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ABSTRACT

This study investigates the capability of quick turnaround mid-fidelity Lattice-Boltzmann Method (LBM) simulations to
resolve complex aerodynamic interactions between proprotors and wings in tiltrotor configurations. A GPU-accelerated
LBM solver was coupled with an actuator line model to capture proprotor-induced effects across a range of proprotor
tilt angles. An explicit power-law wall model was developed and integrated into the LBM framework to provide near-
wall treatment based on velocity profile assumptions. This approach was evaluated in parallel with a no-slip immersed
boundary formulation, which does not constitute a wall model but only enforces a no-slip condition at the body surface.
Simulation results obtained using both boundary treatments were compared against experimental measurements and high-
fidelity CFD data for validation. The power-law model demonstrated good agreement with reference data for drag and it
predicted complex flow field phenomena correctly, but exhibited discrepancies in wing lift and pressure distributions at
high prop tilt angles, highlighting limitations in capturing complex proprotor wake-induced flow separation. The no-slip
immersed boundary model overpredicted drag and exhibited excessive flow separation, limiting its applicability to this
flow problem, at least at the investigated spatial resolution. The findings highlight the promise of the LBM as an efficient
simulation method for quick-turnaround design and analysis of proprotor—wing interactions, including the transition (or
conversion) maneuver, while identifying areas for improvement in the explicit power-law wall model to enable more
accurate prediction of separated flows and near-wall behavior.
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INTRODUCTION

Aircraft which combine vertical takeoff and landing (VTOL)
capabilities with high-speed conventional cruise performance
expand operational possibilities across a range of civilian and
military domains. As seen in novel urban/advanced air mo-
bility (UAM/AAM) and tiltrotor (e.g., V-22, XV-15) designs,
these aircraft often employ a combination of tilting proprotors
for VTOL capabilities and fixed-wing lifting surfaces for ef-
ficient cruise. For accurate predictions of flight performance,
aerodynamic characteristics, and their implications on flight
dynamics and safety, the aerodynamic interactions between
the proprotors and wings must be captured. However, these
interactions are not yet fully understood, especially in the
tiltrotor transition regime. This regime is of particular in-
terest due to the complex aerodynamic interactions that arise
between the downwash of the proprotor and the force dis-
tribution over the aircraft wings. Those interactions lead to
complex flow separation and reattachment phenomena that di-
rectly impact the vehicle performance and handling character-
istics.

Computational Fluid Dynamics (CFD) provides an effec-
tive means of modeling these aerodynamic interactions.
Prior studies have demonstrated the applicability of CFD to
proprotor—wing interaction problems, including the work of
Sugawara and Tanabe (Ref. 1), who established that CFD can
reliably capture these dynamic interactions. Subsequent in-
vestigations have further reinforced the efficacy of CFD for
proprotor—body interaction analysis. For instance, Renaud et
al. (Ref. 2) employed high-fidelity CFD methodologies to re-
solve the aerodynamic interactions between a helicopter rotor
and fuselage, capturing key flow phenomena with high accu-
racy. Similarly, Costes et al. (Ref. 3) highlighted significant
advancements in rotorcraft CFD capabilities, particularly in
their discussion of the modeling strategies utilized at ONERA.

CFD serves as a powerful tool for analyzing complex aero-
dynamic interactions, particularly those dominated by vis-
cous effects and turbulence. Accurate resolution of such flow
phenomena relies heavily on the use of turbulence modeling.
Foundational work by Wilcox (Ref. 4) established the theo-
retical basis for many widely used turbulence models, form-
ing the cornerstone of modern Reynolds-Averaged Navier—
Stokes (RANS) approaches. Subsequent studies by Zhai et
al. (Ref. 5) and Zhang et al. (Ref. 6) evaluated the comparative
performance of several turbulence closure models, providing
insight into their predictive accuracy. Additionally, Aubin et
al. (Ref. 7) assessed the fidelity of turbulence models in sim-
ulating turbulent flows within water tanks, further validating
their applicability in confined, wall-bounded domains.

An additional challenge associated with CFD is the genera-
tion of high-quality computational grids. Complex geome-
tries, such as those involving rotorcraft or internal flow con-
figurations, often do not conform easily to structured Carte-
sian meshes. To address this, a number of advanced grid gen-

eration strategies have been developed. Pioneering contribu-
tions by Thompson (Ref. 8) offered comprehensive analysis
of structured and unstructured mesh generation techniques.
Hernandez-Perez et al. (Ref. 9) conducted a focused study on
grid generation for simulating internal flow in circular pipes,
identifying key meshing constraints and solution sensitivity.
Samareh (Ref. 10) further examined the state of CFD grid
generation in the context of design and optimization work-
flows, emphasizing the importance of mesh quality, adaptabil-
ity, and automation in engineering applications.

Beyond rotorcraft applications, CFD has long been estab-
lished as a reliable approach for resolving aerodynamic flows
over conventional 3D wings. Kulshreshtha et al. (Ref. 11)
utilized the ANSYS Fluent solver to investigate flow charac-
teristics over various NACA airfoils. Moreover, the versatility
of CFD extends to non-conventional wing configurations, as
exemplified by Suresh et al. (Ref. 12), who conducted a com-
prehensive aerodynamic analysis of a non-planar C-wing con-
figuration. The utility of CFD further encompasses unmanned
aerial vehicle (UAV) performance evaluation, as illustrated in
the work of Priscariu (Ref. 13), where flow simulations were
conducted to model the aerodynamic behavior of a UAV fly-
ing wing configuration.

CFD has also been extensively employed in the simulation of
rotor aerodynamics and their wake interactions. Kasmaiee et
al. (Ref. 14) utilized CFD to examine rotor blade performance
under various unsteady wind conditions, demonstrating the
capability of CFD to capture complex transient aerodynamic
phenomena. Similarly, Song and Perot (Ref. 15) applied CFD
to investigate the flow characteristics around the blades of a
wind turbine, further exemplifying the versatility of CFD in
rotor-based applications. In related work, Yeo et al. (Ref. 16)
performed a structural loads analysis of the ONERA 7A ro-
tor using the high-fidelity CFD frameworks elsA/HOST and
Helios/RCAS to evaluate their predictive capabilities and ac-
curacy. Of particular relevance to the present study is the
application of CFD to rotor wake modeling. Bechmann et
al. (Ref. 17) conducted modeling with CFD to examine wind
turbine wake dynamics and validated their results against ex-
perimental measurements, reinforcing the credibility of CFD
for rotor wake analyses. Furthermore, Cao et al. (Ref. 18) de-
veloped a CFD optimization tool for rotors that incorporated
wake effects into wind turbine rotor design, highlighting the
emphasis within the rotorcraft community on accurately cap-
turing wake effects. These prior efforts underscore the effec-
tiveness of CFD when applied to rotor wake-resolved simula-
tions.

Extensive experimental research has been conducted to inves-
tigate rotor aerodynamics and wake interaction phenomena.
A foundational study by Felker and Light (Ref. 19) system-
atically characterized the influence of rotor and wing geo-
metric variations on rotor—wing aerodynamic interactions in
hover. More recently, Chen and Rauleder (Ref. 20) executed
a comprehensive experimental campaign to examine the un-
steady aerodynamic loading induced by rotor wakes imping-
ing on a ship deck. Their methodology combined load cell
measurements, Particle Image Velocimetry (PIV) sweeps, and



distributed pressure sensing to capture both transient and spa-
tially resolved flow features.

Further expanding on rotor—wing interaction studies, Srid-
har et al. (Ref. 21) performed a series of experimental mea-
surements across a range of proprotor tilt angles, encompass-
ing the hover, transition, and cruise regimes representative of
tiltrotor operation. Their experimental setup employed inde-
pendent force measurements on both the rotor and wing using
load cells, along with surface pressure sensors and PIV imag-
ing to resolve the coupled flow fields. In parallel, high-fidelity
unsteady Reynolds-Averaged Navier—Stokes (URANS) CFD
simulations were performed to complement and validate the
experimental data.

While these high-fidelity CFD approaches offer detailed and
accurate predictions of unsteady aerodynamic interactions,
they are computationally demanding, often requiring days to
weeks of runtime on high-performance computing (HPC) in-
frastructure. Such computational expense renders them im-
practical for time-sensitive applications such as vehicle de-
sign iteration, flight envelope mapping, or real-time perfor-
mance assessment. Consequently, there is a growing need
for low- and mid-fidelity modeling techniques that can de-
liver significantly reduced turnaround times while maintain-
ing sufficient accuracy. However, the effectiveness of these
reduced-order approaches in capturing the highly nonlinear
and coupled aerodynamic phenomena characteristic of pro-
protor—wing interactions remains an open question and a cen-
tral motivation for the present study.

The Lattice-Boltzmann Method (LBM) is one candidate
methodology for simulating and modeling complex aerody-
namic flows, particularly those characterized as weakly com-
pressible. Unlike traditional Navier—Stokes solvers, the LBM
operates by solving the discretized Lattice-Boltzmann equa-
tion on a Cartesian lattice structure. Through a Chapman-
Enskog expansion, the LBM can be demonstrated to re-
cover the macroscopic Navier—Stokes equations, as shown by
Kriiger (Ref. 22). A key advantage of the LBM is its highly
parallelizable structure which enables it to be run efficiently
on graphical processing units (GPUs). This parallelism al-
lows for high computational efficiency, which enables model-
ing of complex flows at significantly reduced computational
cost compared to traditional high-fidelity CFD methods.

Over the past several decades, considerable research has been
devoted to improving the performance and expanding the ap-
plicability of the LBM. Notably, K&rner et al. (Ref. 23) made
foundational contributions by investigating strategies for par-
allelization of LBM algorithms, increasing computational ef-
ficiency, and laying the ground work for its use in large-scale
simulations. Building on this, Kuznik et al. (Ref. 24) pi-
oneered GPU-accelerated implementations of the LBM, al-
lowing it to be comparable to CFD codes operating on high-
performance computing clusters. These advances have since
been adopted and extended by numerous researchers. For ex-
ample, Wang et al. (Ref. 25) utilized the LBM to perform
simulations of turbulent flows around urban structures, fur-
ther validating the method’s capability for resolving complex

aerodynamic environments.

Given the focus of the present study on aerodynamic interac-
tions with lifting surfaces, accurate modeling of wall-bounded
flow behavior is essential. However, the use of Cartesian grids
inherent to the LBM poses significant challenges for near-wall
resolution. In particular, achieving grid resolutions sufficient
to maintain a non-dimensional wall distance of y™ ~ 1, are-
quirement for fully-resolved boundary layers, is computation-
ally prohibitive in most practical scenarios. To address this
limitation, wall stress models are employed to approximate
the effects of the near-wall flow without explicitly resolving
the viscous sub-layer. A broad range of boundary condition
formulations and wall models have been developed for both
traditional CFD methodologies and LBM frameworks. One
such treatment was developed by Mei et al. (Ref. 26), where
they spearheaded the design and implementation of an “ac-
curate” curved boundary treatment specifically for the LBM,
addressing the challenges associated with non-Cartesian ge-
ometries. Dorschner et al. (Ref. 27) developed an immersed
no-slip boundary condition, which was later applied by Ashok
and Rauleder (Ref. 28) in simulations of both static and trans-
lating ship geometries to investigate ship airwake behavior.
Furthermore, Wissocq et al. (Ref. 29) extended the applicabil-
ity of the LBM to high Reynolds number flows by adapting
characteristic boundary conditions, enhancing accuracy and
stability in that challenging aerodynamic regime.

Boundary condition strategies for complex and dynamic ge-
ometries have also been the subject of significant research.
Kurban et al. (Ref. 30) employed a combination of slip
and bounce-back boundary conditions in their study of ship
airwake aerodynamics, demonstrating strong correlation be-
tween experimental measurements and the LBM predictions.
Similarly, Wang et al. (Ref. 31) developed an immersed mov-
ing boundary condition for the LBM, enabling accurate mod-
eling of bodies in relative motion. Ashok and Rauleder
(Ref. 28) employed a similar immersed moving boundary
condition in the LBM simulation Aslan et al. (Ref. 32) con-
ducted a comparative assessment of various curved boundary
treatments for the LBM, concluding that multiple approaches
yielded near-identical aerodynamic predictions, thereby offer-
ing flexibility in boundary modeling choices.

Beyond accurate surface modeling, a significant computa-
tional challenge in rotor aerodynamics lies in the accurate
yet efficient numerical representation of rotating blades. One
common approach involves explicitly resolving individual ro-
tor blades using highly refined body-fitted grids in conjunc-
tion with high-order numerical schemes to accurately capture
unsteady aerodynamic phenomena. This methodology was
implemented in the high-fidelity CFD simulations presented
by Sridhar et al. (Ref. 21). While this approach guarantees
accuracy, it incurs a substantial computational cost, particu-
larly for large-scale or time-resolved simulations. As a com-
putationally efficient alternative, the Actuator Line Method
(ALM), originally introduced by Sorensen and Shen (Ref. 33),
models each rotor blade as a one-dimensional line along the
span. In this formulation, local inflow velocities at discrete
blade segments are first extracted from the surrounding flow



field. Blade element theory is then applied to compute the
aerodynamic forces generated by each segment, which are
subsequently projected onto the computational domain at the
appropriate physical locations. This methodology enables the
discrete aerodynamic influence of individual blades to be in-
corporated into the simulation without explicitly resolving
blade geometry. However, the ALM does not capture vis-
cous effects along the blade surface and generally neglects
spanwise flow phenomena that occur in real rotor operation.
Despite these limitations, the method offers a favorable bal-
ance between computational efficiency and predictive fidelity,
making it well-suited for application in the present study.

In recent years, the actuator line method has been widely
adopted within the CFD community for a broad range of ap-
plications. Apsley et al. (Ref. 34) implemented the ALM to
simulate tidal wind turbine flows, demonstrating its effective-
ness in capturing blade-induced wake dynamics. Similarly,
Baba-Ahmadi and Dong (Ref. 35) conducted a comprehensive
validation of the ALM against experimental measurements,
confirming its capability to accurately predict rotor perfor-
mance and wake characteristics. Continued development has
led to several enhancements of the ALM to address limita-
tions. Notably, Jha and Schmitz (Ref. 36) introduced modifi-
cations to mitigate inaccuracies associated with force projec-
tion, improving the physical consistency of the model. Ad-
ditionally, Churchfield et al. (Ref. 37) proposed an advanced
formulation that incorporated corrections to the freestream ve-
locity calculation and refined force projection algorithms, fur-
ther enhancing model accuracy. These methodological ad-
vancements have enabled the ALM to be applied across a
broad spectrum of aerodynamic applications with improved
computational efficiency and acceptable predictive accuracy.

Significant advancements have also been made in the imple-
mentation of the actuator line methodology within the LBM.
Asmuth et al. (Ref. 38) conducted a detailed sensitivity and
performance analysis of the actuator line model within the
LBM, providing valuable insights into its numerical behav-
ior and accuracy. Similarly, Rullaud et al. (Ref. 39) integrated
the actuator line approach into the LBM for wind turbine sim-
ulations. Furthermore, Grondeau et al. (Ref. 40) employed the
actuator line model within the LBM to simulate and analyze
the wake dynamics of a ducted tidal turbine, further validat-
ing the applicability of this approach for wake-focused simu-
lations. Collectively, these studies establish the actuator line
model as a credible and effective technique for rotor modeling
within the LBM simulations.

The use of the LBM for rotor-body aerodynamic interaction
simulations has been demonstrated in recent years. Bludau et
al. (Ref. 41) applied the LBM to model the complex flow field
around a helicopter landing on a ship deck, capturing critical
wake—deck interactions. Gourdain et al. (Ref. 42) employed
the LBM to investigate the wake behavior of an air vehicle
operating in ground effect, further validating the LBM’s ap-
plicability to rotor-induced flow simulations. More recently,
Ashok and Rauleder (Ref. 43) demonstrated the use of the
LBM for real-time simulations of rotorcraft ship landings,
showing strong agreement with wind tunnel measurements.

These prior studies underscore the viability of the LBM as
an effective computational framework for simulating aerody-
namic interactions between rotors and solid surfaces, thus pro-
viding a foundation for its application to proprotor-wing in-
teraction analyses in the present work.

The objective of the present study is to assess the capability of
a mid-fidelity quick turnaround GPU-accelerated LBM model
to resolve aerodynamic interactions between a tilting propro-
tor and a wing. It is assessed whether mid-fidelity LBM sim-
ulations are sufficient for analysis of complex transition (or
conversion) regimes of tiltrotor aircraft that include flow sepa-
ration and reattachment on the wing. The present study adopts
the Churchfield advanced actuator line formulation (Ref. 37)
for modeling the proprotor, leveraging its capability to accu-
rately capture rotor-induced aerodynamic effects with reduced
computational cost. Additionally, the present study employs
the explicit power-law wall model developed by Wilhelm et
al. (Ref. 44), which offers an efficient approach to modeling
near-wall behavior in high Reynolds number flows. For com-
parison, a no-slip immersed boundary wall treatment (Ref. 27)
is also implemented, allowing for a comparison of accuracy
between the two boundary conditions. The physical accu-
racy of the LBM results is evaluated by comparing proprotor
and wing loads, wing surface pressure distributions, and flow
fields with experimental and high-fidelity CFD data from Ref.

TECHNICAL APPROACH
The Lattice-Boltzmann Method

The LBM is an alternative fluid simulation method which does
not solve the conservation equations for mass, momentum,
and energy unlike traditional CFD methods. Instead, the LBM
models the local fluid dynamics on a mesoscopic scale where
the fluid domain is made up of lattice cells. Each lattice cell
contains particle distribution functions, or populations, where
the number of populations in each cell is defined by the lat-
tice cell configuration being used. The naming convention for
the lattice cell configurations is DxQyy, where x represents
the number of dimensions, and yy represents the number of
populations in each cell. Common cell configurations include
D1Q3, D2Q9, D3Q15, D3Q19, and D3Q27. This study uti-
lized the D3Q19 lattice configuration because of its computa-
tional efficiency and versatility for a variety of cases. A visual
representation of the D3Q19 particle populations is shown in
Figure 1.

As the simulation commences, the populations within the lat-
tice cells are reallocated according to the Lattice-Boltzmann
equation, shown in Eq. 1.
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The above Eq. 1 was derived from the discretized Boltzmann
equation, and it describes the motion of the particle popula-
tions as they move to neighboring lattice cells by propagat-
ing along their discretized velocities. The multiple-relaxation-
time (MRT) collision operator (Ref. 45) was utilized to relax



Figure 1: D3Q19 Population Distribution, adapted from
Ref.

moments of the cell populations to their equilibrium states and
is shown in the following Eq. 2.

fE ) = fi(x,t) = (MTISM)y; [f(x, ) — f7(x,1)]
+ AtE} 2

In Eq. 2, M is the moment transformation matrix, .S is a diag-
onal matrix which holds the relaxation rates for each moment,
and F” is the discretized forcing term which includes the ex-
ternal forces. A relation between pressure and density can be
evaluated in terms of lattice units as defined in Eq. 3 below.
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The speed of sound of the lattice can be calculated through
the following Eq. 4, where At is the timestep, and Az is the
length of the edge of the lattice cell.
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The below Egs. 5 and 6 give relations for calculating the lat-
tice density and momentum in lattice units. Those can be con-
verted back to physical units of choice through scaling by a
conversion factor.

plx,t) = Zfi(m) (5)
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Explicit Power-Law Wall Model

As outlined in the preceding discussion, the wall modeling
strategy adopted in this work is the explicit power-law formu-
lation developed by Wilhelm et al. (Ref. 44). The Cartesian
grids used in the LBM generally make it infeasible to con-
struct a mesh that can fully resolve the boundary layer (first

cell height 4™ < 1). Instead, this wall modeling approach
models the boundary layer shape based on a given velocity
profile, allowing for considerably coarser mesh resolutions at
the wing surface.

The application of this model necessitates the reconstruction
of macroscopic flow variables, specifically, density, velocity
and the stress-tensor, at near-wall locations. This reconstruc-
tion is accomplished via interpolation procedures that rely ex-
clusively on fluid nodes located entirely outside of the solid
geometry. A notable limitation of this approach arises near
complex or sharply curved body surfaces, where the avail-
ability of fully fluid nodes in the interpolation stencil is re-
stricted. This limitation can introduce localized inaccuracies
in the velocity reconstruction and, consequently, in the wall
shear stress estimation. The employed interpolation strategy
and its implications are illustrated schematically in Fig. 2.
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Figure 2: Reference point interpolation and boundary
node trimming strategy

To enable interpolation to occur when looking at near-
boundary points, a “reference point” is defined at a specified
distance from the boundary. This reference point serves as
the target location for velocity interpolation from neighbor-
ing fluid nodes. In both the present study and the work of
Wilhelm et al. (Ref. 44), the reference point was defined at
a distance of 2.5Axz from the wall, measured along the wall-
normal vector. This placement is designed to ensure that the
reference point lies within a region populated exclusively by
fluid nodes, thereby enabling robust interpolation. The se-
lected interpolation methodology for this study is the Inverse
Distance Weighting (IDW) approach described by Panigrahi
(Ref. 46) and employed by Wilhelm et al. (Ref. 44). The spa-
tial arrangement of the boundary and reference nodes, as well
as the associated interpolation region, is depicted in Fig. 2.



As previously mentioned, the explicit power-law model uses a
velocity profile to model the shape of the boundary layer. The
velocity profile used by Wilhelm et al in their implementation
(Ref. 44) is an exponential profile proposed by Prandtl and
defined as follows in Eq. 7.

ut =gyt ut = Ay @)

In Eq. 7, A is a coefficient that can depend on the Reynolds
number, and the exponent % was chosen based on the work
done by Werner and Wengle in Large Eddy Simulations (LES)

(Ref. 47). The universal rescaled velocity profile and the nor-
malized distance to the wall are defined as follows in Eq. 8.
U Ur
wh= =yt =L (8)
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In Eq. 8, u is the tangential velocity at a distance y from the
wall, v is the fluid’s kinematic viscosity, and u is the friction
velocity related to the wall shear stress through Eq. 9.
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In Eq. 9, 7, is the wall shear stress. The velocity can be in-
terpolated at the reference point to get the tangential velocity
at the reference point, ug.s. Once ug.ys is known, along with
the height of the reference point and the original point from
the body, the values can be used in the power-law formulation
in Eq 10.
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In Eq. 10, yre represents the distance to the boundary from
the reference point, yge ¢ Tepresents the same distance nondi-
mensionalized in wall units, yj = 11.81 (Ref. 47) represents
the normalized height of the viscous sublayer, wg. is the
wall-tangential velocity at the reference point, ¥ is the dis-
tance to the boundary from the boundary point, and B = 1/7
is the power-law exponent. Using the power-law profile, the
desired velocity and velocity gradient are calculated at the
boundary point, and the relevant LBM populations are spec-
ified using Grad’s approximation (Ref. 27). Grad’s approxi-
mation is given by the following Eq. 11.
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In Eq. 11, p is the density, u is the velocity vector, and P is
the pressure tensor. Additionally, w; is each lattice direction
weight, c¢; indicates each lattice discrete velocity vector, and
c; 1s the lattice speed of sound.

The explicit power-law wall model was successfully incorpo-
rated into the primary LBM architecture for the computation

of macroscopic flow variables. However, challenges were en-
countered in the evaluation of the non-equilibrium terms. In
particular, as mesh refinement was increased, a greater num-
ber of boundary nodes appeared in close proximity to the
model surface. This proximity poses numerical difficulties, as
the non-equilibrium distribution functions involve inverse de-
pendence on the distance to the wall, as outlined in the work
of Dorschner et al. (Ref. 27). When this distance becomes
sufficiently small (e.g., below 0.1 lattice units), the resulting
singularity in the denominator induces unbounded values in
the distribution function updates, thereby compromising nu-
merical stability and halting the simulation.

To mitigate this issue, a boundary node trimming technique
was implemented, following the approach described by De-
grigny et al. (Ref. 48). This procedure establishes a thresh-
old distance between a boundary node and the model surface,
below which the node is excluded from computation and re-
classified as internal to the solid domain. A sensitivity study
conducted on trimming distance yielded that the most accu-
rate and stable threshold distance was 0.5 lattice units. Ac-
cordingly, this threshold was adopted for all of the LBM sim-
ulations presented in this work.

No-Slip Immersed Boundary Wall Treatment

To enable comparative assessment of boundary modeling ap-
proaches within the LBM framework, this study incorporates
a second wall treatment: the Grad immersed boundary condi-
tion, originally developed by Dorschner et al. (Ref. 27). De-
signed for simulations involving complex, curved, or moving
geometries embedded in Cartesian grids, this method recon-
structs missing distribution functions at boundary-adjacent
lattice nodes through interpolation of macroscopic flow quan-
tities; specifically, velocity, density, and pressure tensor com-
ponents.

The Grad boundary model imposes the geometry of the solid
body onto the Cartesian mesh and enforces a no-slip condition
at the immersed surface. It interpolates macroscopic quan-
tities at the boundary and reconstructs distribution functions
using a truncated expansion in terms of velocity moments.
This approach has previously been applied in simulations of
ship-induced air wakes by Ashok and Rauleder (Refs. 28,43),
demonstrating its flexibility in handling dynamically evolving
geometries. The boundary point trimming strategy introduced
earlier and illustrated in Figure 2 was also implemented in
conjunction with this boundary model.

This wall treatment employs the same Grad-based approxima-
tion previously introduced and defined in Eq. 11. In this case,
however, a no-slip condition is explicitly imposed at the wall,
in contrast to the explicit power-law wall model, which seeks
to model boundary layer behavior. The reconstructed particle
distribution functions at boundary nodes are obtained using
the truncated moment expansion shown in Eq. 11. In order to
calculate the velocity u, the following interpolation scheme in
Eq. 12 is used that blends wall and fluid node velocities based
on their normalized distance to the wall.
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Here, ug¢ ; represents the fluid velocity at the neighboring fluid

node, which is x + c¢;. The wall velocity is represented by

Uy ; and g; is the non-dimensional distance to the wall along

a given lattice direction. The fluid density at the boundary

node is reconstructed via a combination of bounce-back con-

tributions and wall velocity effects, as given by the following
Eq. 13.

P = pvy + Z 6w;PoC; * Uy (13)
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Eq. 13 uses pg to represent the system-averaged density and
all other variables as previously detailed. The pressure ten-
sor is approximated using both an equilibrium and a non-
equilibrium portion as shown in the following Eq. 14.

270 0
pcs ug L Uq (14)
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The final term represents the non-equilibrium stress contri-
bution and is evaluated using first-order finite difference ap-
proximations of the velocity gradients. Complete formulation

details and implementation guidelines for the Grad immersed
boundary model can be found in Ref.

Pop = pc2dap + piaus —

Actuator Line Methodology

To simulate the proprotor, a mid-fidelity actuator line method
(ALM) is used. ALM simulations allow for significant reduc-
tions in simulation cost as compared to meshed-blade simula-
tions used in high-fidelity CFD studies. The ALM represents
individual rotor blades as lines with a discretized number of
radial stations along the blade aerodynamic center. At each
station, the aerodynamic forces are calculated and applied as
source terms to the surrounding fluid grid points.

The present implementation uses the approach of Churchfield
et al. (Ref. 37), where the forces are applied using a non-
isotropic Gausian projection as desribed in Equation 15. This
is done to better match the force distribution of the underly-
ing airfoil sections. This is achieved by scaling proportionally
to the blade chord, thickness, and radius (denoted by the sub-
scripts ¢t and r respectively) in the corresponding directions.
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The forces at each radial station are based upon blade-element
theory (BET) calculations that use the local inflow velocities
at each station. These velocities are obtained through spa-
tial sampling of the surrounding flow field at discrete sensor

points arranged in a circular ring about the radial station. In
the present study, the inflow velocity is averaged from a ring
consisting of 20 sensor points.

Fig. 3 depicts the sensor locations and nonisotropic Gaussian
force projection scheme. A similar actuator line approach
has been previously used in the Reduced Order Aerodynamic
Model (ROAM) (Ref. 49), available in the CREATE™-AV
Helios rotorcraft simulation suite.

Figure 3: Representative actuator line radial station (light
blue) with surrounding inflow sensor locations (yellow)
and 3D nonisotropic Gaussian projection scaling distribu-
tions for each axis (dark blue, red, green).

Test Conditions

The primary objective of this study is to assess and com-
pare the performance of different boundary modeling ap-
proaches within the Lattice-Boltzmann method (LBM) frame-
work for simulating complex proprotor—wing aerodynamic in-
teractions. To facilitate this comparison, simulation results
are benchmarked against the experimental and high-fidelity
CFD data presented by Sridhar et al. (Ref. 21), which eval-
vated tiltrotor—wing interactions under controlled conditions.
The present modeling setup replicates the test parameters de-
scribed in Ref. 21 and shown in Table 1, ensuring a consistent
basis for validation and analysis.

To represent the XV-15 tiltrotor wing, a rectangular, untwisted
wing with a span of b = 1.52m, chord length ¢ = 0.25m, and
AR = 6.13 was positioned centrally within the computational
domain. The airfoil profile was selected as a NACA 0023
section, maintaining the thickness characteristics of the XV-
15 while eliminating camber-induced effects. A two-bladed
proprotor with a radius of R = 0.19m was used, correspond-
ing to one-third of the full-scale radius-to-chord ratio of the
XV-15 configuration and consistent with the reduced-scale ge-
ometry employed by Sridhar et al. (Ref. 21). The proprotor
hub was offset by a distance of 0.98c from the 0.3c spanwise
spar location, about which it rotated. A temporal resolution
of At = 3.0 - 10~5s (30 microseconds) was used through-
out. Aerodynamic loads were recorded at every simulation
timestep, while surface pressure data was sampled at a fre-
quency of 1000Hz, and flow field visualizations were stored



Table 1: Operational Conditions and LBM Simulation Pa-
rameters

Parameter Metric
Wingspan (S) (m) 1.52

Wing Chord (m) 0.25

Domain Size 4S8 x 1.5S x 2.5S
Static Pressure (poo) 96,800 Pa

Static Temperature (1) 295.65 K

Fluid Density (ps0) 1.141 kg/m?
Reynolds Number 1.03 million
Smagorinsky Constant 0.042

Proprotor Tilt Angle ()

Freestream Velocity (Vo) 10 m/s

Proprotor Rotational Speed (£2) 7000 RPM

Geometry With Proprotor
Without Proprotor

Boundary Condition Explicit Power-Law Wall
Model

No-Slip Immersed Boundary

1.0s
t=00stot=0.5s
t=05stot=1.0s
0.6s
t=00stot=0.3s
t=03stot=0.6s

Isolated Wing Simulation Time

Isolated Wing Initialization Period

Isolated Wing Data Collection Period
Proprotor and Wing Simulation Time
Proprotor and Wing Initialization Period
Proprotor and Wing Data Collection Period

0°,15°,30°, 45°, 60°, 75°, 90°

at a frequency of 66Hz. For load and pressure analysis, time-
averaging was performed over the latter half of each simula-
tion to ensure statistical convergence. The resulting averaged
values are compared with experimental and CFD datasets in
the Results section.

The high-fidelity CFD simulations presented by Sridhar et
al. (Ref. 21) were carried out using the multidisciplinary rotor-
craft simulation suite CREATE™-AV Helios (Ref. 50). This
solver employs body-fitted structured grids for resolving near-
body flow features, which are coupled with a Cartesian-based
off-body solver. In Ref. , the near-body solution was re-
solved using the OVERFLOW solver (Ref. 51), while the off-
body grid solution was handled by SAMCart (Refs. 50, 52).
The mesh used for these simulations comprised approxi-
mately 24.9 million computational cells, offering high spatial
resolution for both rotor and wing flow structures.

A notable difference between the present study and the refer-
ence simulations lies in the treatment of the proprotor support
structure. In the experimental and OVERFLOW CFD setups
of Sridhar et al. (Ref. 21), a physical support strut was in-
cluded, as shown in Figure 4. Due to the current structure of
the implemented LBM refinement hierarchy, which prohibits
solid bodies from intersecting multiple refinement levels, in-
clusion of the support strut would necessitate a substantial ex-
pansion of the finest mesh level. Given available memory lim-
itations, such an expansion would necessitate a reduction in
spatial resolution around the wing, thereby degrading fidelity
in the region of primary aerodynamic interest. Consequently,
the current study omits the proprotor support structure and in-
stead focuses exclusively on the wing—proprotor system. This
approach enables a baseline evaluation of the accuracy achiev-
able by the LBM with respect to fundamental aerodynamic in-
teractions in the absence of additional geometric complexity.

A visualization of the full computational domain and its asso-
ciated refinement hierarchy is presented in Figure 5. In this

Wing
Proprotor
vertical
support pole
Proprotor
motor
Proprotor
horizontal
support arm
Freestream y Proprotor
W velocity x load cell
direction R '\t,yz

Figure 4: Proprotor support structure used in high-fidelity
CFD results from Ref. 21, for proprotor tilt angles of § =
0° (red), & = 45° (green), and 6 = 90° (blue). Reproduced
from Ref.

figure, the dark red region denotes the finest resolution level,
within which the wing model, shown in dark green, is embed-
ded. The adjacent orange region corresponds to the refinement
level containing the rotor, which is indicated in blue. Each
successive refinement level exhibits a cell size that is doubled
in each spatial direction relative to the finer level it encloses.
The coarsest grid, indicated in dark blue, has cells that are
16 times larger in each direction than those in the finest grid
region.

Figure 5: Selected LBM computational domain for all
cases, rotor position shown corresponds to proprotor tilt
angle of 6 = 0°

The computational domain size and resolution for the LBM
simulations was determined through a resolution sensitivity
study to ensure adequate fidelity in resolving near-body and
wake flow features. The final domain configuration consisted
of five nested grid refinement levels, with the wing situated
within the finest level and the proprotor positioned in the im-
mediately coarser region above. The finest grid level pro-
vided a resolution of 2000 cells per wingspan, correspond-
ing to approximately 326 cells along the chordwise direction.
This resolution yielded a non-dimensional wall distance of
approximately y= = 25, suitable for wall-modeled turbu-
lent boundary layers. The total domain comprised approxi-



mately 600 million computational cells. At this resolution,
each proprotor-wing case required approximately 100 min-
utes to fully simulate on eight NVIDIA A100 GPUs. The iso-
lated wing cases required approximately 230 minutes to fully
run on eight NVIDIA A100 GPUs due to their increased sim-
ulation time.

RESULTS AND DISCUSSION

Flow Fields and Wing Surface Pressure Distributions

This section presents a comparative analysis of flow visu-
alizations and pressure distributions from the LBM simula-
tions against the experimental and high-fidelity OVERFLOW
CFD results reported by Sridhar et al. (Ref. 21). The propro-
tor tilt angles selected for discussion represent key configu-
rations within the transition flight regime: 0°, 45°, and 90°.
All flow fields are compared in a cross-sectional plane located
at y=0.5R, and surface pressures are compared in a plane at
y=-0.5R from the midspan of the wing.

The first flow field comparison, shown in Figure 7, cor-
responded to a proprotor tilt angle of 0° which represents
a forward-flight condition for tiltrotor configurations. At
this condition, several notable similarities and differences
emerged between the two LBM boundary conditions and the
reference experimental and CFD datasets. The LBM power-
law wall model exhibited high-velocity regions above and
below the wing that closely matched those in the experi-
mental and high-fidelity OVERFLOW CFD results. More-
over, the vortex structures near the lateral extents of the wake
(= £0.5 z/c) are well captured in the LBM power-law flow
field, demonstrating strong qualitative agreement with the ref-
erence data. Given this close alignment in the flow visualiza-
tions, the discrepancy observed in the integrated aerodynamic
loads is notable. Since the computed load coefficients are in-
herently three-dimensional, they represent integrated contri-
butions across the entire wingspan. This discrepancy implies
that inaccuracies in flow resolution may be present in outboard
regions of the wing, beyond the primary influence of the pro-
protor wake. Addressing these areas represents an important
direction for future refinement.

The LBM no-slip immersed boundary condition also captured
high-velocity regions near the wing surface; however, discrep-
ancies became apparent within the wake region. Specifically,
the wake produced by the no-slip immersed condition di-
verged in shape and location, and the outer-edge vortex struc-
tures did not align with those reported in Ref. 21. Across all
flow fields, vortex breakdown was observed toward the edges
of the wake and downstream near /¢ = 1.5, indicating a flow
feature that is present in all modeling approaches evaluated.
Additionally, a stagnation point with low velocity magnitude
was visible near the leading edge of the wing in all datasets,
further confirming qualitative agreement.

Differences became more pronounced in the separation be-
havior over the wing. The LBM power-law solution predicted
a separation region on the upper surface near the trailing edge,

while the no-slip immersed boundary condition resulted in ex-
tensive separation on both the upper and lower surfaces, orig-
inating near the quarter-chord position. Interestingly, a small
separation region was also observed near the trailing edge in
the high-fidelity CFD simulation; however, the experimental
flow field exhibited no visible separation over the wing sur-
face. This discrepancy indicates a tendency for both LBM
boundary conditions to underpredict skin friction, leading to
early flow separation, which was more pronounced in the no-
slip immersed boundary formulation.

Figure 6 compares the surface pressure coefficient (C)) dis-
tributions obtained from the LBM simulations against high-
fidelity OVERFLOW CFD results at a spanwise station of
y = 0.5R and a proprotor tilt angle of 0°. Several physi-
cally relevant trends emerged from this comparison. Notably,
the upper surface pressure distributions shown in Figure 6a
demonstrated strong agreement between both LBM boundary
conditions and the high-fidelity data reported by Srivathsan et
al. (Ref. 21). While the trends across all datasets were quali-
tatively consistent, the experimentally measured pressure co-
efficients were uniformly lower in magnitude than those pre-
dicted by both computational approaches.
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Figure 6: Pressure coefficient comparison to results from
Ref. 21 at y = —0.5R from the wing midspan for § = 0°.
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Figure 7: Flow field comparison of the instantaneous normalized velocity magnitude to results from Ref. 21 at y = 0.5R

from the wing midspan for 6 = 0°.

A similar level of agreement was observed on the lower sur-
face of the wing, as shown in Figure 6b. In this case, all
datasets exhibited close correspondence, with improved align-
ment in pressure magnitude between the experimental and
computational results. Notably, the pressure distributions pre-
dicted by the LBM power-law wall model and the LBM no-
slip immersed boundary condition were nearly indistinguish-
able across both wing surfaces at this proprotor tilt angle.

This consistency aligns with the observations in Figure 7,
where both of the LBM boundary condition flow fields dis-
played comparable behavior across the majority of the wing.
The oscillations observed in the LBM pressure distributions
arise from limitations in extracting data precisely at the sur-
face and at the spanwise location of 0.5R. Due to grid align-
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ment constraints, pressure sampling points deviate by up to
+0.7 mm from the target plane, introducing minor variability
in the recorded data.

The strong agreement among the experimental data, high-
fidelity OVERFLOW CFD, and both LBM boundary condi-
tions at 6 = 0° demonstrates the capability of the LBM ap-
proach to accurately resolve surface pressures during propro-
tor—wing aerodynamic interactions. As this proprotor tilt an-
gle corresponds to the forward-flight configuration, the results
presented here affirm the suitability of the LBM framework
for capturing complex aerodynamic interactions in fixed-wing
flight conditions. Moreover, they provide a validated refer-
ence case for subsequent evaluations across a range of pro-
protor tilt angles.
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Figure 8: Flow field comparison of the instantaneous normalized velocity magnitude to results from Ref. 21 at y = 0.5R

from the wing midspan for 6 = 45°,

The next case analyzed is shown in Figure 8 and corresponds
to a proprotor tilt angle of § = 45°, a configuration represen-
tative of the midpoint in the tiltrotor transition regime. This
case illustrated both the strengths and limitations of the LBM
boundary conditions in resolving complex wake-wing inter-
actions. Both the LBM power-law wall model and no-slip
immersed boundary condition successfully captured the pres-
ence of high-velocity magnitude regions throughout the wake
above the wing, in agreement with the experimental and high-
fidelity CFD results. Furthermore, the LBM simulations ex-
hibited comparable low-velocity patterns along the upper edge
of the wake, consistent with the vortex breakdown observed in
the reference data from Ref. 2 1. These trends suggest that the
LBM is capable of modeling key features of wake breakdown
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and associated flow structures in this transitional regime.

Of particular interest was the region near the wing’s leading
edge. The experimental and high-fidelity CFD flow fields both
revealed strong high-velocity flow impinging on the leading
edge, followed by a sharp turn and subsequent vortex forma-
tion as the flow travels across the lower surface. The LBM
power-law wall model reproduced this behavior with notable
accuracy. The high-velocity flow was observed wrapping
around the leading edge and decaying progressively along the
lower surface, a feature consistent with the trends in both ex-
perimental and CFD visualizations.

Specifically, the light-green to yellow-red region which ap-
peared downstream of /¢ = 0.5 on the lower surface aligned



closely with the experimental flow field, suggesting that the
decay in velocity and subsequent vortex shedding are captured
well. This vortex shedding also showed qualitative agreement
with the high-fidelity CFD results, where the disturbed flow
recombined with the wake. These observations indicate that
the LBM power-law wall model is capable of resolving key
aerodynamic structures, including vortex-induced flow evolu-
tion, at intermediate tilt angles.

Conversely, the LBM no-slip immersed boundary condition
failed to capture several important features of the flow. While
it did predict high-velocity flow across the leading edge, the
flow did not wrap around onto the lower surface of the wing,
deviating from the experimental and high-fidelity behavior.
Instead, the flow continued along its initial trajectory, under-
going breakdown without having interacted with the wing in a
physically accurate manner. This behavior resulted in the for-
mation of an extensive low-velocity separation region along
the lower surface of the wing, which was not corroborated
by the experimental or high-fidelity CFD reference data. The
resulting quiescent flow led to the development of a high-
static-pressure zone beneath the wing that partially offset the
downward momentum imparted by the proprotor wake. Con-
sequently, the net negative lift generated by the wing was re-
duced. A similar effect was observed at higher proprotor tilt
angles approaching § = 90°, where a prominent high-pressure
separation region persisted along the lower surface, further di-
minishing the magnitude of the lifting force. As in previously
discussed cases, this behavior reflects a limitation of the no-
slip immersed boundary condition in modeling near-wall sep-
aration and wake reattachment phenomena.

Additional insight into the flow field behavior at this proprotor
tilt angle is provided by the surface pressure coefficient distri-
butions shown in Figure 9. These results indicated that the
LBM power-law wall model effectively captured the overall
pressure distribution trends on both the upper and lower sur-
faces of the wing. However, as shown in Figure 9b, it overpre-
dicted the magnitude of the pressure peak on the lower surface
when compared to the high-fidelity CFD results. In contrast,
the pressure distribution over the upper surface aligned closely
with the high-fidelity CFD data, demonstrating the capability
of the LBM power-law wall model to resolve complex surface
pressure variations induced by proprotor—wake interactions.

The LBM no-slip immersed boundary condition, on the other
hand, significantly underpredicted the pressure over the lower
surface of the wing, as illustrated in Figure 9b. This under-
prediction is consistent with the low-velocity region observed
across the lower surface in the corresponding flow field vi-
sualization shown in Figure 8. That region was associated
with elevated static pressure, which correspondingly reduced
the magnitude of the local pressure coefficient. Interestingly,
the pressure values predicted by the no-slip immersed bound-
ary condition exhibited good agreement with the experimental
measurements on the lower surface. On the upper surface, the
no-slip immersed boundary condition exhibited good agree-
ment with both the experimental and LBM power-law results,
though some oscillations were present as previously noted.
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Figure 9: Pressure coefficient comparison to results from
Ref. 21 at y = —0.5R from the wing midspan for 6 = 45°.

Collectively, the pressure coefficient distributions shown in
Figure 9 underscore the capability of the LBM framework
to accurately and efficiently capture surface pressure fields
on aerodynamic configurations undergoing complex propro-
tor—wake interactions characteristic of the tiltrotor transition
regime.

The final set of flow field comparisons corresponds to a pro-
protor tilt angle of § = 90°, representative of the hover con-
dition in a tiltrotor configuration. The corresponding results
are depicted in Figure 10. As with the previously analyzed
proprotor angles, the LBM simulations demonstrated a strong
capability to resolve the primary features of the wake. In par-
ticular, both LBM boundary condition implementations cap-
tured the bulk structure of the proprotor wake with high fi-
delity, as strong high-velocity cores and vortex breakdown
appeared along the wake periphery, especially along the right
edge. Those features were consistent with experimental ob-
servations and the high-fidelity CFD results presented in Ref.
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Figure 10: Flow field comparison of the instantaneous normalized velocity magnitude to results from Ref. 21 aty = 0.5R

from the wing midspan for 6 = 90°.

Despite these strengths, several discrepancies were again evi-
dent. The experimental flow visualization showed a broad re-
gion of high-velocity magnitude flow near the leading edge of
the upper wing surface. While the high-fidelity CFD did not
replicate this feature identically, it did capture significant flow
which wrapped around the leading edge and transitioned onto
the lower surface, where it developed into a highly unsteady,
vortex-laden flow that eventually broke down near the trail-
ing edge within a well-defined separation zone. This complex
flow behavior was not reproduced by either LBM boundary
formulation, both of which failed to capture any appreciable
upstream-directed flow impinging on the leading edge.

However, both LBM models did predict a sizable separation
region on the lower surface of the wing. The nature of this
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separation differed between the two models: the power-law
wall model resulted in a relatively smooth, laminar separa-
tion region, while the no-slip immersed boundary condition
more accurately captured the turbulent breakdown and vor-
tex shedding behavior, consistent with high-Reynolds-number
separation phenomena. This again suggests that the no-slip
immersed boundary formulation is better suited for model-
ing complex separated flows on the suction side of lifting sur-
faces. The separation regions observed in both LBM simula-
tions exhibited effects analogous to those in the § = 45° case,
wherein elevated static pressure over the lower surface led to
a reduction in lifting force magnitude.

Further discrepancies were observed on the upper sur-
face of the wing.  Both the experimental and high-



fidelity CFD datasets indicated the presence of a low-
velocity magnitude region which extended over the upper sur-
face—approximately from x /¢ = 0.3 to 2z/c = 0.7 in the ex-
perimental case, and from /¢ = 0.4 to /¢ = 0.9 in the CFD
solution. The LBM power-law wall model captured this fea-
ture to a limited extent, as it exhibited a localized low-velocity
region centered near x/c = 0.35. However, this feature dis-
sipated rapidly downstream, where it transitioned into a re-
gion of increased velocity and turbulent activity, which is not
fully consistent with the reference datasets. In contrast, the
LBM no-slip immersed boundary formulation did not repro-
duce any appreciable low-velocity region over the upper sur-
face, indicating a shortcoming in its ability to capture suction-
side boundary layer development and pressure recovery under
these conditions.

Additional insights into the accuracy of the LBM boundary
conditions for the § = 90° case can be obtained by analyz-
ing the pressure coefficient distributions shown in Figure 11.
Along the lower surface of the wing, both LBM boundary
treatments showed strong consistency with the high-fidelity
CFD and experimental results over the entire wing.

Some differences were observed on the upper surface of the
wing, where the divergence between the LBM, CFD, and
wind tunnel pressures was more pronounced. In the forward
portion of the wing, specifically over the second fifth of the
chord, the high-fidelity CFD results exhibited a negative pres-
sure coefficient, indicative of a low-velocity flow region over
the wing upper surface. A similar pressure drop appeared
in the experimental data at approximately the same location
on the wing, although neither LBM boundary condition repli-
cated the trend. This is consistent with the presence of a low-
velocity flow region above the wing in both the high-fidelity
CFD and experimental flow fields in Figure 10, which was
absent in the LBM predictions. The inability to accurately
replicate this suction peak underscores a key limitation of the
current LBM formulations, particularly under high-incidence
flow conditions where leading-edge effects strongly influence
surface pressure distribution.

Another difference appeared near the trailing edge of the wing
upper surface, as shown in Fig. 1la. Both of the LBM
boundary conditions exhibited a small pressure peak at ap-
proximately x/¢ = 0.9, whereas the high-fidelity CFD data
predicted a slightly negative pressure coefficient at the same
location. This discrepancy was likely caused by some minor
vortex wrapping around the trailing edge of the wing in the
LBM simulations. Aside from this localized deviation, both
of the LBM boundary conditions accurately predicted the sur-
face pressure distribution over the wing in the hover configu-
ration.

Wing and Proprotor Loads

The initial test case considered in this study involved an iso-
lated wing operating under free-air conditions. All simulation
parameters are given in the previous Table 1. The simula-
tion protocol utilized in this work mirrors the methodology
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Figure 11: Pressure coefficient comparison to results from
Ref. 21 at y = —0.5R from the wing midspan for 6 = 90°.

employed by Sridhar et al. (Ref. 21) in their experiments and
OVERFLOW CFD analyses. Aerodynamic forces acting on
the wing were calculated through momentum exchange within
the LBM framework. These forces were subsequently used to
compute the corresponding lift and drag coefficients, the re-
sults of which are summarized in Table 2.

Table 2: Time-averaged wing load coefficients for isolated
wing case

Method Cp

0.0212 + 0.000210

CL
0.000991 £+ 0.00123

High-Fidelity Computational

LBM Power Law Wall Model 0.0418 £ 0.00013 —0.0323 £ 0.0079
LBM No-Slip Immersed Boundary ~ 0.1211 £ 0.00048 —0.0416 £ 0.0046
Experimental 0.0425 £ 0.0044 0.0075 £ 0.0074

As shown in Table 2, the drag coefficient predicted using the
LBM power-law wall model exhibits strong agreement with
both experimental and high-fidelity OVERFLOW CFD re-
sults. Notably, the power-law prediction lies between the val-
ues reported by Sridhar et al. (Ref. 21), with closer proximity



to the experimentally measured drag coefficient than the high-
fidelity CFD counterpart. Moreover, the predicted drag falls
within the unsteadiness bounds of the experimental data, un-
derscoring the capability of the explicit power-law wall model
to accurately capture viscous drag over solid surfaces.

In contrast, the drag coefficient computed using the LBM
no-slip immersed boundary condition was significantly over-
predicted, with a value approximately 300% higher than the
experimental reference. This overestimation was likely at-
tributed to the limited resolution over the surface of the wing.
As previously discussed, the implemented resolution in this
work gives a value of y = 25 near the wing, contrary to the
established standard of y* = 1. This resolution is suitable
for explicit boundary layer modeling conditions, such as the
explicit power-law, however the no-slip immersed boundary
condition is not one of these. The relatively low resolution for
the no-slip immersed boundary condition caused the bound-
ary layer thickness to be severely overpredicted. This led to
a notable increase in pressure drag over the wing and an el-
evated total drag coefficient, as evidenced by the prominent
separation region shown in Figure 7. This discrepancy high-
lights the sensitivity of drag prediction to the chosen near-wall
modeling approach within LBM frameworks.

The lift coefficient predictions, however, were found to de-
viate from theoretical expectations. For a symmetric airfoil
at zero angle of attack subjected to steady inflow—conditions
matching those of the present simulation, the lift coefficient
should nominally be zero. Both LBM boundary conditions
studied herein, however, predicted a non-negligible negative
lift. This underprediction of lifting force suggests a systematic
shortcoming in the boundary modeling that adversely affects
pressure distribution over the airfoil surface. Potential causes
for this discrepancy will be further examined in subsequent
sections.

The computed drag and lift coefficients for each proprotor tilt
angle simulated are presented in Figures 12 and 13, along-
side the comparative data from Sridhar et al. (Ref. 21). Tab-
ulated values are provided in Table 3. The trends observed
are generally consistent with those identified in the isolated
wing case. As shown in Figure 12, the no-slip immersed
immersed boundary condition (denoted in orange) systemat-
ically overpredicted drag across all simulated tilt angles. In
several cases, the predicted drag exceeded the experimentally
measured values by more than a factor of two. This persis-
tent overestimation highlights a fundamental limitation of the
no-slip immersed boundary formulation: its inability to ac-
curately capture surface shear and pressure effects, which are
critical for reliable drag prediction.

In contrast, the explicit power-law wall model (shown in red)
demonstrated substantially improved agreement with both the
experimental data and high-fidelity OVERFLOW CFD simu-
lations. For the initial five tilt angles evaluated, the power-law
results closely aligned with the high-fidelity CFD values, fre-
quently falling within the reported unsteadiness bounds. At
higher tilt angles, a deviation from the high-fidelity trend was
observed. Specifically, the LBM power-law solution exhib-
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Figure 12: Drag coefficient comparison to results from
Ref. 21 for all proprotor tilt angles

ited an increase in drag between 45° and 60°, whereas both
the experimental data and high-fidelity CFD results indicated
a marked decrease over the same range. This divergence may
point to an underlying limitation of the power-law wall model
in capturing complex flow features associated with high tilt-
angle configurations, leaving room for further development.

Although the overall level of agreement lends credibility to
the power-law model, the unexpected drag behavior at higher
tilt angles warrants further investigation. It may provide
critical insight into the boundary condition’s accuracy limits
and the aerodynamic mechanisms driving divergence between
LBM and high-fidelity OVERFLOW CFD results.

Figure 13 presents the computed lift coefficients for both
LBM boundary conditions across the full range of simulated
proprotor tilt angles, alongside the experimental and high-
fidelity OVERFLOW CFD results reported by Sridhar et al.
(Ref. 21). At 8 = 0°, the high-fidelity OVERFLOW CFD so-
lution predicted a lift coefficient near zero, as expected for a
symmetric airfoil at zero angle of attack under steady inflow.
The experimental results, however, report a significantly non-
zero lift, suggesting the presence of measurement asymme-
tries or subtle flow disturbances. Both LBM boundary condi-
tions predicted negative lift coefficients at this tilt angle, con-
sistent with the behavior observed in the isolated wing simu-
lations discussed previously.

As the tilt angle increased to § = 15°, both LBM bound-
ary models showed improved agreement with the experimen-
tal and CFD data. While the LBM simulations slightly un-
derpredicted lift relative to the results from Sridhar et al.
(Ref. 21), the overall trend and magnitude remain compara-
ble, suggesting adequate performance of both the power-law
wall model and the no-slip immersed wall treatment in mod-
erate tilt regimes.

For 6 values up to 45°, the no-slip immersed boundary con-
dition maintained qualitative agreement with the experimental
and high-fidelity CFD results, capturing the expected decrease
in lift as the rotor wake increasingly impinges on the upper



Table 3: Time-averaged wing load coefficients

Method 0(°) Cp CL
High-Fidelity Computational 0.0521 + 0.0234 0.0036 + 0.0330
LBM Power Law Wall Model 0 0.0275 £ 0.0092 —0.0564 + 0.0116
LBM No-Slip Immersed Boundary 0.2521 +0.0062  —0.0397 £ 0.0135
Experimental 0.1579 & 0.0088 0.1509 + 0.0052
High-Fidelity Computational 0.0524 +£0.0225  —0.1161 £ 0.0342
LBM Power Law Wall Model Is 0.0218 £0.0119  —0.0681 + 0.0302
LBM No-Slip Immersed Boundary 0.2802+0.0112  —0.0666 + 0.0328
Experimental 0.1578 + 0.0060  —0.0937 £ 0.0083
High-Fidelity Computational 0.0243 +£0.0199  —0.2176 & 0.0486
LBM Power Law Wall Model 130 0.0037 £ 0.0119  —0.0826 £ 0.0269
LBM No-Slip Immersed Boundary 0.3132+0.0086  —0.1338 & 0.0200
Experimental 0.15154+0.0114  —0.2467 + 0.0116
High-Fidelity Computational —0.0051 £ 0.0243  —0.2575 £ 0.0545
LBM Power Law Wall Model 45 0.0037 £ 0.0163  —0.0322 £ 0.0347
LBM No-Slip Immersed Boundary 0.3139+£0.0323  —0.1899 £ 0.0186
Experimental 0.1424 +0.0090  —0.2401 +0.0114
High-Fidelity Computational —0.0263 + 0.0355  —0.2464 + 0.0523
LBM Power Law Wall Model 60 0.0538 £ 0.0051 0.0120 % 0.0347
LBM No-Slip Immersed Boundary 0.2718 £0.0096 ~ —0.1415 £ 0.0079
Experimental 0.0842 + 0.0064  —0.2452 & 0.0147
High-Fidelity Computational —0.0093 +0.0258  —0.2581 =+ 0.0492
LBM Power Law Wall Model 75 0.0565 4+ 0.0030  —0.0251 & 0.0441
LBM No-Slip Immersed Boundary 0.2200 + 0.0085 —0.1018 £ 0.0082
Experimental 0.0764 & 0.0071 —0.2547 + 0.0097
High-Fidelity Computational —0.0175 £ 0.0276  —0.3046 £ 0.0765
LBM Power Law Wall Model 90 0.0549 4+ 0.0068  —0.0081 =+ 0.0589

LBM No-Slip Immersed Boundary 0.1767 +0.0085  —0.0832 £+ 0.0143

Experimental 0.0599 +0.0098  —0.1911 + 0.0164
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Figure 13: Lift coefficient comparison to results from Ref.
for all proprotor tilt angles

surface of the wing. In contrast, the power-law wall model
exhibited an anomalous trend: after decreasing, the lift coeffi-
cient begins to increase significantly, diverging from both ref-
erence datasets. This discrepancy becomes more pronounced
at higher tilt angles.

As 0 increased to 90°, the power-law model predicted a sub-
stantial increase in lift, ultimately producing a lift coefficient
close to zero for the final three tilt angles. This outcome
directly contradicts both the experimental and CFD results,
which showed continued reduction in lift due to increased
wake-induced flow disruption on the upper surface. The no-
slip immersed wall treatment also deviated from reference
trends beyond 6 = 45°, though it maintained negative lift co-
efficients throughout the tilt sweep. This divergence stems
from the separation region visible on the lower surface in Fig-
ures 8 and 10, where low-velocity, high static-pressure flow
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opposes the downforce induced by the proprotor wake.

The discrepancies, particularly the unphysical lift predictions
from the power-law model at higher tilt angles, highlight lim-
itations in the wall model’s ability to capture flow reversal,
separation, and unsteady wake interactions. While previ-
ously presented flow field and pressure data suggested strong
agreement with reference solutions, these were extracted in
two-dimensional planes. In contrast, the lift and drag coeffi-
cients reflect integrated three-dimensional effects, indicating
that flow outside the proprotor wake may not be resolved with
sufficient accuracy. This represents a key area for future re-
finement.

Figures 14 and 15, along with Table 4, present the computed
thrust and torque coefficients for the proprotor across all sim-
ulated flight conditions. Results from both LBM boundary
condition models are shown alongside the experimental and
high-fidelity blade-resolved OVERFLOW CFD data reported
by Sridhar et al. (Ref. 21). In the LBM framework, the actua-
tor line representation of the proprotor was trimmed to match
the experimentally measured thrust. As such, a strong corre-
lation between the LBM and experimental thrust coefficient
results is expected.
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Figure 14: Thrust coefficient comparison to results from
Ref. 21 for all proprotor tilt angles

This correlation is indeed observed, as illustrated in Fig-
ure 14. Both the no-slip immersed boundary condition (or-
ange) and the explicit power-law wall model (green) exhib-
ited close agreement with the experimental thrust coefficients
across nearly all simulated proprotor tilt angles. The largest
deviation occurred at § = 30°, where the LBM results slightly
overpredicted the thrust coefficient. Nevertheless, the LBM-
predicted values remained within the experimental unsteadi-
ness bounds, reinforcing the model’s reliability in this regime.

The high-fidelity OVERFLOW CFD results produced thrust
coefficients that are generally lower in magnitude and exhibit
a vertical offset relative to both the LBM and experimental
data. However, they followed a consistent trend, indicating
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Table 4: Time-averaged proprotor load coefficients

Method

0(°)

Cr

Cq

High-Fidelity Computational
LBM Power Law Wall Model
LBM No-Slip Immersed Boundary
Experimental

0.1065 + 0.0046
0.1129 £+ 0.0008
0.1131 £ 0.0007
0.1141 £ 0.0004

0.0097 £ 0.0004
0.0089 + 0.00005
0.0090 + 0.00004
0.0083 £ 0.0004

High-Fidelity Computational
LBM Power Law Wall Model
LBM No-Slip Immersed Boundary
Experimental

0.1034 £ 0.0023
0.1096 £ 0.0007
0.1098 £ 0.00005
0.1105 £ 0.0022

0.0093 £ 0.0001
0.0084 £ 0.00004
0.0084 £ 0.00003
0.0077 £ 0.0005

High-Fidelity Computational
LBM Power Law Wall Model
LBM No-Slip Immersed Boundary
Experimental

30

0.1045 £ 0.0017
0.1110 £ 0.0021
0.1113 £ 0.0022
0.1111 £ 0.0014

0.0092 £ 0.0003
0.0081 £ 0.0003
0.0081 £ 0.0003
0.0073 £ 0.0006

High-Fidelity Computational
LBM Power Law Wall Model
LBM No-Slip Immersed Boundary
Experimental

45

0.1074 £ 0.0026
0.1131 £ 0.0012
0.1133 £ 0.0010
0.1133 £0.0013

0.0091 £ 0.0005
0.0080 + 0.0001
0.0080 £ 0.0001
0.0068 £ 0.0014

High-Fidelity Computational
LBM Power Law Wall Model
LBM No-Slip Immersed Boundary
Experimental

60

0.1057 £ 0.0021
0.1148 £ 0.0018
0.1148 £ 0.0019
0.1144 £ 0.0020

0.0082 + 0.0002
0.0074 £ 0.0002
0.0074 £ 0.0002
0.0097 £ 0.0006

High-Fidelity Computational
LBM Power Law Wall Model
LBM No-Slip Immersed Boundary
Experimental

75

0.1089 £ 0.0016
0.1178 +0.0021
0.1179 £ 0.0022
0.1182 + 0.0012

0.0082 £ 0.0001
0.0070 £ 0.0002
0.0070 £ 0.0002
0.0104 £ 0.0013

High-Fidelity Computational
LBM Power Law Wall Model
LBM No-Slip Immersed Boundary
Experimental

90

0.1074 £ 0.0016
0.1174 £ 0.0032
0.1171 £ 0.0026
0.1165 £ 0.0008

0.0076 £ 0.0002
0.0061 £ 0.0003
0.0061 £ 0.0003
0.0106 £ 0.0010

that the overall thrust behavior is captured across all model-
ing approaches. These findings support the conclusion that
the actuator line method, when implemented within the LBM
framework, is capable of accurately and efficiently predicting
thrust generation by a proprotor under a range of operating
conditions.

An informative trend is observed in the torque coefficient data
presented in Figure 15. For the first four proprotor tilt an-
gles, the torque coefficients predicted by both LBM boundary
conditions consistently fell between the wind tunnel measure-
ments and the high-fidelity CFD results, effectively bisecting
the two. This alignment suggests that the LBM implemen-
tation captured the primary aerodynamic loading characteris-
tics of the proprotor with reasonable accuracy in this lower tilt
regime.
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As the tilt angle increased beyond 6 = 45°, the experimental
torque coefficients exhibited a marked increase, accompanied
by a noticeable rise in unsteadiness. This rapid escalation in
torque, unaccounted for by either the LBM or high-fidelity
OVERFLOW CFD simulations, suggests the presence of ex-
perimental flow phenomena not captured by current computa-
tional models. Such differences may be indicative of com-
plex rotor—wake interactions, flow separation, or structural
coupling effects, and represent an important avenue for future
model refinement and investigation.

Despite this divergence from wind tunnel measurements at
higher tilt angles, the LBM and high-fidelity CFD torque pre-
dictions followed a nearly identical trend, differing primar-
ily in magnitude rather than behavior. This consistency in
trend between an actuator line representation within LBM and
body-fitted grids in a conventional CFD framework highlights
the capability of the actuator line method to reliably predict
proprotor aerodynamic loads.

The LBM simulations accurately predicted the majority of
the complex aerodynamic interactions characteristic of the
tiltrotor transition regime, while offering a substantial im-
provement in computational efficiency compared to the high-
fidelity OVERFLOW CFD of Sridhar et al. (Ref. 21). Specif-
ically, the LBM approach simulated 70 proprotor revolu-
tions in only 100 minutes using eight NVIDIA A100 GPUs,
whereas the high-fidelity CFD required 21 hours to com-
plete a single proprotor revolution on 768 CPU nodes. Thus,
the LBM framework with actuator-line rotor model delivered
mid-fidelity accuracy while achieving speedups of several or-
ders of magnitude over high-fidelity blade-resolved OVER-
FLOW CFD, demonstrating its effectiveness as a tool for
rapid, yet accurate, aecrodynamic analysis of proprotor-wing
interactions.

SUMMARY AND CONCLUSIONS

This study evaluated the capability of a mid-fidelity Lattice-
Boltzmann Method (LBM) model to simulate the complex
aerodynamic interactions between a proprotor and a fixed
wing across a wide range of proprotor tilt angles occurring
during the conversion (or transition) maneuver. Two wing
wall boundary treatments, the explicit power-law wall model
and the no-slip immersed boundary condition, were imple-
mented to assess near-wall behavior, while an actuator line
approach was developed and employed to efficiently repre-
sent the tilting proprotor. To assess physical accuracy, the
LBM simulations were compared against high-fidelity CFD
and wind tunnel measurements of proprotor and wing loads,
surface pressures, and flow fields.

The following specific conclusions have been drawn:

1. Flow field comparisons to experiment and high-fidelity
CFD confirmed accurate resolution of proprotor wake
structures for both LBM boundary conditions, includ-
ing vortex breakdown and high-rotational velocity vortex
cores. The no-slip immersed boundary treatment better



predicted large-scale flow separation zones, but overes-
timated their extent and associated drag. The explicit
power-law wall model more accurately captured nuanced
flow features, such as leading-edge acceleration and vor-
tex development, especially at intermediate tilt angles
(e.g., 0 = 45°)

. The LBM explicit power-law wall model predicted drag
forces on the wing with high accuracy across all propro-
tor tilt angles, shown by strong agreement with exper-
imental and high-fidelity CFD results. In contrast, the
LBM no-slip immersed boundary wall treatment consis-
tently overpredicted drag due to the relatively coarse grid
resolution at the wing surface, which caused an overpre-
diction of the boundary layer thickness and flow separa-
tion, and in turn increased pressure drag over the wing.

. The LBM power-law wall model underpredicted lift be-
yond a proprotor tilt angle of § = 15°, likely due to its
assumption of zero wall-normal velocity at a reference
point, which causes inaccurate pressure recovery. The
LBM no-slip immersed boundary condition more reli-
ably captured lift trends at tilt angles up to § = 45°, but
also deteriorated at high incidence, limiting lift genera-
tion due to an incorrectly resolved separation region on
the lower surface of the wing.

. The actuator line model implementation within the LBM
framework showed excellent agreement with experimen-
tal proprotor thrust coefficients when trimmed to test
conditions. Torque coefficient trends and magnitudes
correlated well with high-fidelity CFD, indicating the
method’s ability to replicate key rotor-induced effects
without using body-fitted grids.

. The LBM simulations captured the majority of the pro-
protor—wing interactions with good accuracy while of-
fering substantial computational efficiency. One propro-
tor revolution was simulated in approximately 1.4 min-
utes with the LBM, compared to 21 hours per revolution
for the high-fidelity blade-resolved OVERFLOW CFD.
This corresponds to a computational speedup of several
orders of magnitude, highlighting the efficiency of the
LBM framework relative to high-fidelity Navier—Stokes
methods while not sacrificing much physical accuracy in
the results.

. At low proprotor tilt angles, the explicit power-law wall
model captured overall wing surface pressure trends
but exaggerated gradients due to wall-normal velocity
assumptions. The no-slip immersed boundary condi-
tion more accurately predicted suction-side pressures
but misrepresented the lower surface due to overpre-
dicted separation zones. At high proprotor tilt angles,
both models identified the pressure peaks but misplaced
their locations; the power-law wall model correlated bet-
ter with peak magnitudes, while the no-slip immersed
boundary condition underpredicted them.
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The present work demonstrated the feasibility of simulating
complex proprotor—wing aerodynamic interactions by LBM
simulations. Further refinement, particularly in wall-normal
velocity treatment and resolution dependence, is essential for
improving physical accuracy across the range of proprotor tilt
angles which occur during the tiltrotor conversion maneuver.
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