checklist in Section 11.
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First, hybrid quantum–classical linear solvers should be tested on LNSE–Helmholtz or Helmholtz-
type propagation blocks with duct, liner, or radiation-boundary conditions, using established classical
formulations as baselines [22,31–33]. Useful reporting targets are residual reduction, phase error, amplitude
error, boundary-condition error, preconditioning cost, state-preparation assumptions, readout cost, and
comparison with optimized classical sparse solvers.

Second, QLBM benchmarks should progress from scalar advection–diffusion toward weakly com-
pressible acoustic transport and source-region tests. The MRT-LBM monopole, dipole, and quadrupole
benchmark in Section 9 is a suitable first target because it has explicit reference observables: axial
waveform error, RMS directivity error, source-amplitude scaling, lattice-dispersion error, timestep count,
and measurement budget. A future circuit or hardware-aware emulator should report Carleman order
and truncation assumptions because they determine the size and approximation error of the lifted sys-
tem [157,159]. Block-encoding normalization and state-preparation assumptions should be stated explicitly
for the chosen nonunitary implementation, while time-marching cost should be reported for time-dependent
solvers [163,164]. Hardware-level reporting should include logical qubits, gate depth, shot count, and
execution-time assumptions [168]. Wall-clock performance should then be compared with matched GPU or
HPC LBM baselines that reflect validated turbulence and wall-modeling workflows [78,85].

Third, boundary and workflow realism should become explicit benchmark stages. After the present
periodic-domain acoustic test, natural extensions are absorbing or radiation boundaries, impedance bound-
aries, wall-pressure readout, and source-surface coupling to FW–H or LNSE propagation. Longer-term CAA
relevance should be judged by receiver-side quantities such as spectra, phase, directivity, and sound-pressure
level, rather than by internal circuit evolution alone. Outer-loop blade or fan design studies may then provide
practical hybrid targets, with quantum annealing, QUBO formulations, QAOA, quantum-inspired, or hybrid
methods used for selected reduced-order, optimization, inverse-design, or uncertainty-quantification blocks
while the main IDDES, LES, or LBM flow solve remains classical.

13 Conclusions
Quantum CFD has moved beyond a purely speculative topic, yet it remains far from industrial maturity.

Credible near-term strategies are hybrid and selective, targeting linear or block-linear bottlenecks while
leaving most nonlinear fluid dynamics on classical hardware. Within this broader landscape, quantum lattice
Boltzmann methods draw sustained attention because LBM offers a mesoscopic algorithmic structure that
is often amenable to decomposition into quantum-friendly pieces.

The QLBM literature has evolved from early advection–diffusion formulations to more complete and
more ambitious programs addressing Navier–Stokes-like dynamics, unitary collision operators, dynamic
circuits, boundary handling, and even nonlinear turbulence-oriented formulations. Yet the same literature
also reveals the magnitude of the remaining obstacles, including nonlinearity, measurement cost, state
preparation, and the need for comparison against highly optimized classical LBM.

From an engineering viewpoint, a plausible role for QLBM is the gradual emergence of hybrid strategies
for selected kernels within broader simulation pipelines, instead of immediate replacement of mature CFD
or aeroacoustic workflows. Industrial CAA for fans, propellers, and installed configurations is standardly
organized as a decomposed flow–acoustics chain. The literature on fan noise, propeller noise, and linearized
acoustics supplies worked examples of subproblems that the QCFD community has discussed as possible
targets for selective hybridization.

The classical MRT-LBM acoustic multipole benchmark included in this paper makes this staged view
more concrete, and the illustrative QLBM uplift shows how the same acoustic calculation can be mapped to a
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mainstream lifted-operator architecture. In that decomposition, non-unitary collision and source operations
are treated as lifted linear or affine maps that may be represented through LCU, block encoding, SVD-based
dilation, or hybrid normalization, while streaming remains an exact periodic shift and acoustic validation
is based on the radiated axial waveform and RMS directivity against the MRT-derived Chapman–Enskog
macroscopic reference. This gives the review a defined benchmark target for future resource accounting.

Making progress comparable across research groups will require shared benchmark ladders, realistic
boundary treatments, transparent resource accounting, explicit readout models, and comparisons with
optimized classical baselines. These are the same elements emphasized in Section 6 and in the checklist
framed there. Viewed in this light, QLBM remains a research bridge between quantum algorithm design
and engineering CFD. Its main value is to connect mesoscopic modeling with hybrid high-performance
workflows, and to move present quantum fluid algorithms from proof-of-concept demonstrations toward
the validation standards expected in application-driven simulation.
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