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In this study, a mid-fidelity tightly coupled CFD/CSD framework using a Lattice-Boltzmann method
fluid solver is validated against experimental rotor measurements conducted during hover and wind
tunnel conditions. The study also includes UH60A rotor measurements in both wind tunnel and flight
conditions. The rotor is simulated using two diferrent actuator disk approaches and an actuator line
model. Furthermore, an internal Peters-He inflow model is used as a reference for validation. All inflow
models are evaluated for their ability to predict rotor power, load distribution, blade motion and control
input. The results indicate that all models have deficiencies in power prediction for the experimental
rotor. Hover and wind tunnel blade load variations show good agreement. Results for the UH60A
rotor are consistent with power estimates, blade flap, and control input. The framework is capable of
simulating rotors, but the accuracy of power prediction depends on rotor geometry and is strongly
affected by the treatment of blade tips in load computation.

Nomenclature

β blade flap angle

ε kernel width

ηi j kernel function for i-th blade and j-th blade element

µ advance ratio

ψ azimuth angle

Θ0 mean blade pitch input

Θ1,c first harmonic cosine blade pitch

Θ1,s first harmonic sine blade pitch

b∆ blade element width

CTL,% tip loss in percent

CTL tip loss factor

CQ torque coefficient

CT thrust coefficient

Ji i-th Bessel function

ji i-th bessel root
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l tip loss parameter

NCell number of fluid cells intersected by rotor

Nbe number of blade elements per blade

Nblades number of rotor blades

Nh,Ψ number of harmonics in azimuth direction

Nr number of bessel functions in radial direction

pN distance between cell and blade element perpen-
dicular to blade span

R rotor radius

r radial position

rD distance between fluid cell and blade element

T thrust

ti,c i-th thrust series cosine coefficient

ti,s i-th thrust series sine coefficient

ti j,c thrust cosine coefficient for i-th bessel root and j-th
harmonic

ti j,s thrust sine coefficient for i-th bessel root and j-th
harmonic

ti j thrust of i-th blade and j-th blade element

ui velocity in i-direction

ui0 mean velocitiy component in i-direction

uic cosine velocitiy coefficient in i-direction



uis sin velocitiy coefficient in i-direction

vi rotor inflow velocity

1 Introduction

The rotorcraft research community still seeks to model com-
plex scenarios where the rotorcraft faces challenges such
as air wakes from ships, rotor-rotor interactions, or flight in
close proximity to obstructions such as landing platforms
or walls. Computational models and codes have been de-
veloped over time to address these situations. A low-cost
and low-fidelity approach are finite-state inflow models that
have the capability to account for free stream flow condi-
tions through superposition or rotor-rotor interation through
interference models, as demonstrated in Ref. [1]. How-
ever, their accuracy in complex flow environments may be
severely limited. Particle or wake methods are a mid-level
approach that offers the capability to model rotor-rotor in-
teraction. However, they face challenges with arbitrary ob-
structions and non-uniform ambient flow conditions.

Three-dimensional computational fluid dynamics (CFD)
methods, such as finite-volume or finite-differences, repre-
sent a high-fidelity solution that can provide detailed insight
into rotor aerodynamics. However, they often come with a
high computational cost and run time, making them chal-
lenging to use productively for iterative processes or under
varying mission conditions. To address this issue, model-
ing the rotor with a simplified approach, rather than blade-
resolved simulations, can significantly reduce costs. This
simplification often involves using either an actuator disk
(AD) or an actuator line (ACL) model in the CFD simulation
of the flow surrounding the rotor. In the AD model, the rotor
is represented as a continuous source term distribution over
the entire rotor area. This leads to the loss of information
about the tip vortices, but the downwash effect of the rotor
is still simulated. Contrary to that, the ACL model presents
the blade forces as source terms at the current blade posi-
tion, providing a more detailed understanding of the wake
evolution, including tip vortices.

Both approaches are used in the research community
for simulating wind turbines and rotorcrafts. Sörensen et
al. demonstrated the usage of AD in wind turbine simula-
tions (Ref. [2]). Lechuiton et al. used AD to estimate the
download of rotor downwash on the fuselage of a rotorcraft
(Ref. [3]). Barakos et al. (Ref. [4]) presented various meth-
ods to estimate the circulation distribution across the disk
for different flight conditions based on theoretical consider-
ations. In recent publication, Ahmad et al. (Ref. [5]) used an
AD model for a coaxial configuration to estimate the down-
load on the fuselage, while Chiew et al. (Ref. [6]) simulated
multicopter wakes using an AD model to predict lift and
drag for a quadcopter. The ACL approach is widely used
for simulating rotors, particularly in the wind turbine indus-
try. Extensive research has been conducted and is ongo-
ing in regards to inflow sampling, accounting for shed and

bound vorticity in the inflow computation, and the source
term distribution of blade forces in flow simulation. Jha et
al. (Ref. [7]) provide a detailed overview of the current state
of the art for ACL modeling and suggest guidelines.

This simplified modeling of rotors enhances computing
efficiency by using lower resolutions compared to blade-
resolved simulations. Nonetheless, computational time may
still be considerable. To boost computing speed further,
one can solve the flow equations with a Lattice-Boltzmann
method (LBM) based fluid solver instead of more commonly
used methods like finite volume or finite differences. The
LBM solves the Navier-Stokes equations using particle dis-
tribution functions instead of macroscopic quantities like ve-
locity or density. The formulation for these particles’ in-
teractions allow for a highly parallelized solver that is well
suited for GPUs. This approach results in high computa-
tional speeds and enables the accurate capture of complex
flow conditions in the three-dimensional flow field, making
it an attractive option for mid-fidelity rotor modeling with AD
or ACL methods.

Past studies in this field encompassed Friedman et al.
(Ref. [8]) who utilized LBM in the real-time simulation of ro-
torcraft downwash with an AD model and no coupling with
flight dynamics, specifically for real-time computation in the
vicinity of arbitrary obstacles. Bludau et al. (Ref. [9]) cou-
pled the LBM framework with a flight dynamics model by us-
ing the LBM flow solution as inflow, demonstrating its real-
time capability. Bludau et al. (Ref. [10]) compared results
with flight test data of a Bo105. The results were in good
agreement and supported the continued advancement of
the LBM/flight dynamics framework. Horvat et al. (Ref. [11])
expanded the framework by coupling the fluid simulation do-
main with an external flow field. This extension was uti-
lized in examining flight and hover operations in a wind farm
(Ref. [12]). Bludau et al. (Ref. [13]) applied the framework
to a simple ship deck landing maneuver.

The presented work validates the mid-fidelity coupling
of a CFD/CSD between the LBM-based fluid solver and Dy-
more, a multi-body structural dynamics solver (Ref. [14]).To
reduce complexity, the study concentrates on an experi-
mental teetering rotor operating in hover (Ref. [15]) and in
wind tunnel conditions (Ref. [16]), and does not model a full
rotorcraft in flight. Additionally, the framework is compared
to wind tunnel and flight test data for the UH60A rotor. The
rotor is modeled as an AD or ACL in the flow simulation.
Blade forces are computed using velocities extracted from
the flow field and then applied to blade element theory in
the structural code. The purpose of this study is to evaluate
the effectiveness of the LBM framework with rotor models
of either AD or ACL in predicting experimental measure-
ments such as CP, blade motion, and required control input
for both an experimental and a rotor in operational use.

The paper introduces a new set of basis functions for AD
coupling and applies AD and AL models to LBM-based ro-
tor simulations. While AD and ACL methods are not new,
their application on a strictly Cartesian grid (due to LBM)



presents a new challenge that the paper addresses. The
results will also increase the understanding if and where the
LBM can serve as a means to simulate complex rotorcraft
scenarios in contrast to low-fidelity methods, at a reason-
able expense of accuracy compared to highly-resolved CFD
simulations, while benefiting from lower runtimes compared
to more traditional CFD approaches.

2 Methodology

The framework used in this study consists of a GPU en-
abled LBM fluid solver that is tightly coupled to the structural
multi-body solver Dymore. The framework sends velocity
data from the fluid solver, e.g. inflow and free stream flow
conditions, every time step to the structural solver and the
resulting rotor forces computed by blade element method
are sent to the fluid solver and act as a source term in
the fluid simulation. The coupling includes different modes
that either include an actuator disc approach or an actua-
tor line approach for the rotor modeling in the flow solver.
The coupling modes and their formulation are described
in the following section. Detailed information on the LBM
formulation and the force term equations can be found in
Refs. [17], [18], [19], [20].

2.1 Linear-harmonic coupling

The actuator disk approaches implemented for the coupling
try to minimize the required exchanged data between the
LBM simulation and Dymore simulation. In general one
could compute and save the thrust distribution over a full
rotation and interpolate the values on the fluid grid and then
send the complete inflow distribution of the disk to the stuc-
tural simulation and interpolate the velocities on the blade
positions over whole the disk. Depending on the resolu-
tion of the fluid grid, the amount of blade elements of each
blade, the number of blades and azimuth stepping in the
structural dynamics simulation this could lead to a relatively
large and for varying rotational speed changing amount of
data that has to be exchanged in each time step and inter-
polated on both sides. Considering that the framework also
focuses on computational efficiency a different approach
was chosen.

In order to reduce the computational effort and minimize
exchanged data the thrust and inflow distributions are rep-
resented with a Fourier series so only the respective coef-
ficients have to be evaluated and exchanged. In a previ-
ous publication Bludau et a. (Ref. [9]) presented a linear-
harmonic approach inspired by the Pitt-Peters three-state
dynamic inflow model published in Ref. [21].

The thrust T is hereby represented as a function that as-
sumes a constant pressure jump along the radial coordinate
and only varies in a harmonic fashion in azimuth direction
given as

T (r,ψ) =
Nh

∑
i=0

ti,c cos(ψi)+ ti,s sin(ψi)(1)

where ti,c is the cosine coefficient for the i-th harmonic
computed as

ti,c =
2

Nψ

Nblade

∑
j=1

Nψ

∑
k=1

Tj(Ψk)cos(iΨk)(2)

with Tj being the thrust in cell j. The computation of the
sine coefficient ti,s is done respectively. The flow through
the disk is represented with a linear approximation given as

ui(r,ψ) = ui0 +uis
r
R

sin(ψ)+uic
r
R

cos(ψ)(3)

where ui are the extracted velocities, ψ being the az-
imuth angle, and subscript 0,s,c indicating the mean, sine,
and cosine coefficients, respectively. The coefficients are
calculated by

ui0 =
1

Ncell

Ncell

∑
j=1

u j(4)

uis =
4

Ncell

Ncell

∑
j=1

u j
r
R

sin(ψ)(5)

uic =
4

Ncell

Ncell

∑
j=1

u j
r
R

cos(ψ)(6)

with u j being the velocity in each cell. It should be noted
that thrust and velocity coefficients are computed for all di-
rections, so not only the induced velocities perpendicular to
the rotor disk are captured but also free stream conditions.

This approach has the advantage that only a small
amount of data has to be exchanged, namely three coef-
ficients for each velocity component and two times Nh co-
efficients for the thrust distribution. Furthermore, can thrust
and velocity easily be evaluated at any position in the rotor
disk without the need for more costly (higher order) interpo-
lation. The coefficients are updated and exchanged each
time step although an arbitrary exchange rate could be use.
Nevertheless this set of functions acts as a strong filter for
both radial changes in the thrust distribution and velocity
disturbances less than one rotor radius. While this is con-
sidered sufficient for simulator flight mechanics accounting
for disturbances in airflow when flying in challenging condi-
tions such as ship landing operations, flight near buildings
or having interaction of multiple rotors might be necessary.

2.2 Bessel-Fourier coupling

The fact that the linear-harmonic coupling acts as a strong
filter on both the inflow and the thrust distribution lead to



the extension of the linear-harmonic to the Bessel-Fourier
model where the thrust distribution is approximated with a
different set of base functions. This extension is inspired
by the enhancement of the Pitt-Peters to the Peters-He in-
flow model presented in Ref. [22]. Contrary to the linear-
harmonic model, the Bessel-Fourier model does not as-
sume a constant pressure distribution in radial direction but
rather uses Bessel functions to represent the radial change.
The harmonic part in azimuth direction is unchanged to the
rotors harmonic behaviour.

The thrust T with respect to radial location r and rotor
azimuth location ψ, is represented by the sum over Nh har-
monics in azimuth direction and Nr Bessel functions in ra-
dial direction.

T (r,ψ) =
Nh,ψ

∑
j=0

Nr

∑
i=0

ti j,cJ1( j1,ir)cos(ψ j)

+ ti j,sJ1( j1,ir)sin(ψ j)(7)

where ti j is the coefficient for the i j-th harmonic com-
bination with the Bessel functions J1 and j1,i being the i-th
root.

ti j,c =
Nblade

∑
k=0

2
πJ2( j1,i)2

∫ 2π

0

∫ R

0
Tk(r,ψ)

J1( j1,ir)cos(ψ j)rdrdψ(8)

The integral in Eq. 8 is approximated as a discrete sum
over the rotor disc comparable to Eq. 2. Because the
Bessel functions require J1(R) = 0 the representation of the
velocity distribution with these functions is not feasible as
an arbitrary velocity condition can prevail at the outer edge
of the disc. Instead the velocities are interpolated to the
current blade positions and sent to the structural dynamics
solver for airload computation.

2.3 Actuator line coupling

Unlike the actuator disk coupling, the actuator line coupling
pursues a more localized approach. The current aerody-
namic forces of the blade are interpolated onto the fluid grid
at the current blade position with a kernel function. The re-
sulting flow velocities in the rotor disk are interpolated from
the fluid grid onto the current blade element positions.

The thrust related force term T at any fluid cell is thereby
given as

T (x,y,z) =−
Nblades

∑
i=0

Nbe

∑
j=0

ti jηi j(x,y,z)(9)

with Nblades as the number of blades, Nbe the number of
blade elements on the blade, ti j as the thrust at the respec-
tive blade element and ηi j as the kernel function detailed
below.

There are different definitions present in literature for η.
A commonly used approach in literature (Refs. [23], [24]) is

ηi j =
1

ε3π3/2 exp [−(|rD|/ε)2](10)

with rD being the shortest distance between the blade el-
ement position and the fluid cell position and ε being the
kernel width. This leads to a spherical appearance of the
force distribution with respect to the blade element. Further-
more the spheres of neighboring blade elements do overlap
so that a single fluid cell can get force contributions from
multiple blade elements. To counter this problem Schmitz
et al. (Ref. [25]) proposed an "actuator curve embedded"
approach, where each cell is only influenced by a single
blade element. This is achieved by computing the shortest
perpendicular distance pN between the actuator line, e.g.
blade direction, and a respective fluid cell. Then only the
force term of the blade element closest to the intersection
between distance vector and blade radial vector is applied
on the fluid cell. The kernel is then given by

ηi j =
1

ε2π∆b
exp [−(pN/ε)2](11)

with ∆b as the blade element width. Both approaches for the
kernel are applied in this study and compared with respect
to overall results and stability.

One significant difference arises from the locality of the
forcing term compared to the actuator disc models. The dis-
tribution kernel η introduces a vortex with a vortex core size
depending on the kernel size as discussed in Ref. [26] in ad-
dition to the tip vortex that forms at the blade tip and have an
additional effect on the velocity sampling and the resulting
aerodynamic force computation. This makes inflow sam-
pling not as straightforward as for the AD approaches and
is discussed in the next section.

2.4 Inflow sampling and Tip Correction

The inflow sampling and tip correction poses an additional
challenge for the ACL appraoch. The kernel width for most
simulations is larger than the optimal kernel width due to
coarse grids and leads to incorrect blade loadings and tip
losses in the region of the blade tip. Various authors (Refs.
[27], [28], [26], [6]) have presented suggestions on how to
account for these influences.

The approach used in this study is derived from the fil-
tered lifting line theory presented by Martinez-Tossas and
Menevau (Ref. [26]) where the sampled inflow velocity is
adjusted, e.g. the vertical flow component, to correctly ac-
count for tip losses and the effect of the Gaussian kernel.
In short the velocity is sampled at the current quarter chord
line position of the blade and the algorithm iteratively ad-
justs the inflow component depending on the variation of
bound vorticity along the blade. A detailed derivation can
be found in the respective publication and is not elaborated
here. It should be noted that this approach was developed



for a non rotating wing. A similar proposal by Dağ et al.
(Ref. [27]) included a correction for rotating blades where
the rotor wake shape needs to be computed as well. As this
includes computational overhead the simplified correction
was used.

A second approach is an integrated velocity sampling
used by Refs. [29], [6], where the velocities are not ex-
tracted at the current blade position in the fluid domain but
rather as a circular integrated average. The circular region
has a given radius and its surface is perpendicular to the
blade radial direction. This approach averages out the ef-
fect of the kernel induced vortex.

With the second approach no special care was taken for
the tip where the tip vortex develops. In combination with
the 2D airfoil table lookup used this lead to an overpredic-
tion of forces at the blade tip. The same is true for the AD
models, where a steady vortex is present at the boundary
of the rotor disk due to the pressure jump. A simple feature
already present in Dymore was used, where a tip loss factor
CTL forces the lift to zero at the blade tip. This factor is also
used for all computations with the internal Peters-He inflow
model which will serve as a reference for all results.

CTL = tanh
(

1− r
1− l

)
(12)

CTL,% = 1−
∫ 1

r=0
tanh

(
1− r
1− l

)
dr(13)

The factor l varies in theory from 0-1 and is in reality often
between 0.93 and 0.97. In theory the ACL velocity sam-
pling with the tip correction should not need this additional
factor, but results showed that the tip correction alone let to
instabilites at the blade tip when CTL,% = 0% was used.

In the following study all inflow models use CTL whereby
the parameter l is varied. The actuator line model will ad-
ditionally use the tip correction or the integral velocity sam-
pling with an integration radius of one chord length.

3 Simulation setup and rotor models

This study investigates two different rotors, one being an
experimental teetering rotor and the other one the UH60A
rotor used extensively in literature for validation purposes.
For both rotors the simulation setup is divided in a hover and
a wind tunnel setup depending on the experimental condi-
tions.

3.1 LBM simulation setup

The hover setup consist of a rectangular domain with an
edge length of six rotor radii in plane the rotor plane and
twelve rotor radii perpendicular to the rotor plane. The ro-
tor was placed in the center of the domain. All bound-
aries were defined as free outflow boundaries modeled as
an impedance boundary formulation (Ref. [30]). The rotor

hub was not accurately modeled but was represented with
a solid sphere to prohibit upwards flow in the rotor center.

The wind tunnel setup consists of a rectangular domain
that has a length of 24 rotor radii and a width and height of
ten rotor radii. The inlet is a velocity boundary were the free
stream velocity was prescribed. The outlet is the aforemen-
tioned impedance boundary. The walls of the wind tunnel
are modeled with curved wall boundary model (Ref. [31]) to
account for the effect of non aligned walls with respect to
the Cartesian grid. The inclination of the top and bottom
boundary depends on the shaft angle of attack of the rotor.
This was necessary as the rotor plane should be aligned
with the Cartesian grid and therefore the rotor itself cannot
be tilted with respect to the fluid grid.

3.2 Dymore rotor models

The experimental rotor used for the first part of the study
is a teetering rotor with two rectangular blades without any
twist or taper and a radius of 2.32 meters. The airfoil was
a NACA0012 and the blades were considered stiff. Further
details can be found in the respective report (Ref. [15]). The
rotor was modeled in Dymore and the aerodynamics forces
are computed via blade element theory and 2D airfoil tables.

The UH60 rotor used in the second part of the study was
largely based of of the UH60 Dymore model presented in a
previous paper by Rex et al. (Ref. [32]), with some minor
adjustments to sensor output and the aerodynamic force
computation. Further information about the rotor model can
be found in the respective publication and is not detailed in
this paper.

4 Experimental Rotor Results and
Discussion

The focus for the experimental rotor was the variation of the
simulation parameters for the tip correction and the tip loss
parameter l and the used resolution in the flow simulation
and derive parameter estimates. The findings are applied
for the UH60A rotor in the second part of this study.

4.1 Hover results

Figure 1 shows the power prediction for all the different
models in hover conditions. The increasing blade pitch in-
put corresponds Θ0 to an increasing CT . The data for the
Dymore internal Peters-He inflow model shows a constant
overprediction of the power for all trimmed thrust conditions.
The impact of the tip loss factor can be clearly seen, with a
higher tip loss leading to higher power predictions. The best
match is for the smallest tip loss of about four percent. An
even lower tip loss led to instabilities in the inflow compu-
tation due to constraints of the formulation of the Peters-He
model at the blade tip. The results for the linear-harmonic



coupling show an declining power prediction with increasing
Θ0. This leads to overpredictions in the low pitch case but
turns to underpredictions of up to -20% for the highest tip
loss of 11% and the highest resolution of 80 cells per blade
radius. The results show that the change in power predic-
tion between 64 and 80 cells per radius is negligible. Addi-
tionally, the results for 16 cells per radius are clearly distinct
from the others and the resolution be seen as too low. The
influence of the tip loss is comparable to the Peters-He data.
The Bessel-Fourier coupling shows overprediction at lower
thrust and underprediction for higher thrusts. It is noticeable
that the different resolutions are quite distinct except for the
highest thrust condition where the distinction between the
power prediction is primarily from the variation of the tip loss
factor.
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Fig. 1: Power predictions compared to experimen-
tal measurements for the Peters-He (P.-H.), linear-
harmonic (lin-harm), Bessel-Fourier (bes-fou), actuator
line model with kernel as Eq. 11 (acl), common kernel
Eq. 10 (acl comm) and corrected kernel (acl corr) inflow
models.

The result for the actuator line kernel according to Eq.
11 show a trend for the power prediction that is similar to
the other models, but already starting with an underpredic-
tion for low θ0 and increasingly underestimating power for
higher pitch values. For inputs starting from θ0 = 6.7◦ error
is significant with up to -20%. Nevertheless, results are dis-
tinguished by tip loss rather than resolution. The results for
the actuator line with the common kernel function according
to Eq. 10 show an overprediction in power for low pitch but
unterpredict power for the higher pitch cases again. The
distinct differences in the tip loss factor can be clearly seen
as well as an influence of the resolution. The results for the
common kernel with the tipcorrection do not show a trend
as the other models but rater stay in the same error band-

width independent of the given blade input. Nevertheless
the tip loss still has a significant effect on the results.

Evaluation of the computed inflow shows that increasing
resolution for the Bessel-Fourier model leads to an insta-
bility in the inner blade section (see Figure 2). This had
the effect that a grid convergence could not be achieved for
the Bessel-Fourier model. The severity of the instability de-
creases with increasing CT . Further investigation showed
that this instability results from a combination of multiple ef-
fects. First the Bessel functions approximate the thrust dis-
tribution from the rotor center to the blade tip. This leads to
a sudden jump of pressure when the blade switches from
aerodynamic ineffective region to the aerodynamic effective
region plus a flat zero region for the part of the disc further
inside. This leads to the occurence of Gibb’s phenomena
in the inner section of the blade due to the approximation.
On the one hand this introduces oscillations in the approx-
imated pressure distribution that are reflected in the result-
ing inflow velocities. On the other hand a small phase error
is introduced, which leads to peaks and sinks in the inflow
that are not in line with the lift peaks and sinks of the actual
spanwise distribution. This leads to resonance between in-
flow and lift. For low pitch angles the overall inflow velocity
is low in the inner blade sections as well as the rotational
speed of the blade in the inner section. The combination of
these two conditions leads to a high sensitivity of the angle
of attack, e.g. lift, with respect to small errors in the inflow.
This effect diminishes with increasing pitch input. Lower
resolutions in the flow simulation act as a filter on the lift
distribution applied in the flow simulation and is therefore
more stable compared to higher resolutions.
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Fig. 2: Radial inflow distribution of the Bessel-Fourier
model with clearly visible instabilities that increase with
resolution.

Figure 3 shows the radial lift distribution for the actuator
line with the kernel according to Eq. 11. The instabilities
in the data are clearly visible for this kernel that spread out
with increasing resolution. Further investigations not shown
in this study showed similar behaviour even for simple wing
cases with a steady free stream velocity and fixed angle of
attack. The reason for this behaviour could not be deter-
mined and led to the usage of the common kernel for the



actuator line method. Neither the common kernel without
or with the tip correction showed instabilities for any chosen
resolution or given pitch input (see Appendix A).

The effect of the tip loss factor is clearly visible for all
models and are even visible in Figures 3, 2 despite the oc-
curring instabilities. A lower tip loss pushes the inflow peak
more outboard than a higher one as is to be expected since
the slope is significantly steeper for CT L. The same is true
for the lift peak. It can also be clearly seen that the inflow
drop is very steep for the LBM coupled inflow (see Figure 2
compared to the Peters-He inflow (see Figure 4. Therefore
a high tip loss is required for the LBM computed inflow to
match experimental data in blade tip region, whereas the
Peters-He model requires a tip loss (see Figure 5) that is in
the expected range of three to five percent.
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Fig. 3: Radial lift distribution of the ACL model with
Θ0 = 3.0◦ with instabilities for higher resolutions.
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Fig. 4: Radial inflow distribution of the Peters-He model
with Θ0 = 3.0◦

Overall, the results for the hover cases show that the
LBM coupling tends to underpredict the rotor power while
the Peters-He overpredicts the power. The actuator line
coupling with the non common kernel and the Besser-
Fourier coupling show instability issues for higher resolu-
tions.
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Fig. 5: Radial lift distribution of the Peters-He model
with Θ0 = 3.0◦

4.2 Wind tunnel results

In the following the results for the windtunnel experi-
ments are shown for three different advance ratios µ =
[0.08,0.20,0.29. The shaft was tilted according to mea-
surements in Ref. [16]. The rotor was trimmed to lift and
drag and to zero side forces.

The trends for the power predictions are similar for all
coupling modes as well as the Peters-He inflow model. The
error increases with increasing advance ratio. For µ = 0.08
the LBM inflow models underpredict the power up to 25%
percent for the actuator line model with the common ker-
nel, this is in line with the results for the hover cases. The
Peters-He model overpredicts the power between 15% to
20%. For all higher advance ratios all inflow models over-
predict the power consumption by up to 60%. The correc-
tion for the actuator line model leads to higher power pre-
dictions compared to the uncorrected one. The best predic-
tions are shown by the Bessel-Fourier model with a max-
imum error at µ = 0.29 of 13%. For all inflow models the
effect of the resolution is negligible compared to the tip loss
factor which is the major influence factor.

The comparison of experimental measurements at five
radial locations over a full rotor rotation with computational
results allow a detailed look in the performance of the differ-
ent inflow models. The results for the Peters-He model (see
Figure 7) show that the µ = 0.08 case does not reflect the
peak to peak values nor the trend. This improves with in-
creasing advance ratio where the trends match better. The
peak values are overpredicted for the outer radial stations
especially around ψ = 180◦. The tip loss factor effect is low
for all radial stations except at 95% radius which is consis-
tent with the results in hover. For the linear-harmonic model
the limitations of the formulation are clearly visible in the re-
duced capability to represent the trends over one rotation
(see Figures 22,23). This improves for higher advance ra-
tios. The effect of resolution or tip loss is low except for
the most outboard station. The Bessel-Fourier coupling re-
sults meet the trends well even for µ = 0.08 (see Figures
24, 25). The results for the actuator line models show good
agreement with the trends and peak to peak values, except
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line model with kernel as Eq. 11 (acl), common kernel
Eq. 10 (acl comm) and corrected kernel (acl corr) inflow
models.

for the most outboard radial station where the overall lift is
overestimated for the full rotation (see Figures 26, 27, 29,
29). One major difference for the corrected version are the
lower lift estimates for the outboard radial station. For a tip
loss of 11% the loads are even underestimated (see Figures
30,31).

All models overpredict the loads between 120° and 220°
azimuth with increasing advance ratio and do not match the
peaks well for the 95% radial station. The first issue might
come from the limitations of 2D airfoil theory where cross
flow conditions such as the front of the rotor experiences
cannot be adequately modeled. The prediction of lift close
to the blade tip also suffers from the fact that in reality it is a
heavily three-dimensional flow that is not adequately mod-
eled with 2D airfoil tables. Furthermore, the tip correction
employed might not be sufficient to predict accurate loads
in this section of the blade.

When comparing the predicted longitudinal flap with
the measurements, all models predict a maximum of 0.5°
higher flap angle for µ= 0.08. The Peters-He and the linear-
harmonic models slightly overpredict by 0.1 degree. For
higher µ, all models predict decreasing flap angles, with a
maximum error of 0.5 degree at 0.29µ. Actuator line mod-
els using the common kernel exhibit a lower error, up to 0.3
degree. All models predict flapping angles within a 0.5 de-
gree bandwidth, and neither the tip loss nor the resolution
of the fluid simulation significantly affects the flapping angle.
The validity of the measurements for the lateral flap was un-
certain, as the trim condition of zero side force is expected
to produce zero lateral flap, consistent with the simulations.

However, the measurements indicated a lateral flap of ap-
proximately 2 degrees for all advance ratios.

4.3 Preliminary findings

The results provide valuable insights into the LBM calcu-
lated inflow in comparison to experimental data and the
commonly used Peters-He inflow model. All models en-
counter issues in predicting power for the experimental ro-
tor. The Peters-He model overestimates power usage for
all test conditions, with a significant impact of the tip loss
factor on power prediction. The LBM inflow computation
underestimates power for hovering and low advance ratios
and overestimates power with increasing advance ratio. For
hover simulations, both resolution and tip loss factor impact
power prediction, in contrast to wind tunnel results where
resolution seems to have a negligible impact. The results in-
dicate that the radial loads can be predicted using the LBM
computed inflow except for the blade tip area. Nevertheless,
this is limited for the linear-harmonic model because the un-
derlying base functions that describe the coupled quantities
are restricted.

It should be kept in mind that the rotor blades are rect-
angular without any twist or taper and a low aspect ratio.
These conditions lead to a strong curvature in the outer
blade section and make it harder for any function based
representation to capture the trend. Furthermore a signif-
icant part of the total lift and drag are produced in a region
where a blade element approach might not lead to best re-
sults. The investigation of the UH60A rotor results show if
these issues persist with rotor design used in operations.

Another important finding is the stability issue of the ac-
tuator line with the kernel according to Eq. 11 in combina-
tion with higher resolutions. The reason for this behaviour
could not be determined, but can be resolved by using the
common kernel. The Bessel-Fourier model experienced
stability issues in the inner section of the blade due to ap-
proximation errors for low CT during hover conditions. No
such behavior was observed for the wind tunnel simulations.

The drop of the inflow at the blade tip that is steeper than
for the Peters-He model contributes to a higher angle of at-
tack and thereby strongly increased loads in the tip region.
This drop results from the forming of a vortex at the blade tip
due to the pressure jump that introduces an upwash. This
upwash increases the angle of attack and therefore gener-
ated lift with the 2D airfoil and blade elements. A higher tip
loss factor is needed to reduce this effect of the vortex on
the airloads.

In summary, all models produced plausible results, but
none of them provided satisfactory power predictions. Nev-
ertheless, the study’s results indicate that a higher tip loss
factor and a resolution of at least 64 cells per rotor radius
result in optimal performance for all LBM models. These
findings can be applied to the use of LBM inflow modeling
for the UH60A rotor. It is recommended to select a tip loss
value of approximately 9% for the LBM inflow.
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Fig. 7: Azimuth lift variation at five radial stations for different resolutions and tip loss for the Peters-He inflow
model

5 UH60A Results and Discussion

With the experimental rotor results, the simulation settings
were established by fixing the resolution at 64 cells per ra-
dius and setting the tip loss factor to nine percent in all simu-
lations. The Peters-He tip loss was set to four percent. The
experimental data is from wind tunnel measurements taken
from Ref. [33] and the airloads program flight test program
taken from Ref. [34]. The wind tunnel experiments were
trimmed to zero flap and the measured thrust. The flight

test results were trimmed to thrust and the measured hub
moments.

Figure 9 displays the CP
σ

predictions and the error in the
predictions compared to experimental and flight test mea-
surements. The Peters-He model’s results agree well with
flight test data, with an error of no more than -15% for the
lowest advance ratio, and the rest of the results falling within
a range of +/-6%. The error increases as the advance ratio
increases when comparing with the wind tunnel results, but
it remains within -10% to +20% at µ = 0.19 and CT

σ
= 0.09.
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Fig. 8: Longitudinal pitch input predictions com-
pared to experimental measurements for the Peters-He
(P.-H.), linear-harmonic (lin-harm), Bessel-Fourier (bes-
fou), actuator line model with kernel as Eq. 11 (acl),
common kernel Eq. 10 (acl comm) and corrected ker-
nel (acl corr) inflow models.

The flight test data agrees well at this speed, indicating that
there may be wind tunnel effects that were not modeled.
The actuator line results using the common kernel agree
well with the test data, but they underestimate performance
until µ = 0.19 and overestimate it for high advance ratios.
The wind tunnel simulations exhibit an error exceeding 20%
for the low µ cases, but the error diminishes with an increas-
ing advance ratio. One plausible explanation is that the sim-
ulated domain is too small, which does not alleviate the wall
effects in the LBM simulation. Similarly, the Bessel-Fourier
coupling displays similar trends, but accurately predicts the
flight test performance within a range of 10%. The linear-
harmonic coupling model underestimates the power for all
circumstances. This might be due to the inflow and pres-
sure representation that approximate the distribution as to
optimistic.

The longitudinal flap results of the Peters-He model de-
pict the trend accurately up to µ = 0.23 with an offset of ap-
proximately 0.5 degrees. At higher advance ratios, the pre-
dicted flap angles are lower than the measurements, but the
overall trend is still visible. The actuator line model and the
Bessel-Fourier model exhibit similar trends to the Peters-
He results. The trend for the lateral flap motion is not well
predicted between µ = 0.15−0.27. However, at this point,
no apparent reason has been found for this behavior. The
linear-harmonic model does not show a significant offset for
the lateral flap motion and accurately predicts the trend for
µ = 0.15− 0.27. However, for higher advance ratios, the
model overpredicts the lateral flap angle.

The feathering input from the simulation trim (Figure 12)
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and the measurements exhibit good agreement for all mod-
els regarding the collective and longitudinal input. How-
ever, the linear-harmonic model inadequately represents



the trend for the lateral input and has an obvious offset of
around four degrees. Additionally, the collective trend does
not fully capture the slope at higher µ. The Peters-He model
inadequately represents the trend for low values of µ, but is
otherwise on par with the Bessel-Fourier and actuator line
models. All models capture the trend for longitudinal input
between µ= 0.04..0.15, but overestimate input for the high-
est advance ratios.
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Fig. 12: Feathering input at the blade root. Experimen-
tal results from the airloads program are taken from
Ref. [34].

The cause of better performance for the lateral blade flap
with less accurate lateral input prediction remains unclear.
Given the complex interaction between controls, inflow, and
blade motion, this study refrains from speculating on the
underlying reasons for this phenomenon as further investi-
gations are needed.

In general, the findings are satisfactory. In particular, the
considerably improved power prediction in comparison to
the experimental rotor for both zero flap wind tunnel trim and
level flight trim, indicates the potential that the experimental
rotor’s design impedes power predictions for all models.

6 Summary & Conclusion

In summary, the Lattice-Boltzmann Method, coupled with
Dymore, computed inflow resulting in comparable rotor per-
formance to that observed through the Peters-He inflow for
both the experimental and UH60A rotors.

Analysis of the experimental rotor in hover showed that
power was underestimated for the LBM cases and overes-
timated for the Peters-He inflow. The treatment of tip loss
greatly influenced the power prediction and radial lift dis-
tribution for all models. The resolution of the flow simula-
tion was an influence factor to some extent. The experi-
mental rotor’s results under wind tunnel conditions showed

an increasing power (over)prediction for all models except
the Bessel-Fourier model, which predicted power within a
constant bandwidth. The actuator line and Bessel-Fourier
coupling showed a satisfactory agreement for the azimuth
load distribution. The linear harmonic results were limited
by their limited ability to represent the radial flow distribu-
tion. As anticipated, the treatment for tip loss exhibited a
significant effect on the outer sections of the blade, while
the impact of resolution was limited on the outcomes.

The power predictions for the UH60A rotor were com-
pared with the power measurements obtained during the
wind tunnel tests and flight tests. All models predicted the
performance well for the flight tests. However, for the wind
tunnel results power prediction were overestimated with in-
creasing CT/σ. Control predictions were in close agree-
ment with the measurements except for the linear harmonic,
which consistently underestimated the lateral input by about
four degrees. The flap results matched longitudinal flapping
trends well, but there were shortcomings in predicting lat-
eral flap behavior for the actuator line and Bessel-Fourier
coupling models.

A range of conclusions can be drawn from the results of
this study.

• It is evident that the treatment of the tip significantly
affects the lift in the outboard section of the blade as
well as the power predictions. While a simple tip loss
factor is adequate for achieving good results with the
UH60A rotor, it is not sufficient for the non-optimized
shape of the experimental rotor. The additional tip cor-
rection approach yielded good performance for hover
results, but not for a rotor in edgewise flow conditions.
As a consequence it is necessary to examine the tip
loss treatment in detail to enhance power prediction
for all flight conditions and rotor shapes.

• The linear-harmonic model, being the simplest model
in terms of degrees of freedom, is still capable of ob-
taining comparable integrated results such as power
and control as well as flap motion.

• The Bessel-Fourier model serves as an enhancement
of the linear-harmonic coupling and yields superior
overall results, but experiences stability issues in hover
for low CT , which restricts its universal applicability.

• The model utilizing actuator line coupling for the rotor
yields better results than the actuator disc methods,
but only for the commonly used spherical force dis-
tribution kernel. Using the actuator curve embedded
approach led to instabilities.

• A resolution of 64 cells per radius is adequate for all
coupling models and potentially less if computational
speed outweighs improved accuracy.

The presented study demonstrates the effectiveness of
Lattice-Boltzmann in a mid-fidelity CFD/CSD coupling with-
out the need for modeling blade geometry in the flow solver.



This approach allows for low resolutions and reasonable
computational time. Consequently, this method enables
the study of mission scenarios in complex flow environ-
ments, such as landing procedures in wake conditions be-
hind structures or moving objects, for varying mission pa-
rameters within a reasonable time frame. As a next step, it
is necessary to validate the coupling against flight test data
to enhance confidence in the simulation of dynamic rotor-
craft response to conduct actual mission simulations.
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Fig. 13: Actuator line model
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Fig. 14: Actuator line model
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Fig. 15: Actuator line model
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Fig. 16: Actuator line model with common kernel
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Fig. 17: Actuator line model with common kernel

0.2 0.4 0.6 0.8 1.0
Radius [-]

0

5

10

lif
t

[lb
/i

n]

Θ0 = 9.2
CTL,% = 11.1%

CTL,% = 8.3%

CTL,% = 4.2%

32.0 cells/R

64.0 cells/R

80.0 cells/R

experimental

Fig. 18: Actuator line model with common kernel
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Fig. 19: Actuator line model with tip correction

0.2 0.4 0.6 0.8 1.0
Radius [-]

0

2

4

6

lif
t

[lb
/i

n]

Θ0 = 6.7
CTL,% = 11.1%

CTL,% = 4.2%

32.0 cells/R

64.0 cells/R

80.0 cells/R

experimental

Fig. 20: Actuator line model with tip correction
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Fig. 21: Actuator line model with tip correction
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Fig. 22: Azimuth lift variation at two radial stations
for different resolutions and tip loss for the linear-
harmonic model.
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Fig. 23: Azimuth lift variation at three radial stations
for different resolutions and tip loss for the linear-
harmonic model.
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Fig. 24: Azimuth lift variation at two radial stations for
different resolutions and tip loss for the Bessel-Fourier
model.
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Fig. 25: Azimuth lift variation at three radial stations for
different resolutions and tip loss for the Bessel-Fourier
model.



0 100 200 300
0

2

4

6

8

li
ft

[l
b

/
in

]

µ = 0.08

0 100 200 300

0.0

2.5

5.0

7.5

10.0

li
ft

[l
b

/
in

]

µ = 0.20

0 100 200 300
ψ [°]

0

5

10

li
ft

[l
b

/
in

]

µ = 0.29

CTL,% = 11.1%

CTL,% = 8.3%

CTL,% = 5.5%

CTL,% = 4.2%

0.31 R

0.56 R

0.85 R

100.0 cells/R

80.0 cells/R

64.0 cells/R

experimental

Fig. 26: Azimuth lift variation at two radial stations for
different resolutions and tip loss for the actuator line
model.
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Fig. 27: Azimuth lift variation at three radial stations for
different resolutions and tip loss for the actuator line
model.
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Fig. 28: Azimuth lift variation at two radial stations for
different resolutions and tip loss for the actuator line
model with the common kernel.
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Fig. 29: Azimuth lift variation at three radial stations for
different resolutions and tip loss for the actuator line
model with the common kernel.
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Fig. 30: Azimuth lift variation at two radial stations for
different resolutions and tip loss for the actuator line
model with tip correction.
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Fig. 31: Azimuth lift variation at three radial stations for
different resolutions and tip loss for the actuator line
model with tip correction.
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