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ABSTRACT
It is desired to achieve computationally efficient mid-fidelity ship airwake predictions to be used in ship–
rotorcraft interaction studies. The Lattice-Boltzmann Method (LBM) is a viable candidate to obtain flow field
solutions rapidly, owing to its highly parallelizable nature. To demonstrate the LBM’s capabilities and to show
the suitability of the method to solve the large computational problem of a ship airwake simulation in a time-
efficient manner, a scaled model of the SFS-2 frigate shape was simulated in uniform inflow conditions using a
GPU-accelerated Lattice-Boltzmann solver. A convergence study was conducted, and it was found that the LBM
results converged already at relatively coarse resolutions, but only for the mean flow quantities. The obtained
results were compared to published experimental data. The LBM results showed good correlation with velocity
probe measurements on the starboard side of the landing deck, but they did not predict flow asymmetry seen in
the measurements. Results were also compared with particle image velocimetry data, and the flow topology as
well as the mean velocity magnitudes obtained by the LBM showed excellent agreement. Satisfactory agreement
was found for the turbulence intensities that were mostly underpredicted, although the gradients were correct.
The LBM model was able to obtain these results in three hours and 25 minutes on eight local GPUs. Considering
its computational efficiency and good accuracy for quick turn-around solutions, the current LBM model was
concluded to be a good mid-fidelity alternative to high-fidelity CFD methods that require orders of magnitude
more time and computational resources for ship airwake simulations.

NOMENCLATURE

ABL Atmospheric Boundary Layer

CFD Computational Fluid Dynamics

HPC High-performance computing

LBM Lattice-Boltzmann Method

LDA Laser Doppler Anemometry

LES Large Eddy Simulation

LHA Landing Helicopter Assault

PIV Particle Image Velocimetry

SFS Simple Frigate Shape

A Axial force effective on ship based on
air loads

A f rontal Ship frontal area facing the incoming
wind, 0.06596m2 for 1/50 scale model
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CA Ship axial force coefficient based on air
loads, CA = A
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∞A f rontal

Cs Smagorinsky Constant

NSFS2 Number of computational cells along
the ship length

P Pressure

ReL Reynolds number based on SFS-2
model length,

U∞×LSFS2
ν

SH Ship height, 16.764 m (55 ft) for the full
scale

U∞ Uniform inflow velocity

∆t Time step

∆x Lattice cell edge length

Ū Time-averaged velocity, ū⃗i+ v̄ j⃗+ w̄⃗k

ci Lattice-Boltzmann discretized lattice
velocity

VXZ Time-averaged in-plane velocity,√
VX

2
+VZ

2



u,v,w Time-averaged velocities in x, y, z di-
rections

ρ Air density

i⃗, j⃗,⃗k Unit vectors in x, y, z directions

cl Lattice-Boltzmann lattice speed of
sound

fi Lattice-Boltzmann population distribu-
tions

f eq
i Lattice-Boltzmann equilibrium popula-

tion distributions

lx, ly, lz Length of the flow domain in x, y, z di-
rections

lSFS2 Length of the ship model

u′(t),v′(t),w′(t) Turbulence fluctuations in x, y, z direc-
tions, u′(t) = u(t)−u

u′rms,v
′
rms,w

′
rms Turbulence intensities in x, y, z direc-

tions, u′rms =

√
u′(t)2

u(t),v(t),w(t) Instantaneous velocities in x, y, z direc-
tions

ul Lattice fluid velocity

x Streamwise direction (measured from
the bow)

y Lateral direction (measured from the
ship centerplane)

z Vertical direction (measured from land-
ing deck surface)

INTRODUCTION

Ship deck landing is challenging even for the most experi-
enced rotorcraft pilots. During a ship deck landing opera-
tion, the unsteady ship wake interacts with the rotor flow,
necessitating continuous flight control inputs to maintain
the aircraft’s attitude. In order to safely and effectively train
pilots to fly in such an environment, real-time piloted flight
simulation is invaluable.

The SFS-2, or Simple Frigate Shape 2, is a simplified ship
model created for collaborative ship airwake studies, that
includes the pertinent geometry features of a frigate. The
SFS-2 is obtained by adding a bow structure to the baseline
SFS, and the SFS was created for collaborative studies by
The Technical Cooperation Programme (TTCP) [1] as col-
laborative studies will save time and cost of high fidelity
dynamic interface simulation development [2].

Mora [3] investigated the flow field around the SFS us-
ing oil film visualization, particle image velocimetry (PIV),
and laser doppler anemometry (LDA). The results were

compared with the flow field around a real frigate geome-
try. It was concluded that the SFS geometry results approx-
imated the macroscopic flow field around the real frigate
geometry sufficiently well.

Numerous studies have been performed on the SFS-2 air-
wake. Rosenfeld et al. [4] and Sydney et al. [5, 6] per-
formed experimental studies on the SFS-2 at the Naval Sur-
face Warfare Center, Carderock Division (NSWCCD). Ef-
fects of wind-tunnel blockage, atmospheric boundary layer
simulation, and the scale of the ship model on the ship
airwake were investigated by Rosenfeld et al. [4]. It was
found that all geometric scales showed good agreement.
The effect of the wind-tunnel blockage was found to be
significant on the ship airwake, especially when consider-
ing cases with ship yaw angle. Cases with high yaw angles
showed more significant wind-tunnel blockage effects. Ve-
locity probe measurements showed that there were asym-
metries in the velocity profiles with respect to the center-
line of the ship under uniform inflow conditions with 0◦

yaw angle. Similar asymmetries were also observed in the
CFD study performed by Quon et al. [7].

Sydney et al. [5] investigated the flow field around the SFS-
2 using PIV measurements. This study enabled researchers
to investigate the flow field not only at the landing deck but
also upstream of the ship superstructure. It was observed
that the upstream ship structure was responsible for a sig-
nificant amount of turbulence. Moreover, the turbulence
produced by the upstream ship structure was found to al-
ter the downstream flow field. In [6] the flow field around
a moving SFS-2 model was investigated by PIV, and the
ship motion was found to considerably alter the flow field
as compared to static ship cases.

Farish et al. [8] investigated the flow field around the SFS-
2 concurrently using OpenFOAM LES, PIV, and hot-wire
anemometry. In this study, high-fidelity computational re-
sults were shown to be in good agreement with experimen-
tal results. The atmospheric boundary layer (ABL) was
successfully modeled using large eddy simulation (LES).
In order to simulate the ABL in the wind tunnel, a Cowdrey
rod grid was installed upstream of the wind tunnel test sec-
tion. The same Cowdrey rod grid was modeled in the com-
putational domain to obtain the ABL in the OpenFOAM
LES simulation.

Seth et al. [9] performed PIV measurements for a scaled
model of SFS-2 under uniform inflow and ABL conditions.
Cowdrey rods were again used in this study to approximate
an ABL inflow. The airwake was found to be unsteady and
complex. Comparisons between the ship airwake under the
ABL inflow and the uniform inflow were performed. These
comparisons showed that most of the turbulence in the ship
airwake was produced by the ship, and the turbulence ef-
fects of the ABL were secondary. Zhu et al. [10] also inves-
tigated the flow field produced by the SFS-2 model under
ABL conditions. The recirculation region behind the ship
superstructure was observed to have a bistable behavior. It
was found that flow features and dynamics were affected



by this bistable recirculation region.

Prior work on ship airwakes is by no means limited to the
SFS-2 geometry. Polsky [11] used a Navier–Stokes solver
to compute the flow field around an LHA-class ship. It was
found that steady-state CFD calculations were not able to
obtain certain time-averaged features of the ship airwake
due to its unsteady nature. Nevertheless, the airwake data
obtained from this study were used in a flight simulator,
and the airwake data received positive feedback from pi-
lots in terms of providing realistic airwake effects. Another
study by Polsky [12] investigated the flow field over the
ships that experience beam winds using an LHA-class ship
model. It was concluded that the grid quality was crucial
for predicting the flow around the ship experiencing beam
winds. Coarse grids were observed to predict a larger sepa-
ration region compared to the actual separation region. Pol-
sky and Bruner [13] also performed CFD analysis for the
LHA-class ship, and concluded that for the LHA geometry
the flow was largely Reynolds number independent. On the
other hand, the flow properties were sensitive to the wind
and yaw angles.

Another study with the LHA was conducted by Lee et
al. [14]. In this study, CFD analysis of the LHA class ship
was performed and a helicopter flight dynamics model was
interfaced with CFD solutions. It was found that the un-
steady ship airwake considerably changed helicopter flight
characteristics and the pilot activity.

One of the most extensive reviews on ship–rotorcraft ex-
periments and simulations was done by Shukla et al. [15].
It was noted that turbulent energy on the landing deck was
primarily concentrated in the 0.2-2 Hz region and turbulent
energy frequencies below 1.5 Hz on the landing deck no-
ticeably impacted flight characteristics of the helicopter. It
was claimed that coupled CFD and flight simulators were
good alternatives to the wind tunnel testing for the coupled
ship–rotorcraft problem. The necessity of unsteady two-
way coupled simulations was also concluded by Akcengiz
and Sezer–Uzol [16] due to the unsteadiness of the ship–
rotorcraft problem.

This study aims to investigate the computational perfor-
mance and accuracy of ship airwake simulations using a
Lattice-Boltzmann Method (LBM) based flow solver. The
LBM is highly parallelizable and computationally efficient.
It may offer an alternative, mid-fidelity, computationally
more efficient way to compute ship airwakes and rotor
wakes that heavily interact during shipboard operations.
Bludau et al. [17] previously used the LBM for ship–
rotorcraft simulations. They used different resolutions and
compared results to PIV and higher-fidelity CFD data. Blu-
dau et al. modelled the dynamic inflow of a helicopter main
rotor with LBM and validated the resulting vehicle flight
dynamics [18, 19]. Horvat et al. [20] used LBM to analyze
the flight path of a helicopter in an offshore wind farm.
Ashok and Rauleder [21] used an Arbitrary–Lagrangian–
Eulerian (ALE) moving grid formulation. Three different
ALE methodologies were assessed and a newly developed

method, the source term method, was found to be more fa-
vorable for rotorcraft simulations.

In this paper, the airwake of the Simple Frigate Shape 2
(SFS-2) generic ship geometry is modelled using a GPU-
accelerated version of the openLB Lattice-Boltzmann
solver [22], which offers a high-performance mid-fidelity
alternative to conventional CFD methods. The LBM’s
computational speed and ability to resolve the principal
physical phenomena of the flow field are assessed by an
in-depth comparison of the results to experimental data.
The influence of numerical simulation parameters is inves-
tigated with the goal of assessing the compromise between
physical accuracy and computational performance. Based
on the simulation results, the LBM’s suitability for rotor-
craft ship deck landing simulations is assessed.

TECHNICAL APPROACH

The Lattice-Boltzmann Method

LBM is a CFD method that models the fluid dynamics on
a mesoscopic scale rather than solving the conservation of
mass, momentum, and energy like other CFD methods. In
the LBM, the fluid domain is represented by lattice cells
in which particle distribution functions, or populations, are
contained. There are a variety of lattice cell configura-
tions that have a different number of populations. Some
of the most common ones in use are D1Q3, D2Q9, D3Q15,
D3Q19, and D3Q27. The naming convention of these con-
figurations is DkQnn, where k represents the number of di-
mensions, i.e. the D2Q series of configurations represents
the two-dimensional space. nn represents the number of
populations in the lattice cell, i.e. D2Q9 represents a two-
dimensional space and it contains nine particle populations.
In this study, the D3Q19 lattice configuration was used for
its computational efficiency and suitability for this current
computational problem. Its particle populations are shown
in Figure 1.

Figure 1: D3Q19 velocity set, adapted from Ref. 23.

As the simulation proceeds, populations in lattice cells are
redistributed according to the Lattice-Boltzmann equation,
which is given in Eq. 1.

fi(x+ ci∆t, t +∆t) = fi(x, t)−
∆t
τ
( fi(x, t)− f eq

i )(1)



Eq. 1 was derived from the discretized Boltzmann equa-
tion. The last term on the right hand side, − 1

τ
( fi(x, t)− f eq

i )
is known as Bhatnagar-Gross-Krook (BGK) collision oper-
ation, [24]. The BGK dynamics model relaxes populations
to the equilibrium state, f eq

i . This relaxation is done at a
rate that is determined by τ , the relaxation time. The equi-
librium state is given by Eq. 2.

f eq
i (x, t) = wiρ

(
1+

ul · ci

c2
l

+
(ul · ci)

2

2c4
l

− ul ·ul

2c2
l

)
(2)

In Eq. 2, wi is the specific weight of the population i, ρ

is the lattice density, ul is the lattice fluid velocity, ci is
the discretized lattice velocity, and cl is the lattice speed of
sound. With cl , pressure and density can be related in terms
of lattice units as in Eq. 3.

P = c2
l ρ(3)

cl can be obtained by Eq. 4, where ∆x is the lattice cell
edge length, and ∆t is the time step.

c2
l =

1
3

∆x2

∆t2(4)

In Eqs. 5 and 6, expressions for the lattice density and
momentum are shown.

ρ(x, t) = ∑
i

fi(x, t)(5)

ρul(x, t) = ∑
i

ci fi(x, t)(6)

The lattice density given in Eq. 5 and the lattice momentum
given in Eq. 6 are in terms of lattice units. These can be
converted to physical units (kg/m3, kg m/s) with the use
of a simple physical conversion factor.

Simulation Parameters

For this study, the LBM simulation was set up to produce
the flow conditions tested in Rosenfeld et al. [4] for the
experimental test case with a uniform inflow condition of
V∞ = 15.433 m/s and a 1:50 scale SFS-2 model. The model
length was 2.774 m, and the Reynolds number based on
ship length, ReL, was 2.9× 106. Comparison point veloc-
ity results were collected at eight points above the land-
ing deck. These results were compared to data obtained
by Rosenfeld et al. [4] from eight fast-response velocity
probes placed at the same locations.

The velocity probe locations are tabulated in Table 1. The
coordinate system origin was located at the bow of the ship.
Measurements were taken up to a height of 0.5 m above
the deck surface. The axes and origin are shown in Figure
2. It should be noted that these probe locations were used
by Rosenfeld only for the 0◦ yaw at 1:50 scale. The data

Table 1: Probe locations for 1:50 scale model 0◦ yaw
case

Probe x [in] y [in]
A 100 -4.5
B 100 -1.5
C 100 1.5
D 100 4.5
E 109.2 -4.5
F 109.2 -1.5
G 109.2 1.5
H 109.2 4.5

provided by Rosenfeld et al. [4] also includes 1:100 scale
cases, which use different probe locations.

A Smagorinsky turbulence model was used with a
Smagorinsky constant of 0.05. In large eddy simulations,
turbulence scales which are smaller than the grid resolu-
tion are not resolved. To model the effect of these sub-grid
turbulence scales, an eddy viscosity is specified, which in-
troduces additional dissipation. In the Smagorinsky turbu-
lence model, the eddy viscosity is determined based on the
stress tensor, which was formulated by Pope [25] as Eq. 7.

νsgs = (Cs∆x)
2√2Si jSi j(7)

∆x is the mesh size, Si j is the strain rate tensor, and the co-
efficient Cs is the Smagorinsky constant. A key advantage
of the Smagorinsky model in the LBM framework is that
the stress tensor Si j can be calculated locally for each cell,
which yields highly-efficient parallelization.

A convergence study was conducted to choose the simu-
lation time period or simulated time. The axial force on
the ship was computed and its convergence was assessed.
Based on the force results, it was determined that the sim-
ulation was converged after 1.5 s of simulated time, and
all initial transients had dissipated. Therefore, a total sim-
ulation time of 3 s was selected, during which 1000 flow
realizations were saved from t = 2 s to t = 3 s to deter-
mine time-averaged quantities. Another convergence study
was conducted to choose the resolution. The number of
computational cells along the ship length, NSFS2 , was var-
ied and convergence was obtained for NSFS2 = 700, result-
ing in a cell edge length of 3.963 mm and total cell count
of 2.058×109 grid cells in the computational domain (see
Fig. 3). Furthermore, turbulence quantities were monitored
and compared to measurements, to give another measure
for convergence in addition to the averaged velocities and
integrated axial force. Results from the convergence stud-
ies are shown in the subsequent section.

The fluid domain had the dimensions of lx = 4 × lSFS2,
ly = 1.5× lSFS2, and lz = lSFS2, where lSFS2 was the length
of the ship model. A schematic of the simulation domain is
shown in Figure 3 and the time step was ∆t = 1.72×10−5s.
A convergence study for the time step was also conducted,
but is not shown for brevity. This convergence study sug-
gested that decreasing ∆t further did not lead to significant



Figure 2: Coordinate axes on the 1:50 scale ship model and velocity probe locations A-H.

Figure 3: Computational domain used for the LBM simulations.

changes in the results. The current LBM simulations used
eight local NVIDIA A100 80GB GPUs in parallel, and the
final simulation configuration used 26.8 GB of GPU mem-
ory per graphics card.

For the final simulation configuration, the simulation run-
time was three hours and 25 minutes on these eight GPUs,
which is orders of magnitude lower than the computa-
tional expense of more conventional URANS based com-
putations. For example, LES simulations were reported in
Ref. 8, and the runtime of those simulations was in the
order of weeks on a high-performance computing (HPC)
cluster for the same computational problem. Computation-
ally more efficient simulations reported in Ref. 7 used
128 processors on an IBM iDataPlex platform and were
obtained in 4.2, 16.7 and 10.4 hours for 1000 iterations
for URANS simulations of the wind tunnel test section,
URANS simulations in free air, and hybrid free-air simu-
lations, respectively. The hybrid approach used URANS
for the near-body solution coupled with wake modeling
methodologies. In this case, VorTran-M, an Eulerian vor-
ticity transport solver was used for the wake and com-
bined with FUN3D (URANS) for the near-body solution.
VorTran-M used in Ref. 7 was the serial version, and fur-

ther speed-up was expected when using the parallelized
version of VorTran-M.
At the inlet, an equilibrium boundary condition was used to
apply a uniform velocity profile. The equilibrium boundary
condition prescribed all of the Lattice-Boltzmann popula-
tions at the inlet cells to the equilibrium state correspond-
ing to the freestream velocity of V∞ = 15.433 m/s. This
boundary condition was justified because the inlet was suf-
ficiently far from the ship model, and any deviations from
the equilibrium at the inlet were found to be negligible. Slip
boundary conditions were applied to the top, bottom (i.e.,
the water surface), port, and starboard boundaries of the
domain. A bounce-back boundary condition, which mod-
els a no-slip wall, was applied to the ship surface. At the
outlet, a pressure boundary condition was used which en-
forces ∂ p

∂n = 0.

RESULTS AND DISCUSSION
Convergence Study for Smagorinsky Constant, Simula-
tion Time, and Resolution

In this section, a parametric study of simulation parameters
is discussed. A parametric study varying the Smagorin-



(a) Probe A (b) Probe B (c) Probe C (d) Probe D

(e) Probe E (f) Probe F (g) Probe G (h) Probe H

Figure 4: Average velocity magnitudes normalized by freestream velocity for probes A-H obtained by Rosenfeld
(Carderock) [4] for 1:50 scale ship model, LBM simulation with Cs = 0.1, Cs = 0.05, and Cs = 0.025 for 1:50 scale
ship model. z is the distance measured from landing deck surface normalized by ship model height (SH=0.335 m),
positive up.

sky constant, and resolution was conducted to determine
the optimum simulation configuration for this problem that
provided high computational performance without com-
promising the accuracy of the results. The total simulation
time was decided by convergence of airloads effective on
the ship. The computational results were compared with
the velocity probe data of Rosenfeld et al. [4].

Smagorinsky Constant Bludau et al. [17] used Cs =
0.025 for the full-scale ship with ReL = 142× 106. How-
ever, the experimental results of Rosenfeld et al. [4] were
obtained for a 1:50 scale model of the ship with ReL =
2.9×106. The stark difference in Reynolds number might
affect the turbulence behavior and alter flow features.
Hence, the effect of the Smagorinsky constant should be
investigated. Smagorinsky constants of 0.025, 0.05, and
0.1 were evaluated.

The data set of Rosenfeld et al. [4] contains velocity mag-
nitude averages for eight probes. The results obtained us-
ing LBM were compared to the data of Rosenfeld et al.
[4]. Turbulence measurements for these tests were not
available. As a result, only averaged velocity quantities
can be compared. In Figure 4, a comparison between the
data obtained from LBM and data of Rosenfeld et al. [4]
was shown for average velocity magnitudes normalized
by freestream velocity at all probe locations for different
Smagorinsky constants.

It can be seen clearly in Figure 4 that apart from the near-
body regions of Probe A, B, E, and F, the LBM results cor-
related well with the experimental data. At higher z, away
from the ship body, the Smagorinsky constant did not affect

the flow, while near the ship deck, a Smagorinsky constant
of Cs = 0.05 showed the best agreement with the experi-
mental data.
The LBM results agreed very well on the starboard side, but
the correlation of the LBM results on the port side was not
as good, especially in regions closer to the landing deck. It
should be noted that probes A and D, B and C, E and H, and
F and G were symmetrical with respect to the centerplane
of the ship model. One would expect probe data to be sym-
metric for symmetrical probe locations, but it was shown
that [4] there was asymmetry in the flow over the landing
deck. This asymmetry was not reflected in the LBM re-
sults.

Simulation Time The simulation time should be as small
as possible to save computational resources. On the other
hand, the flow solution must be adequately converged and
represent the pertinent time scales of the flow physical
problem of interest. Note that the results presented in the
previous subsection were obtained from 5-second simula-
tions, and 1000 flow realizations were obtained during the
last second (t=4 s to t=5 s) for averaging.
To check convergence, the axial force on the ship was com-
puted using the momentum-exchange approach [22, 26]. It
was assumed that if the ship axial force from the airloads
alone was converged, the ship airwake was converged and
the flow was free of significant transients. As shown in Fig-
ure 5, the difference between the axial force coefficient and
the converged axial force coefficient was reduced to below
10% after t=1.5 s. Considering a deviation of 10% to be
satisfactory (given that the objective of this current mid-
fidelity modeling approach is a good compromise between



accuracy and computational expense) the ship airwake so-
lution was considered converged after t=1.5 s.

Figure 5: Axial force coefficient over time.

As can be seen in Figure 6, the axial force coefficient at
convergence was 0.598. This corresponds to the drag force
on the ship resulting from the airloads and not considering
any ship structure below the waterline. Blount and Bar-
tee [27] stated that for head-wind conditions, the drag coef-
ficient (based on airloads) for most ship geometries was be-
tween 0.5 and 0.8. Considering their findings, CA = 0.598
was a reasonable estimate. However, it is important to note
that this current study was intended to be a mid-fidelity
approach for good/quick estimates and quick turn-around
solutions and, therefore, the grid resolution was relatively
coarse for an accurate near-body solution.

The coarse resolution led to two side effects. Firstly, this
coarse resolution was not expected to resolve the turbulent
ship boundary layers. Secondly, because of the representa-
tion of the ship with the bounce-back boundary condition,
the actual ship surface was represented as a voxelized solid,
which can be sufficient for flow field studies but is not nec-
essarily adequate for accurate force measurements. There-
fore, it was not expected that the computed ship airloads or

Figure 6: Axial force coefficient over time.

axial force results were fully accurate, and they were pri-
marily obtained for the intent of determining convergence.

Based on this convergence study, it was determined that any
instantaneous flow realizations should be saved after t=2 s
of simulation time to ensure that the initial transients had
dissipated. For ensemble averaging, 1000 flow realizations
were obtained from t=2 s to t=3 s.

Resolution Thus far, all presented results used a resolu-
tion of NSFS2 = 780 computational cells per ship length.
However, it is possible that reducing the resolution might
preserve acceptable physical accuracy while saving compu-
tational time. To investigate this, simulations with NSFS2 =
700, NSFS2 = 600, NSFS2 = 500, NSFS2 = 400, NSFS2 = 300,
NSFS2 = 200, and NSFS2 = 100 were tested.

Previously, it was shown that the port side probe veloc-
ity measurements given [4] were not symmetrical with the
starboard side probe measurements. The LBM results cor-
related well with the measurements of Rosenfeld et al. [4]
on the starboard side of the landing deck, where probes C,
D, G, and H were located. So far, results from both the
port side and the starboard side were presented, but for the
resolution studies, only the starboard data are shown.

From Figure 7 it can be seen that simulations with
NSFS2 = 100, NSFS2 = 200, and NSFS2 = 300 were not grid-
independent. It should be noted that the near-body velocity
was smaller in magnitude for these coarse resolution cases.
This indicated that separation regions obtained for a coarse
resolution were larger than the ones obtained for the higher
resolution simulations. Polsky [12] also observed larger
separation regions for coarse resolutions.

Convergent behavior was found with increasing the resolu-
tion, and the simulation with NSFS2 = 700 was chosen as
a good compromise between computational time and ac-
curacy, as it produced almost the same result as the simu-
lation with NSFS2 = 780, but with significantly fewer grid
cells. Note that all of the LBM simulations used Cartesian
meshes with uniform cell sizes and, therefore, a small re-
duction in cell numbers along the ship has a large impact on
the overall cell count in the domain and hence the compu-
tational time. The number of total grid cells in the domain
with NSFS2 = 780 was 2.847312× 109, while the number
of grid cells using NSFS2 = 700 was 2.058× 109. There-
fore, the total number of grid cells was decreased by over
27% without significant variance in the results for the av-
eraged quantities and turbulence quantities. One can argue
that NSFS2 = 600 gave accurate results as well, according
to Figure 7. However, convergence of averaged quantities
was not adequate to claim grid independence. When the
turbulence quantities were examined, the simulation with
NSFS2 = 600 was found to significantly underpredict the
turbulence quantities. Hence, NSFS2 = 700 was deemed the
minimum viable resolution to obtain accurate turbulence
quantities.

The final configuration for the simulation had NSFS2 = 700
cells, with a cell edge length of 3.963 mm. The simula-



(a) Probe C

(b) Probe D

(c) Probe G

(d) Probe H

Figure 7: Average velocity magnitudes normalized by
freestream velocity obtained from LBM simulations for
different resolutions compared to measurements [4] for
1:50 scale ship model at probes C, D, G, and H, which
are located on the starboard side of the landing deck

tion duration was three seconds, and 1000 flow realizations
were used from t=2 s to t=3 s for the averaged quantities.
A Smagorinsky constant of Cs = 0.05 was used. The simu-
lation runtime was three hours and 25 minutes. Therefore,
the LBM provided results orders of magnitudes faster than
conventional URANS based solvers. For example, Farish
et al. [8] conducted LES simulations, and the runtime of
their simulations was in the order of weeks. Depending
on the objectives of the flow field computations, if the user
is willing to trade some accuracy with computational ex-
pense, lower resolution cases were still giving acceptable
agreement with the measurements. For NSFS2 = 600 the
simulation runtime was one hour and 50 minutes, and for
NSFS2 = 400 it was less than 50 minutes.

Final Simulation Configuration Compared with Veloc-
ity Probe Data

The results from the final simulation configuration dis-
cussed previously were then compared in depth to the data
of Rosenfeld et al. [4]. The experimental results also in-
clude data for the 1:100 scale ship model tested in uni-
form inflow with 30.86 m/s, which corresponded to ReL =
2.9× 106. The Reynolds numbers were the same for the
1:50 scale Carderock case, the 1:100 scale Carderock case,
and the LBM case.

In Figure 8, it can be seen that the LBM results correlated
very well with the measurement data from Rosenfeld et
al. [4] on the starboard side, where probes C, D, G, and
H were located. The probe data for the 1:100 scale ship
model deviated from the simulations and probe data for
the 1:50 scale ship model at probe D. However, this de-
viation only occurred in a region closer to the landing deck
(z/SH <0.3). All probe results on the starboard side corre-
lated well for higher elevations above the deck. On the port
side, where probes A, B, E, and F were located, the results
did not agree as well [4] due to the aforementioned asym-
metry with respect to the starboard probes. It was seen [4]
that the asymmetry was less significant closer to the cen-
terplane. Indeed, it was observed in the present study that
the lack of symmetry of the LBM results was less signif-
icant for probes B, C, F, and G, which were closer to the
centerplane than the other probes.

Quon et al. [7] observed asymmetry in probe data for a
similar case. Their study used high-fidelity URANS and
hybrid solvers, and unsteady shedding from the side walls
of the ship structure was observed. Quon et al. [7] called
the interactions with unsteady shedding “chaotic.” Farish
et al. [8] also observed noticeable differences between the
data sets for probes A and D. They concluded that even
small differences in sample locations lead to significant dif-
ferences in measured flow quantities.

The reason behind the sensitivity can be explained by the
location of probes A and D. In Figure 9, the average veloc-
ity is shown on a horizontal plane located 0.1 m above the
landing deck. It can be seen that probes A and D were in



(a) Probe A (b) Probe B (c) Probe C (d) Probe D

(e) Probe E (f) Probe F (g) Probe G (h) Probe H

Figure 8: Average velocity magnitudes normalized by freestream velocity for probes A-H obtained by Rosenfeld
(Carderock) [4] for 1:100 scale ship model and 1:50 scale ship model, LBM simulation with NSFS2 = 700 resolution
for 1:50 scale ship model. z/SH is the distance measured from landing deck surface normalized by ship height
(SH=0.335 m for 1:50 scale, SH=0.168 m for 1:100 scale), positive up.

Figure 9: Time-averaged velocity magnitude 0.1 m over
the landing deck with probe locations shown.

the vicinity of a shear layer, where the flow gradients were
intense. As a result, a slight variation of the probe locations
A and D can yield significantly different measurements.
This is made further evident by extracting velocity values
at slightly shifted probe locations. In Figure 10, results are
plotted for probe A at its original location, as well as for
two locations which were obtained by shifting the probe by
10 and 20 mm towards the port side, respectively. Clearly,
as the probe was shifted towards the port side, the LBM
results agreed better with the Carderock measurements.

It is likely that due to the mid-fidelity nature of the current
study and relatively coarse grid resolutions, the LBM could
not exactly obtain the location of the shear layer near probe
A, because small unsteady structures that may have in-
duced the strong asymmetries were not resolved. More sig-
nificant unsteady shedding and, consequently asymmetry,

might have been obtained using curved slip-wall boundary
treatments applied by Fernandez et al. [28], but this would
need further investigation. Apart from the near-landing
deck region on the port side, the LBM predicted the flow
field very well. A closer look at the flow fields on the land-
ing deck is provided in the following section.

Figure 10: Average velocity magnitudes normalized by
freestream velocity at probe A, probe location shifted 10
mm port side of probe A, and probe location shfited 20
mm port side of probe A, obtained by LBM simulation
with NSFS2 = 700 resolution for 1:50 scale ship model
compared with experimental probe data by Rosen-
feld (Carderock) [4]. z/SH is the distance measured
from landing deck surface normalized by ship height
(SH=0.335 m for 1:50 scale, SH=0.168 m for 1:100
scale), positive up.



(a) Plane A

(b) Plane B

(c) Plane C

(d) Plane D

Figure 11: Time-averaged in-plane velocity magnitudes
normalized by freestream velocity, Vxz/U∞, from PIV re-
sults provided by Rosenfeld et al. [4] on left and results
of LBM on right for the planes where probes A, B, C,
and D are located, both for ReL = 2.9× 106 under uni-
form inflow conditions.

Flow Field Comparisons

Flow field results from the final configuration of the LBM
simulation were compared to the available data. Rosenfeld
et al. [4] provided time-averaged in-plane velocity normal-
ized by the inflow velocity, VXZ/V∞ obtained by PIV at

planes where probe A, B, C, and D were located for the
1:100 scale model. Because the Reynolds number of the
1:100 scale cases was ReL = 2.9× 106, these results were
directly comparable to those from the present LBM com-
putations.
Minor asymmetries were observed [4] in the PIV results,
similar to the ones shown in the velocity probe data. Re-
call that planes A and D were located symmetrically with
respect to the center plane of the ship, and planes B and C
were also located symmetrically with respect to the center
plane of the ship. In the PIV results [4], which can be seen
on the left-hand side of Figure 11, one can see the asym-
metry between plane A and plane D. LBM results matched
excellently with PIV results for plane A, plane B and plane
C. The LBM results were symmetric for planes A and D.
For the PIV results of Rosenfeld et al. [4], plane D had a
slightly shorter separation region, which was adjacent to
the hangar. LBM did not obtain the small separation region
obtained by PIV at plane D. Rather, it obtained a separation
region more like the one in plane A. Still, plane D results
obtained by the LBM showed acceptable agreement.

(a) PIV [9]

(b) LBM

Figure 12: Time-averaged streamwise velocity normal-
ized by freestream velocity, u/U∞, obtained from PIV
[9] for ReL = 3.1× 106, and from LBM for ReL = 2.9×
106, both for uniform inflow conditions at the center-
plane of the landing deck.

In Seth et al. [9], time-averaged streamwise velocities and



time-averaged vertical velocities were provided at the cen-
ter plane of the landing deck for a Reynolds number of
ReL = 3.1×106 under uniform inflow conditions. The dif-
ference between the Reynolds number for the case run in
LBM (ReL = 2.9 × 106) and PIV data provided [9] was
small, and so the results were deemed comparable. In Fig-
ure 12, it can be seen that the LBM results and PIV results
of Seth et al. [9] were very similar. The recirculation re-
gions showed good agreement between the LBM results
and PIV data, and the overall flow topology correlated well
with the PIV results [9].

It is important to correctly predict vertical flow velocity
gradients behind the hangar, as these gradients directly im-
pact rotor thrust for rotorcraft operating near this region.
These gradients were visualized by averaging the vertical
velocity. In Figure 13, the time-averaged vertical velocity
was compared with the PIV results [9].

(a) PIV [9]

(b) LBM

Figure 13: Time-averaged vertical velocity normalized
by freestream velocity, w/U∞, obtained from PIV [9] for
ReL = 3.1×106, and from LBM for ReL = 2.9×106, both
for uniform inflow conditions at the centerplane of the
landing deck.

In Figure 13, it can be seen that the result obtained by LBM
resembled the PIV results [9]. However, it was quite inter-
esting that the recirculation region obtained by LBM en-
closed a small region (Figure 13, blue region inside red re-
gion) where the flow convected toward the landing deck

(ground). This was not observed [9] in the PIV measure-
ments. In the context of a helicopter landing approach, this
discrepancy would not pose a problem, as the main rotors
of the aircraft do not significantly interact with the small re-
gion at the corner of the landing deck and the hangar. Apart
from this minor difference, the size of the recirculation re-
gion was found to be almost identical to the PIV results.

Thus far, the centerplane time-averaged PIV data of Seth
et al. [9] showed that the LBM predicted the flow topology
well. However, obtaining time-averaged quantities is not
enough to show that LBM would be a suitable method for
being used in ship–rotorcraft interaction simulations. Tur-
bulence quantities also need to be correctly predicted for
this application because the interaction of the ship airwake
turbulence with helicopter rotors is one of the fundamental
reasons why ship deck landing is so challenging. Conse-
quently, turbulence quantities also need to be investigated
to prove the capabilities of LBM.

(a) PIV [9]

(b) LBM

Figure 14: Streamwise turbulence intensity normal-
ized by the freestream velocity, u′rms/U∞, obtained from
PIV [9] for ReL = 3.1× 106, and from LBM for ReL =
2.9×106, both for uniform inflow conditions at the cen-
terplane of the landing deck.

Figure 14 shows that LBM predicted the streamwise tur-
bulence intensity well. The streamwise turbulence inten-
sity in the freestream was lower compared to the PIV re-



sults. LBM predicted lower turbulence intensities behind
the hangar, while PIV results showed moderate turbulence
intensity behind the hangar. The high turbulence intensity
region was relatively closer to the hangar in the PIV re-
sults; on the other hand, the high turbulence intensity re-
gion stretched more to the stern in the LBM results. Be-
sides these minor differences, the LBM results correlated
well with the PIV results [9], especially for a computation-
ally efficient mid-fidelity approach.

There might be a few reasons behind these differences in
turbulence predictions. First, the bounce-back boundary
condition applied to the SFS-2 body may have suppressed
turbulence formation behind the hangar. Also, the D3Q19
velocity set used for simulations is known to be inferior
compared to the D3Q27 set in terms of resolving turbu-
lence. Using the D3Q27 set, which incorporates addi-
tional lattice isotropy, might have led to better turbulence
results; however, the D3Q27 set requires additional mem-
ory resources and leads to additional memory read/write
operations during calculations, so the computational per-
formance would be negatively affected.

(a) PIV [9]

(b) LBM

Figure 15: Vertical turbulence intensity normalized by
the freestream velocity, w′

rms/U∞, obtained from PIV [9]
for ReL = 3.1×106, and from LBM for ReL = 2.9×106,
both for uniform inflow conditions at the centerplane of
the landing deck.

The same observations for the streamwise turbulence in-

tensity can be echoed for the vertical turbulence intensity
results shown in Figure 15. Again, LBM predicted a low-
turbulence region behind the hangar and high turbulence in-
tensity region farther from the hangar compared to the PIV
results [9]. The vertical turbulence intensity was underpre-
dicted by LBM in terms of overall magnitude, although the
general behavior/topology correlated well with the PIV re-
sults [9].

(a) PIV [5]

(b) LBM

Figure 16: Time-averaged velocity magnitude normal-
ized by the freestream velocity, Ū/U∞, PIV results [5]
and LBM results both for ReL = 2.9×106 in the center-
plane for uniform inflow conditions.

In Sydney et al. [5], the centerplane time-averaged veloc-
ity magnitude normalized by the freestream velocity was
provided for ReL = 2.9 × 106. The PIV measurements
were performed for a 1:100 scale SFS-2 model at the same
Reynolds number as the LBM calculations. In Figure 16,
it can be seen that LBM predicted the flow topology and
velocity magnitudes very well over the entire ship center-
plane. The separation region behind the funnel was slightly
more stretched for the LBM results in comparison to the
PIV data. Comparing LBM results with probe data and
PIV data by Rosenfeld et al. [4], and with PIV data by Seth
et al. [9], it was shown that the current LBM model was
able to resolve the flow characteristics on the landing deck
accurately. This comparison with the results from Sydney
et al. [5] allowed to validate the LBM’s consistent accuracy
over the entire ship for the mean flow velocities, at least in
the centerplane.

CONCLUSIONS

The SFS-2 ship model was simulated with uniform inflow
conditions using the Lattice-Boltzmann method (LBM).
The obtained results were compared with measurement
data from multiple experimental tests using 1:50 scale and
1:100 scale ship models for the same Reynolds number. A
convergence study was conducted, yielding a good com-
promise between physical accuracy of the results and com-
putational expense. The final simulation configuration re-
quired three hours and 25 minutes of simulation wall-clock
time using eight GPUs on a local GPU cluster, which is
only a fraction of the computational expense of more con-
ventional high-fidelity CFD solvers. The results indicated



that the LBM model was well suited for quick estimates on
large computational problems, and that it is likely sufficient
to be used in piloted ship deck landing flight simulation ap-
plications where time-efficient flow field computations are
necessary.

From this computational investigation, the following spe-
cific conclusions have been drawn:

1. The predicted flow topology and magnitudes obtained
for the mean flow field correlated well with the PIV
flow field and velocity probe (point) measurements,
and sensitivities to exact probe locations were noted.

2. The predicted streamwise turbulence intensity field on
the landing deck correlated well with PIV results, ex-
cept for the recirculation region downstream of the
hangar door, where turbulence intensities were under-
predicted. The vertical (or wall-normal) turbulence
intensity was underpredicted over the entire landing
deck up to the hangar height.

3. Using a Cartesian grid and a resolution of NSFS2 = 700
computational cells per ship length, convergence in
mean and turbulence quantities was obtained. Using
the developed LBM model for this flow, the conver-
gent grid resolution cannot be decided by solely mon-
itoring the averaged quantities. Although the simu-
lation with NSFS2 = 600 was converged for the mean
flow, it was not for the turbulence quantities.

4. Saving much computational expense, an even coarser
resolution of NSFS2 = 400 produced results that were
largely acceptable for the mean flow, except for the
region that was very close to the landing deck (i.e.,
z/SH < 0.1) that is less important for a rotorcraft land-
ing approach. Depending on the objectives of a certain
simulation, sacrificing some accuracy in the flow field
prediction might be a worthwhile trade-off, depending
on the desired or needed fidelity levels of the aerody-
namic solution (e.g., if used as input into rotorcraft
flight dynamics simulations). For NSFS2 = 700 the to-
tal simulation time was three hours and 25 minutes,
for NSFS2 = 600 it was one hour and 50 minutes, and
for NSFS2 = 400 it was less than 50 minutes.

5. The measurements showed an asymmetry between
port- and starboard-side flow velocities. While the
LBM did not predict this flow asymmetry at the exact
probe locations used in the experiments, by slightly
shifting the probe locations in the simulations, agree-
ment with the asymmetric experimental data was im-
proved. Additionally, it was seen that certain probe
measurements were very sensitive to location, due to
their proximity to a strong shear layer. Based on
these observations, it was determined that the LBM
resolved the major features of the flow field, but may
not have exactly predicted the location of the strong
shear layer above the landing deck.

6. Using only eight local GPUs, the computational ef-
ficiency of the LBM was demonstrated by obtain-
ing results in orders of magnitude less time (three
hours and 25 minutes for the converged solution with
NSFS2 = 700 cells per ship length) than high-fidelity
CFD simulations (order of days and weeks on large
HPC infrastructure).
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