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Abstract 

 

This paper gathers the experience gained in exploring the possible setups for a new computational method-

ology to evaluate the aerodynamic field on ship decks. With respect to the legacy approach used in Leonar-

do Helicopters Division, the new workflow tries to erode the conservativism limits assumed on the results by 

improving the accuracy of the outcomes. All steps of have been tailored to be as general as possible, in or-

der to be automatable for industrial applications. The main impact of the improvement in aerodynamics will 

be presented through its effect on the rotor loads during start-up manoeuvers.  

 

1. NOTATION1 

Hereafter the most used symbols and acronyms can 

be found listed in alphabetical order. 

Symbols:  

𝑘 Turbulence kinetic energy [J/kg] 

𝜀 Rate of dissipation [J/kg·s] 

𝜔 Specific rate of dissipation [1/s] 

𝑢 Velocity [m/s] 

∆𝑡 Timestep  [s] 

∆𝑥 Differential distance [m] 

𝐿𝑠 Ship overall Length [ft] 

  

Acronyms:  

AW 

BC 

CFD 

CFL 

AgustaWestland 

Boundary Condition 

Computational Fluid Dynamics 

Courant-Friedrichs-Lewy 
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DDES 

DES 

ISA 

LES 

LHD 

RANS 

SAS 

SBES 

SDR 

SL 

Delayed Detached Eddy Simulation 

Detached Eddy Simulation 

International Standard Atmosphere 

Large Eddy Simulation 

Leonardo Helicopters Division 

Reynolds-Averaged Navier-Stokes 

Scale-Adaptive Simulation 

Stress-Blended Eddy Simulation 

Specific Dissipation Rate 

Sea Level 

SRS 

TBL 

TKE 

TVR 

URANS 

Scale Resolving Simulation 

Turbulent Boundary Layer 

Turbulent Kinetic Energy 

Turbulent Viscosity Ratio 

Unsteady RANS 

  

  

2. INTRODUCTION 

Ship operations represents for rotary-wing aircrafts 

one of the most demanding scenarios from an oper-

ational point of view. Moving towards certification by 

simulation and digital twins covering the whole air-

craft life cycle, being able to properly capture even 

such complex scenarios becomes a concrete objec-

tive. This study represents an important step in that 

direction, aiming to describe a computational meth-

odology to evaluate the aerodynamic field on ship 

decks and its impact on rotor loads applications 

during start-up manoeuvers. The drive for accuracy 

naturally comes from the desired output estimation, 

but it must be borne in mind that each point taken 

away from accuracy goes in favor to computational 



 

 

Figure 1: SFS2 model 

time. Technical analyses are always subject to the 

pace given to the whole program: from there comes 

the need for an efficiency/accuracy tradeoff study. 

From an aerodynamic standpoint, the bluff-body 

separations taking place downstream of most ele-

ments on deck, along with separating shear layers 

and vortices interactions, makes the problem the 

most specific and case-dependent for a helicopter 

operational environment. The first step of this study 

is an investigation into several numerical setups, 

presenting limits and advantages of the possible 

modeling of the airwake. Once a promising setup 

had been found, simulations for unsteady data ac-

quisitions at different azimuthal directions of the 

incoming wind were performed, and their results 

compared with respect to a legacy approach. These 

data have then been tested and compared in gener-

ating wind boxes for aeroelastic simulations for rotor 

start-ups, giving the sense of the actual impact of 

such formulations on rotorcraft applications.  

 

3. PROBLEM DESCRIPTION 

3.1. Aerodynamics Perspective 

Several studies, among which [1] and [2], tried to 

assess the problem correlating wind tunnel experi-

mental campaigns with computational fluid dynamics 

simulations, providing resourceful insights and data-

bases for literature ship models, such as the SFS 

and the SFS2 (as thoroughly explained in [1], Simple 

Frigate Shape, first and second model respectively). 

From that reference geometry, this investigation has 

the objective to find general guidelines to approach 

the study of an arbitrarily shaped ship.  

Naval ship operations are often demanding for heli-

copters as clearly demonstrated in [3] and [4], and 

the effects they have on helicopters design influence 

different aspects of their operational life. From land-

ing manoeuvres, described in [5], to rotor startup 

procedures, the impact of the turbulent airwake act-

ing on the deck is highly influencing; from there 

comes the need to know the frequency content, the 

topological aspect of the wake and the interactions 

with the aircraft aerodynamics. For this reason, the 

possible CFD setups in literature explored different 

possibilities for SRS to assess the preservation of 

the energy content for diverse frequencies, as in [6], 

[7] and [8]. The present study took into account all 

past explorations of the spectrum of possibilities. 

Flight handling qualities, as well as airloads, are 

strongly affected by this unsteady flow field, whose 

peculiarity changes from one ship to another as well 

as with the relative angle between the ship orienta-

tion and the incoming wind.  

Naturally, the specificity of the output expected from 

every single specific analysis is the only determinant 

factor in the quality requests. It is also true, however, 

that the airwake retains the same characteristics 

regardless of the output: therefore a few salient as-

pects are key factors is justifying the need for this 

study. Moreover, the real added value is the optimi-

sation of the process, made possible by the com-

prehension of the physics of the problem at hand 

and the consequences of each single choice in the 

steps followed during the building process of the 

analysis to perform. 

3.2. Rotor Loads Perspective 

Subsequently, this study will attempt to find the best 

possible strategy to study the impact of said air-

wakes on airloads estimation of the rotors of helicop-

ters stationing on deck. Many literature references 

approached the wide world of ship operations; in [9] 

the airloads on the rotor are the object of the study, 

and in [10] the effect of unsteady wakes on loads 

considers both rotors and fuselage, and its effect on 

pilot workload during flight close to ships. The pecu-

liar application presented here, however, will be 

compared with respect to the legacy approach inter-

nal to the company for the specific application of 

start-up procedures. 



 

 

 

Figure 2: main rotor aeroelastic model used for start-
up manoeuvers analyses 

The airloads acting on the rotors become particularly 

relevant in the startup procedure because rotor 

blades do not benefit of the centrifugal stiffening 

contribution and therefore are more prone to flap-

ping motions and flap/droop stop contacts. Along 

with that, the absence of inertial stiffness makes also 

the blades sensible to dangerous resonance fenom-

ena, and the frequency content of the airwake can 

become relevant for those evaluations.  

 

4. AERODYNAMICS METHODOLOGY ESTAB-

LISHMENT PROCESS 

4.1. General 

The aerodynamic analyses have been carried out by 

means of finite volumes CFD simulations, exploring 

diverse possibilities in terms of meshing, numerical 

schemes, timestep and computational performance. 

The results have been referenced to the intended 

function of the data produced, in terms of the effect 

of the airspeed fluctuations on airloads estimation.  

4.2. Computational Domain 

The literature available proposed a variety of possi-

ble scenarios for the domain description, and here is 

where the need to optimise the methodology was 

most felt since the beginning. From [1] and [6] ap-

peared as evident the need to have a domain where 

the boundary conditions were imposed at about five 

times the main dimension of the ship model, given 

that it seemed the least dimension sizing were the 

field gradients of the BC imposition were not affect-

ing anymore the flow topology and development. 

Some studies, such as [7], proposed a different ap-

proach based on a scaled model, interesting for the 

SFS2 specific case, which is not completely Reyn-

olds-driven in its methodology (as clarified in [11]), 

but the limitation in the applicability on other geome-

tries and test cases made it less relevant to the pur-

pose of this study. This fact comes from a funda-

mental need in this kind of simulations: the airloads 

need to be mapped for all possible azimuths of in-

coming wind, which makes this problem even more 

comprehensive in terms of computational domain. 

In fact, in the industrial approach to ship operations 

for helicopters on deck, the investigation must pur-

sue different wind velocities and all possible azi-

muths, because otherwise either the helicopters 

utility or the ship usage clearance would have to be 

limited. This makes the number of simulations re-

quired for each aircraft-ship combination to rise con-

spicuously. Literature is rich of examples of CFD 

derived data for piloted simulations; one of the first 

studies is paper [12], which led to many other in-

stances of building and validating an entirely simula-

tive environment, whose purposes can actually vary.  

How to build the best possible mesh was nonethe-

less an interesting task to fulfill: the impact on the 

computational time in a real-life application was not 

negligible at all. Since the ultimate objective was to 

assess a methodology widely applicable, the natural 

choice for volumetric elements was a fully unstruc-

tured mesh. Real life applications of CFD study of 

ships need to take into account a plethora of possi-

ble structures, with various sizes and shapes, and 

therefore building a structured mesh of sufficient 

qualities inside the usual time schedule requested in 

companies is often unfeasible. For the very same 

reason the choice of triangular surface elements 

was the simplest one to allow the simulation of arbi-

trary shaped elements. 

 

Figure 3: whole domain zones discretization 



 

 

 

Figure 4: cylinder zones discretization 

 

Figure 5: inner cylinder zone outer mesh 

 

Figure 6: ship mesh positioning inside the domain 

Let us outline the implemented steps to research the 

best possible industrial workflow to assess the prob-

lem. The basic requirements were these: 

• The domain description needed to be as 

general as possible. The same domain 

needed to be built just once, to be able 

to adapt to all possible incoming azi-

muths of the wind, to have the possibility 

to comprehend different scenarios and 

modeling needs. 

• The mesh building process needed to 

be applicable to all possible ship geome-

tries from scratch, depending on the 

problem at hand and on the client of the 

analysis. The model needed to be effi-

cient also in terms of cell generation, 

modeling those features that do not af-

fect excessively the quality of the solu-

tion. Moreover, the most parts of the 

domain common between different cas-

es, the better. 

This two points were utterly relevant to limit the 

computational cost of such analyses, given the di-

rect link existing between mesh size and memory 

request, influencing then the computational time. 

Along with that, the generality of the domain poten-

tially saves hours in preprocessing and case-

building. Therefore, the best outcome was made of a 

domain of this kind: 

• an outer box with side long 5Ls (Ls = 

length of the ship, in this case 455 [ft]) 

boxed with a cutcell approach, as to ex-

ploit the regularity of such geometry and 

saving cells in the least relevant area. 

This box is 0.75Ls tall and holed in the 

center. 

• an inner cylinder of diameter 2.5Ls 

meshed with hexahedral approach, once 

again to save cells, helped from a tetra-

hedral buffer layer in order to be able to 

adapt to its boundaries and peel layers 

for a smooth size change transition. This 

cylinder is 0.75Ls tall as well, but has a 

cut out portion in the lower central re-

gion. 

• a smaller cylinder inside the first one, 

0.375Ls tall and with 1.25Ls diameter, 

meshed in smaller hexahedral elements 

enclosing the ship itself and its volumet-

ric prism layers (which topologically 

constitute the inner volume region). 

The outer box helped the simplification of BCs, hav-

ing always the same inlet and the same outlet; 

therefore, the same BCs can be kept for all azimuths 

simulated at the same airspeed. Moreover, splitting 

the outer mesh, apart from helping in saving cell 

count with different refinements, allows the analyst 

to avoid generating different cases of changing any-

thing among different conditions. 

In particular, given the possibility to establish non-

conformal interfaces in Ansys Fluent ©, the azimuth 

angle can be imposed simply by rotating the outer 



 

 

box with respect to the inner mesh; being extremely 

light in cell count, the operation is extremely agile 

and fast to perform. Such shrewdness can become 

relevant in saving computational times for industrial 

applications, when there is the need to perform hun-

dreds of CFD cases for each ship geometry.  

The mesh refinement was guided by the needs of 

the results. The subdivision of the cylinder into an 

outer and an inner cylinder helped one more time to 

save cells and preprocessing time; in particular, 

down to the inner cylinder, which actually compre-

hends the ship geometry, all the other volume zones 

can be saved and then reused for all ships of the 

same class and similar length. This is yet another 

advantage of such approach.  

A practical example would be the simulation of an 

aircraft carrier ship, where the long deck could make 

prism layers and wall turbulence management rele-

vant. In such a case, the entire domain apart from 

the inner cylinder could be built just once, and only 

the zone enclosing the ship’s geometry be adjusted 

depending on the freestream wind velocity (given 

the different requirements for wall management). 

Furthermore, the subdivision in inner and outer cyl-

inder intrinsically works as a direction-insensitive 

refinement region, making the mesh once more suit-

ed for all-azimuth simulations. 

As general rule, per legacy approach, in aerodynam-

ic load estimation the flow field needs to be discre-

tised at over 20 locations per blade radius. For es-

tablishing the best CFD setup, a fictional main rotor 

centered at 5 [m] from the ground and with a 6 [m] 

main rotor radius was chosen; this would correspond 

to a 30 [cm] discretised volume region. (It is im-

portant to notice that the example rotor used for the 

methodology optimisation is not the same used in 

the aeroelastic study, where an actual main rotor 

architecture from AW lines was used to evaluate the 

outcomes in a more relevant manner). From there, a 

refinement box was imposed inside the inner cylin-

der, right above the deck where the helicopter is 

supposed to be on the ship, and as general as pos-

sible with respect to incoming wind.  

Such refined region is intended to include all possi-

ble motions of the blade during the subsequent 

aeroelastic analysis, and on the cell zones node the 

values of x velocity, y velocity and z velocity will be 

collected to build the wind maps used for the afore-

mentioned coupled simulation. 

After an initial study via RANS simulations on differ-

ent introductory meshes, it became clear that all 

superstructures on the ship deck needed to be in-

cluded in a ship refinement region, in order to avoid 

excessive TVR in the separated zone; that also 

helped preserving the correct wake structure down 

to the helicopters location without excessive dissipa-

tion. Specifically, a refinement box of sizes Ls x Ls/4 

x Ls/4 was defined and centered at (Ls/4, 0, Ls/8), 

being z=0 the sea surface.  

Then, following all these indications and findings 

listed above, two different meshes, being the best 

candidates, were chosen to be tested with different 

numerics in order to find the best overall compro-

mise between accuracy and efficiency.  

In conclusion, the result would look like this: 

 

 

Figure 7: high resolution mesh (y=0 plane) 

  

 

 

 

Figure 8 a) and b): low resolution mesh (y=0 plane) 

The outer box is the only one with quadrangular 

faces all around its surfaces and its sides are discre-

tized into 140 cubic cells. With the inner cylindrical 

hole, the total count of cells for the outer box is 2M 

elements. 

The high resolution mesh encloses the entire ship 

geometry with the same mesh resolution required for 

the rotor zone. This led to a mesh cell count of 



 

 

around ~71M, against the ~13M cells of the low 

resolution mesh. 

4.3. Numerical Setup 

In terms of boundary conditions imposed on the 

surface zones, most of the simulations exploited a 

no-slip wall boundary condition only on the ship sur-

faces, a slip wall BC on lower and upper surfaces 

and a pressure inlet / pressure outlet BC setup for 

the two faces respectively at minimum x-axis and 

maximum x-axis coordinate of the outer box. (Some 

introductory studies with different BCs to further 

enhance the physical representation are reported in 

the future works subsection). To compare properly 

with available literature results for the SFS2, ISA SL 

were considered for atmospheric conditions, with a 

freestream velocity of 40 [kts]. Three different azi-

muths were simulated: headwind, Green 45° and 

Green 90° wind directions. These setups were 

common between all simulations, while the investi-

gation went on changing all numerical schemes 

about governing equations and space-time discreti-

zation. 

Naturally, the first step was performing a precursor 

RANS simulation in order to establish a baseline 

with respect to legacy approach and also to evaluate 

the mesh quality for further steps into unsteady 

modeling. Through all simulation setups, the RANS 

turbulence closure was always operated via kw-sst 

model, both in RANS/URANS as well as for the un-

resolved portion of the domain during LES-type sim-

ulations.  

The following steps sum up the procedure followed 

to evaluate the relationship between mesh resolution 

and simulation accuracy before embarking in costly 

transient simulations.  

For a LES-type simulation is important to assess 

beforehand the amount of TKE that will be properly 

solved and not modeled via RANS turbulence clo-

sure. 

The main quantity of relevance is the ratio of grid 

length scale to integral length scale: 

𝑅𝐿 =  
𝛥𝑚𝑎𝑥

𝐿𝑡
𝑅𝐴𝑁𝑆 

𝐿𝑡
𝑅𝐴𝑁𝑆 = (

𝑘3/2

𝜀
) 

The higher RL, the lower resolution is provided to the 

simulation. (It can be clearly seen from the second 

formula that a two-equation turbulence method is 

required to evaluate the grid length scale). 

Considering L as the smallest resolved eddy scale, 

and that we need at least a couple cells in each 

direction to solve it, the main dimension of the cells 

capturing such a vortex will be ∆ = 𝐿/2 . 

Table 1: Cumulative TKE vs length scale of eddies 

 𝑳/𝑳0 𝐿0/∆ 

k(L) = 0.1k 
(10%) 

6.10 0.33 

k(L) = 0.5k 
(50%) 

1.60 1.25 

k(L) = 0.8k 
(80%) 

0.42 4.80 

k(L) = 0.9k 
(90%) 

0.16 12.5 

 

The goal was to resolve 80% of the turbulent kinetic 

energy (that is usually the reference value for LES-

like formulations); then, we need to resolve the ed-

dies whose sizes are larger than roughly half the 

size of the integral length scale 𝐿0. 

It is a good practice to have at least 5 cells (rounding 

up 4.8) across 𝐿0 to resolve 80% of the k spectrum; 

10-12 cells per 𝐿0 can warrant a better 90% resolu-

tion of the energy spectrum in the regions of interest. 

Once defined the integral length scale, the number 

of cells per 𝐿0 can be assessed assuming that  

∆ =  √𝑪𝒆𝒍𝒍𝑽𝑶𝑳𝑼𝑴𝑬
𝟑   

This naturally holds exactly true only for cubical 

cells, and becomes less and less accurate with in-

creasing aspect ratios or with changing cell shape. 

For our domain, where most is covered via hexahe-

dral elements, this is an acceptable assumption. 

For the methodology optimisation study, the simula-

tion has been run for 1000 iterations, with an equiva-

lent CFL number of 200 (“equivalent” because in 

steady simulations, the CFL parameter can be con-

sidered more of an under-relaxation tuning factor); 

all solvers were set to second-order accuracy in 

space. 



 

 

Table 2: Numerics Comparison 

 

In Figure 9 and Figure 10, it can be seen that the 

region of interest is well resolved following this crite-

ria, being cut out of the contoured region of the y=0 

plane.  

Clipping the contour plot of the L0 over Δ ratio, the 

coloured zones are the ones where the TKE is un-

der-resolved with respect to the desired target. It is 

worth noticing that the zone of interest (above the aft 

deck) was always resolved even for the low resolu-

tion mesh, also for non-headwind conditions (Figure 

11 and Figure 12). 

 

Figure 9: lengths ratio contours headwind high 
resolution mesh 

 

 

 

Figure 10: lengths ratio contours headwind low 
resolution mesh 

 

Figure 11 (a, b): lengths ratio contours for green 45 
condition low resolution mesh 

Method Mesh Solver Time Pressure Momentum 

RANS Low Res. Coupled - 2nd order 2nd order 

RANS High Res. Coupled - 2nd order 2nd order 

URANS Low Res. Coupled Bounded 2nd implicit 2nd order 2nd order 

SAS Low Res. Coupled Bounded 2nd implicit 2nd order Centr. Diff. 

SAS High Res. Coupled Bounded 2nd implicit 2nd order Centr. Diff 

SBES Low Res. Simplec Bounded 2nd implicit 2nd order Bound. C. D. 

SBES High Res. Simplec Bounded 2nd implicit 2nd order Bound. C. D. 



 

 

   

 

Figure 12: lengths ratio contours for green 90 
condition low resolution mesh 

The methodology study proceeded without any prej-

udice, taking into account RANS and URANS simu-

lations as well as hybrid methods. Hybrid methods 

are usually well suited for globally unstable flows 

such as these, and giving the extreme dependency 

of the flow behavior on azimuth and ship geometry, 

standardizing guidelines for a zonal LES would have 

hardly been feasible.  

For this reason, as far as SRS were concerned, the 

best-suited models were deemed to be SAS and 

SBES. Both models are available in (and had been 

developed by) Ansys Fluent ©. SBES in particular 

promised a fast transition to LES mode after separa-

tion, particularly relevant if the helicopter rotor ex-

tends in a zone close to where the separation hap-

pens. In literature, a canonical version of DES was 

proficiently applied in [6], as well as SAS in [7]; 

pushing the limit further to LES was possible with 

some adaption, as shown in [8]. However, no stud-

ies had yet tried to apply the SBES formulation to 

this family of problems at the time in which this in-

vestigation took place. 

In evaluating the best compromise for timestep size, 

different solutions have been tried. 

𝐶 =
𝑢∆𝑡

∆𝑥
 

Computing the Courant equal to 1 value for the zone 

of interest, so the rotor refinement box, the resulting 

timestep was ~0.015 [s]. 

It became also clear that giving the hybrid approach 

of this simulations, simply computing the timestep 

required for having Courant equal to 1 everywhere is 

neither useful nor feasible for getting timely results. 

As an example, if building prisms on the SFS2 for 

wall function TBL management, for our simulation 

the timestep would have been ~3x10-6 [s]. For the 

same reason, adaptive schemes for automatic 

timestep computation are not suited for these appli-

cations, and the analyst should proceed beforehand 

with an appropriate dimensional analysis. 

The settings reported in Table 2 are the ones that 

showed the best behaviour for each solver; best 

here is intended as stability and convergent trend 

over a long period of acquisition (~x101 [s]). The 

quality of the result for each model however was 

once again strictly related to the ship orientation and 

will be discussed in the next chapter. 

In conclusion, the best approach to time discretiza-

tion fitting all simulations featured: 

- 1000 iterations in RANS mode 

- 2000 iterations at 5x10-4 [s] with 20 spatial 

sub-iterations 

- 1000 iterations at 1x10-3 [s] with 20 spatial 

sub-iterations 

- 1000 iterations at 1x10-3 [s] with 10 spatial 

sub-iterations 

- 30000 iterations at 1x10-3 [s] with 10 spatial 

sub-iterations 

Last step is referred to those iterations where the 

results were acquired to be analysed and compared 

in terms of frequency content and mean velocity 

profiles, other than computing the average computa-

tional cost. These progression of settings was func-

tional to ensure stability of the solution and a proper 

convergent trend. 

Another important note to make is that these numer-

ical settings evaluation happened in the first part of 

the work, with acquisition times and post processing 

intended to compare to literature results, in order to 

assess which model was the most promising.  

After this phase, a new set of simulations, intended 

to mimic the suggested setup for production runs, 

was performed from scratch to gather the data then 

provided for the rotor loads analysis. Those results 

will be presented in the next chapter.  

Residuals in spatial sub-iterations exhibited the cor-

rect trend, decreasing on average of about one or-

der of magnitude each time. However, the total sub-

iterations per timestep necessary to have an overall 

decreasing trend in residuals among timesteps were 

strongly dependent on the flow topology (in our ap-

plications, this meant azimuth), and always over 5. 

10 spatial iterations per timesteps attested to be the 



 

 

best overall value. Increasing the number above ten 

did not improve the overall trend versus simulated 

time. 

Imposing CFL=1 everywhere or either letting the 

code compute an adaptive timestep automatically, 

were naturally the best performing approaches in 

convergence terms, with residuals on average two 

orders of magnitude less than the ones obtained 

with imposed timestep size. However, being the 

acquisition time of the goal methodology determined 

by the rotor dynamics, the simulations would have 

taken thousands of times the hours they take with 

the final timestep chosen. 

4.4. Performance Analysis 

The actual impact on the quantities used in engi-

neering applications needed to be assessed, in or-

der to verify which was the best possible compro-

mise between accuracy and computational time. 

All simulations were performed on the same hard-

ware, in order to be able to compare only the per-

formance advantages given by the model itself, and 

in a range where both mesh resolutions were still in 

the linear speedup range of parallel load sharing 

performance. All simulations were executed on a 

512 cores setup, exploiting 16 cores nodes with intel 

Xeon processors.  

The subset of data reported hereafter are referred to 

the four scale resolving simulations considered the 

most promising and constituting the core source of 

data for all the analysis. 

 Table 3: computational performance 

  

These discrepancies are also deriving from the dif-

ferent pressure solver between the two formulations; 

the setups, as mentioned above, were found to be 

the best compromise between accuracy and stability 

for each model, and that makes this comparison 

relevant to the analyst who is asked to embark in a 

simulation of this kind. 

5. AEROELASTIC ANALYSIS 

Aeroelastic simulations are performed by means of a 

multibody model by means of MSC AdamsTM soft-

ware Main rotor model reproduces the fully non-

linear kinematics of the system along with blade 

flexibility and its aerodynamics through a panel dis-

tribution. 

Conditions simulated in this context are transient 

rotor start up coupled with the wind described by 

CFD computed maps; a graphical example of such 

maps is shown in Figure 13 where Vx, Vy and Vz 

gain w.r.t. the free stream are depicted. These ap-

plied wind maps remain constant during the whole 

transient run-up of the rotor while the blades move 

inside this field. The model represents a mid-level 

coupling between the aerodynamics and the struc-

tural analysis, since the rotor motion do not release 

wake nor modifies the aerodynamic field around. 

This however is considered a satisfactory hypothe-

sis, since the most critical conditions happen with 

very low pitch of the blades starting at null transla-

tional speed. In such conditions there is almost no 

lift generation by the rotor disk, and therefore no disk 

loading. 

 

 

 

Figure 13: CFD Map example: Vx, Vy and Vz 

Usually, the major focus in this kind of analyses is 
on the out of plane bending of the blade since the 
centrifugal stiffening effect is not present in the first 
time instants of the simulation and the blade is free 

Model 
SAS  

(low res.) 
SBES  

(low res.) 

SAS  
(high 
res.) 

SBES 
(high 
res.) 

Average 
wall clock 
time per 
iteration 

[s] 

0.559 0.387 3.595 2.188 



 

 

Figure 14: schematics of the scanplanes  
above deck 

Figure 15: map1c contours comparison for average u-velocity component 

to experience huge flapping motion, sometimes 
reaching the flap stops with consequent impact. 

For these simulations, a realistic rotor model close to 

the ones used for the AW family, complete with all 

the hub controls and links, was used in order to have 

a reliable sensitivity to the outcomes. 

 

6. RESULTS 

The first group of simulations spaced all the possible 

settings in RANS and URANS simulations. RANS 

was set with kw-sst turbulence closure model and 

coupled solver for pressure-velocity fields; the solver 

ran for 1000 iterations, and the results were aver-

aged over the last 100 iterations to smooth any nu-

merical scatter that could affect such an unstable 

flow. 

Hereafter, for the headwind condition, the simula-

tions performed outlined a substantial difference in 

mean velocity distribution computation. Using the 

scanplane distribution defined in literature (repre-

sented in Figure 14), the four maps go from “a” to “d” 

when going from aft forward. Map1c, positioned in 

the middle of the deck length, has been taken as 

reference; the main rotor mast for rotor loads simula-

tions is in fact positioned there.  

From top to bottom in Figure 15, this first compari-

son clearly depicts a different situation: the RANS 



 

 

Figure 20: U velocity PSD plot at spectra point 

modeling is inadequate in representing the turbu-

lence structures, diffusing them excessively regard-

less of the mesh resolution. The central region of the 

deck, where is the aircraft is supposed to lie, exhibits 

a velocity difference sensibly higher. The contour 

plots are referred to the u-velocity components in 

order to have the immediate comprehension of the 

magnitude of the phenomenon, comparing them to 

the (around) 20 [m/s] of the freestream velocity. 

Scale Resolving Simulations were averaged over 30 

[s].  

Using the q-criterion for vorticity, the iso-surfaces in  

Figure 16 describe on the other hand the impact of 

the different mesh discretisation for a SRS: the vorti-

cal structures are sensibly different, as well as flow 

phenomenology. Among the tested models, as ex-

pected the URANS model do not show developed 

vertical structures in the same range of q as the 

other models. 

  

Figure 16: urans low resolution iso-q 

 The comparison is also relevant between the SAS 

and SBES modeling; the shape of the velocity differ-

ence shade impressed on map1c contours is actual-

ly different, and so are turbulent structures.   

 

Figure 17: SAS low resolution iso-q 

It is thus necessary to focus on the zone of interest; 

there it can be seen that even the low resolution 

mesh is sufficient to describe the most important 

vertical structures, and is also clearly depicted as 

the SBES model is faster in transitioning to LES 

mode and correctly representing turbulence right 

after the bluff body separation. 

 

Figure 18: SBES low resolution iso-q 

 

Figure 19: SBES high resolution 

The PSD computation (Figure 20) happened accord-

ingly to literature in the so called “spectra point” (ref-

erence [6]) located on map1c. It shows good agree-

ment between the two hybrid models, even if a ten-

dency to scatter is still present at all frequencies. 

The SBES model seems to adjust on a slightly high-

er logarithmic trend at high frequencies, but the 

phenomenology is overall closely similar.  



 

 

In conclusion, the setup considered the best tradeoff 

features: 

- A low resolution mesh was chosen, consid-

ered adequate the proper description of flow 

behavior in the zone of interest, as shown 

by the length ratio contour plots. 

- A scale resolving simulation is required, giv-

ing its ability to limit excessive diffusion even 

on a coarser mesh, as reported by velocity 

profiles on scanplanes. At the same time, it 

is the only way to include different frequen-

cies inside the energy content of the flow, 

potentially relevant in resonance analysis of 

the blades. 

- The SBES model was chosen, giving its bet-

ter performance in terms of computational 

time at equal accuracy and frequency con-

tent capturing ability. 

Aeroelastic simulations result 

This section details results associated to the aeroe-

lastic simulations. As already mentioned, from a 

rotor point of view, the major focus for this type of 

condition is the out of plane blade bending (also 

referred as beam bending). For this reason, all fig-

ures here presented are associated such moment 

for one of the blades adimensionalized with the rotor 

radius. 

First of all, a comparison of the complete rotor start 

up time history is provided for the cases with wind 

coming from 90 degrees and map from RANS and 

SBES CFD (see Figure 21). For this particular wind 

direction, the two approaches are comparable and 

also a RANS based wind map can be considered 

acceptable for a rotor loads estimation process. 

 

Figure 21: Blade Beam Bending, RANS vs. SBES 
AZ = 90° 

Consider now instead the stabilized part of the simu-

lation, when the rotor is at its nominal rotational 

speed, for three wind directions: 0°, 45° and 90° 

where the latter is simply a zoom of the previous 

graph (see Figure 22).  

As already said for the 90° case both wind map im-

plies similar response of rotor; considering the 45° 

simulations the beam bending obtained with a RANS 

simulation is fairly lower w.r.t. the SBES simulation 

especially in the peak load estimation therefore the 

SBES approach is leading to more severe conditions 

for the rotor blade. This is amplified in the 0° case 

where is evident that the dynamic response obtained 

from a RANS wind map is completely missing part of 

the rotor response that is instead excited by the 

SBES simulation.  

The conclusion of this is that for some wind direc-

tions the RANS approach can be considered ade-

quate for a rotor loads evaluation whilst for other 

wind direction the SBES wind map are highly rec-

ommended. 

 

Figure 22: Blade Beam Bending, RANS vs. SBES 
AZ = 0°, 45° and 90°  

(rotor at nominal rotational speed) 

  



 

 

The wind directions where the mean flow influence 

on the rotor is properly captured via RANS, are 

those where the rotor is not directly inside the sepa-

rated wake, downstream of the ship superstructures. 

Moving increasingly further in azimuth from the 

headwind condition, the rotor box zone is less and 

less included inside the separation, therefore making 

the impact of a SRS less and less relevant on the 

mean value, once again confirming the highly case 

dependent scenario faced in this set of simulations.  

 

Figure 23: rotor box position on deck 

Finally, for the 90° SBES case also the simulations 

accounting for +/- 2 sigma in the wind map evalua-

tion are added, to consider the scenarios close to 

the extreme possible ones in the normal distribution 

expected from turbulence behavior. These two addi-

tional simulations are performed with the aim of ac-

counting for the aerodynamic unsteadiness that is 

missing with the application of a time-fixed wind 

map. This condition was chosen given its close cor-

relation between the average values of the tested 

models, therefore trying to assess the impact of 

unsteadiness with respect to a situation already 

properly captured with the legacy approach. 

Anyhow, looking at Figure 24 it seems that consider-

ing this approach to account for the aerodynamic 

unsteadiness lead to a huge conservativism in load 

estimation especially for the minus two sigma wind 

map. Therefore, this approach might be considered 

inadequate in the purpose of moving towards more 

realistic load estimation. This criterion is also strong-

ly case dependent, once again, and that can be 

seen by the fact that the plus map is the least de-

manding for rotor loads. Considering the case at 

90°, the mean velocity effect is consistent with the 

recirculation bubble detached from the deck side. It 

is indeed the positive velocity contribution given by 

the 2 sigma addition that almost cancels out the 

negative velocity experienced by the rotor, leading to 

a less demanding condition.  

 

Figure 24: Blade Beam Bending, RANS at AZ = 90° 
(rotor at nominal rotational speed) comparison with 

+/- 2sigma wind map 

7. CONCLUSIONS 

The simulation methodology for rotor loads estima-

tion in ship airwakes has been investigated in this 

paper. The outcomes outlines the following best 

practices:   

1. A scale resolving simulation is the best choice 

for aerodynamics, giving the complex flow pat-

terns present in the wake. Among others, the 

SBES model provides an efficient tradeoff for 

accuracy and cost, ensuring a fast transition to 

LES mode in the separated area.  

2. The loads experienced by rotor blades are sen-

sibly different when the rotor is invested by the 

turbulent wake and said wake is properly mod-

eled. The transient behavior in the bending mo-

ment, the peak values and the overall simulation 

outputs more reliable results and different fre-

quency contents. 

3. The utterly dependent behavior of these applica-

tions on azimuth and ship geometry discourage 

the use of simple models for taking into account 

the aerodynamics of the wake in industrial appli-

cations. The reliability of the setup must be test-

ed and verified for all conditions before conclud-

ing the best methodology. 

Future Works 

The conclusions reached on this paper are promis-

ing and could hardly be left at that. The confirmation 

on the need to simulate appropriately the airwakes 

for specific azimuths will further proceed trying dif-

ferent methods for introducing real unsteadiness 

inside the wind box maps. 

This approach would be ideally applicable to all azi-

muths; the risk to consider a time-variant component 

of top of RANS average results is to have different 

levels of accuracy depending on the flow angle en-

countered by the ship and the rotor. 



 

 

An educated approach of this kind is the mixed ap-

proach proposed in [13], even if not deemed directly 

applicable in industrial applications. Having to taking 

the data from [14] and [15], such approach clearly 

depicts the need for an experimental study, which is 

not always the best option when the number of ships 

and rotorcrafts to be paired starts to increase, as 

well as the number of possible wind speeds and 

azimuthal angles do for a production aircraft. 

Inside Adams™ the possibility to include the un-

steadiness could proceed by acquiring the time his-

tory at the hub center and superposing it on top of 

the wind boxes. A better approach would obviously 

be to provide instantaneous wind boxes and perform 

the aeroelastic simulation inside the actual wind 

speed time history. However, being the scope of this 

entire work to find a feasible approach that can fit 

inside the production time schedule, the accuracy-

efficiency tradeoff of these solutions will undergo a 

careful evaluation.  A specific dedicated interface 

could be defined, following the inspiring work of pa-

per [16], where the application could vary maintain-

ing a similar workflow. 

Considering the possibility given by a radical change 

of paradigm, the speedup shown for these applica-

tions by studies such as [17] are surely worth taken 

into account, keeping an eye on the necessary reso-

lution of resolved turbulence. As long as the required 

frequencies are modeled inside the aeroelastic solv-

er, the source of aerodynamic data could change. 

From the aerodynamics point of view, transforming 

the inner cylinder into a spherical cover could help 

include the hull motions inside the simulations, once 

again burdening even more the computational time 

requirement.  

A possibility opened by the modular morphology 

given to the mesh building process is the possibility 

to include the atmospheric boundary layer on the 

sea surface activating a no slip condition on the 

inner portion of the inner cylinder base. As depicted 

in Figure 25, being the inner cylinder base the pink 

circle, turning on the no slip condition only on this 

portion will leave unaltered all the outer topology 

behavioural needs for meshing and flow solving. 

Therefore, this would allow the ship hull to encounter 

a more realistic incoming flow and developing a 

wake closer to the one experienced by the real ship. 

The question is that the present discretization is able 

or not to develop a coherent boundary layer on that 

surface as it was already discretized. Should the 

wake of the ship be impacted by this introduction 

with an effect deemed beneficial if compared to the 

results without ABL, this could be a further step of 

enhancement, even if marginal, as expected by the 

results of [11]. The contribution of this feature should 

affect minimally the computational time of simula-

tions. It is also worth noticing that the impact of this 

feature would be intrinsically azimuth-independent, 

being the circular mesh equally built in any direction. 

 

Figure 25: sea surface discretization zones 
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