
MAIN S&T RESULTS/FOREGROUNDS 

Preliminary characterization of the baseline ERICA tiltrotor fuselage aerodynamic features 

In the first part of the project, an accurate study regarding the familiarization with the baseline ERICA 

fuselage geometry was carried out and the obtained outcomes were taken as the starting point for the 

subsequent optimization phase of the fuselage components under analysis.  

 

1/8 Scale model characterization 

First of all, a series of simulations were performed at various flight conditions on a 1/8 scaled rotor-free 

model of the ERICA tiltrotor fuselage, over which some experimental data was available from a wind tunnel 

campaign carried out at the Politecnico di Milano in the framework of the European project NICETRIP WP 

4.5 ([1]). To this purpose, an accurate and extended sensitivity study was carried out with the aim of 

obtaining a reliable CFD model while saving computational time and resources (Figure 1). The CFD model 

validation was performed for a series of significant test cases. In particular, the obtained numerical results 

were analyzed in terms of global aerodynamic coefficients (as function of the attitude angles), total 

pressure losses, separation phenomena and all those aspects that affect the drag as well as the overall 

efficiency of the tiltrotor configuration. The comparisons between numerical and experimental data on the 

1/8 scaled model were differentiated on the basis of the experimental test case and related aircraft 

configuration considered.  

At null deflection of elevator and rudder, correlation on aircraft aerodynamic polars was globally very good 

both at low and medium angles of attack, as well as at near stall conditions (Figure 2). Also, the 

aerodynamic coefficients regarding the aircraft empennage showed a good correlation between CFD results 

and wind tunnel data. Further numerical investigations evidenced the major sources of drag: apart from the 

nacelles (which in fact were subject to external shape optimization in the CODE-Tilt project) the rear ramp, 

the sponsons and the wing/fuselage junction were identified as the principal sources of drag.  

Regarding the test cases with elevator deflected, the correlation between experimental and numerical 

aerodynamic data was globally good, especially when negative inclinations were considered. In the case of 

positive elevator deflections, while the empennage drag was very well correlated with experimental values, 

the lift was somehow over predicted. Finally, as far as results with rudder deflected were concerned, 

numerical calculations still provided a very good prediction of both global and local (i.e. referred to the tail 

alone) aerodynamic coefficients.  

 

 

Figure 1: Computational grid for CFD calculations on the ERICA fuselage. 



 

Figure 2: Aerodynamic coefficients of the baseline ERICA fuselage: numerical results (both using Fluent© 

and OpenFOAM©) against wind tunnel data on a 1/8
th

 scaled model. 

Considering the uncertainty margins on the experimental measurements, which are indeed amplified for 

small values of the aerodynamic coefficients, the overall obtained correlation against experimental data 

was very satisfactory for all the considered test cases. 

 

Full-scale characterization 

After validation of the numerical CFD model on the 1/8 scaled fuselage, the aerodynamic characterization 

of the full-scale tiltrotor was carried out. Specifically, the simulations were focused on the aerodynamic 

performance prediction (in terms of total pressure losses, flow detachments and recirculation phenomena) 

of the components to be optimized during the project, i.e. the wing/fuselage junction, the nose, the landing 

gear sponsons and the empennage, which are crucial for the overall aircraft efficiency. Despite the 

geometry was somewhat different to that of the scaled model (mainly because of some on-going 

improvements that were implemented so far), a comparison between reduced-scale and full-scale aircraft 

performance was achieved and interpreted.  

Global lift performance was maintained in the full scale configuration, even if a small increment in the lift 

slope vs. the incidence angle was registered. Also the stall behavior was slightly different in that the 

incidence angle for maximum CL was found to be lower (by 1 deg), as well as the maximum lift coefficient 

was slightly decreased. Moreover, drag polar was not very much affected by the combined Re and Mach 

growth in the full-scale characterization. These results are consistent to what is generally found following 

combined Reynolds and Mach increment effects on thick 2-D airfoils and wings ([2]-[5]). On the other hand, 

predicted aerodynamic polars of the rear tail revealed a small but significant growth in the maximum lift at 

near stall conditions, while an almost constant value of the drag was calculated. Such behavior could be 



explained with the lower thickness of the aerodynamic tail profile. In addition, the total pressure defect 

downstream of the aircraft in the cruise condition was globally lower compared to the 1/8 scale model, 

although referred to a slightly lower angle of attack. In particular, the counter-rotating vortex structures 

arising from the rear ramp were significantly less intense (Figure 3). At higher attitudes, particularly at near 

stall conditions, the major source of total pressure defect was attributed to the onset of the stall in the 

main wing. However, compared to the scaled model, the separated flow region is much more extended 

over the main wing and deals with the outer span also, a fact which globally leads to a lower lift and an 

anticipated stall (Figure 4). 

 

 

Figure 3: Pressure coefficient contours and total pressure losses downstream of the full scale fuselage at 

varying angle of attack. 

 

 

Figure 4: Static pressure contours and friction lines over the full scale tiltrotor fuselage at cruise attitude 

(top) and near-stall conditions (bottom). 



When considering the case where elevator was deflected, the calculations performed in full scale evidence 

a small increase in the lift coefficient and a slight decrease in the drag coefficient compared to the reduced 

scale model’s; these behaviors could be easily explained in light of the reduced aircraft cruise incidence 

angle at full scale. The same conclusions were drawn when considering the case where the rudder was 

deflected (Figure 5). 

Based on the results discussed above, the confidence level regarding numerical simulation accuracy in the 

full-scale configuration was believed to be highly acceptable and fully compliant with the optimization 

purposes of the CODE-Tilt project. 

 

 

Figure 5: Static pressure contours and friction lines over the full scale tiltrotor fuselage at cruise attitude 

with elevator (top) or rudder (bottom) deflected. 

 

Aerodynamic characterization at near-stall conditions 

An additional activity was performed dealing with the aircraft characterization at near-stall conditions: a 

CFD campaign was carried out and obtained results were compared against wind tunnel data acquired 

during a dedicated experimental campaign performed in June 2011 at the Politecnico di Milano wind tunnel 

on the 1/8 model scaled ERICA tiltrotor ([6]); specifically, aerodynamic coefficients over the whole pitch 

polar were acquired and a series of flow visualizations over the wing at high angles of attack were 

performed as well. First of all, the experimental results were deeply analysed and discussed. Then, the 

numerical analysis was performed and obtained results were compared against wind tunnel data, both in 

terms of global and local aerodynamic coefficients and skin friction lines path over the wings at various 

incidence angles. A refined mesh with a very gradual volumetric growth ratio around the aircraft was 

generated and simulations at high angles of attack were carried out using various numerical approaches 

and turbulence models. In particular, various turbulence models were investigated for simulations of the 

whole aircraft: specifically, the k-ε RNG model, the k-ε Realizable model and the Transition SST were tested. 

In addition, only for laminar/turbulent transition simulation, a further refined mesh was tested which 

featured an increased superficial discretization over the wing and wing/fuselage junction. 



Moreover, a study of the isolated wing of the ERICA tiltrotor in near stall conditions was performed with 

the intent of comparing accuracy of structured vs. unstructured mesh.  The k-ω SST was used to treat 

turbulence on the isolated wing. 

Regarding the fuselage aerodynamic polars, correlation of CFD lift coefficients with wind tunnel data was 

not fully satisfactory at the higher incidences. In fact, while excellent correlation is shown at medium angles 

of attack, CFD tends to anticipate the stall onset with respect to experimental data. To this purpose, 

including laminar/turbulent transition in the simulations showed beneficial effects with respect to more 

classical k- ε models, since stall is postponed; however, even using the transition model, predicted stall 

onset was located at the latest at α=14.5 deg. Beyond this incidence value, lift coefficients drop down and 

correlation with wind tunnel data becomes poor. Using the finer mesh with the transition model seemed to 

give better results, in that lift coefficient after the stall were higher than those of the baseline mesh and  

they remained closer to the wind tunnel data (Figure 6).  On the contrary, correlation on drag was very 

satisfactory over the whole range of examined incidences, at least using the transition SST model. 

However, it is worth noting that a certain degree of uncertainty was inevitably associated with 

experimental measures. Moreover, some details and manufacturing defects proper of the wind tunnel 

model were evidenced and discussed, like for instance the presence of a step near the wing leading edge, 

that were not reproduced in the numerical model of the fuselage and could hence potentially explain lack 

of correlation of CFD results with experimental data. 

 

 

Figure 6: Lift, drag and pitching moment aeodynamic polars of the 1/8 scaled tiltrotor fuselage: 

comparison of experimental data against numerical results using transition model. 

 

As far as the friction lines pattern is concerned, correlation with wind tunnel data obtained using the k-ε 

RNG model was very satisfactory throughout the whole range of analyzed incidences (Figure 7). On the 

other hand, the k-ε Realizable model gave poorer results at the highest incidences: in particular, while the 

portion of the wing over which stall occurs was captured with an acceptable accuracy, the separation line 

pattern showed some discrepancies with the experimental one. Actually, this seemed to be quite in 

contrast with the aerodynamic polars results, since, at least for α≥ 12 deg, the k-ε Realizable model gave lift 

coefficient values closer to the wind tunnel ones than the k-ε RNG. With transition model activated on the 

baseline mesh, the friction lines behavior became more complicated. In particular, at α=10 deg the stall at 

the wing outboard was well reproduced, while over the central and inner portions of the wing the flow 

seemed to be attached. Moreover, the predicted laminar/turbulent transition line located near the leading 

edge was clearly appreciable, even though it seemed to be positioned slightly more downstream with 

respect to the experimental one (Figure 7). For larger incidences, increasing discrepancies in the friction 

lines behavior were observed against experimental data, especially over the inboard portion of the wing, 



since the separated region became larger and larger. At the highest angles of attack, the whole wing was 

stalled according to the simulations. Moreover, no significant differences in the friction lines pattern were 

evidenced between the baseline and the refined mesh. This was consistent with the observed aerodynamic 

coefficients: in fact, up to α=14.5 deg, the predicted lift coefficient using the SST transition model was in 

excellent agreement with wind tunnel data, while for larger incidences a quite abrupt stall occurs and CL 

rapidly decreases.  

 

 

Figure 7: Comparison  of CFD friction lines over the wing against experimental data for various angles of 

attack using different turbulence models. 

 

Finally, regarding the simulations on the isolated wing, the lift coefficients of structured and unstructured 

mesh were quite well correlated throughout the whole range of incidences considered. Specifically, the 

maximum lift was nearly the same, even though for the unstructured mesh it was achieved at a slightly 

larger angle. Moreover, after the lift peak, the CL seemed to drop more rapidly for the unstructured mesh 

than for the structured one, which on the contrary featured a more smooth behavior. On the other hand, 

the drag coefficients were nearly superimposed for all the analyzed angles of attack, and also the pitching 

moment polars were very well correlated. Based on these results, it was concluded that stall behavior 

prediction seemed not to be affected by the type of mesh, and hence having used an unstructured grid may 

not be the explanation for the relatively poor correlation of numerical results against wind tunnel data on 

the whole ERICA fuselage at the highest angles of attack. Actually, this confirmed a quite well known 

finding, i.e. a structured grid normally features less numerical dissipation downstream of a lifting surface, 

so that wakes and vortical structures may be better captured than with an unstructured one; however, no 

substantial differences exist between structured and unstructured grids as far as prediction of global 

aerodynamic coefficients is concerned 

 



Numerical simulations of tiltrotor fuselage using the open-source code OpenFOAM® 

A comparative study was carried out aimed at assessing the CFD open-source code OpenFOAM® 

capabilities over a complex tiltrotor fuselage. Specifically, a series of simulations both on the 1/8 scaled 

model and on the full scale fuselage at typical operative flight conditions were carried out and CFD results 

were compared against both experimental data and Fluent® calculations performed previously. In 

particular, a thorough investigation was carried out on the turbulence model parameters specification. 

OpenFOAM® 2.0 was demonstrated to be stable and robust; moreover, results at both low attitudes and 

high angles of attack were satisfactory. 

Regarding simulations on the 1/8 scaled model, at null deflection of control surfaces, correlation on aircraft 

aerodynamic polars between OpenFOAM® and experimental data was globally very good, especially at low 

and medium angles of attack, with some discrepancies at near stall conditions regarding the lift values: in 

fact, OpenFOAM® tends to anticipate the stall onset with respect to Fluent® (Figure 1). On the other hand, 

OpenFOAM® correlation with wind tunnel data on drag was better than Fluent® both at low and high 

angles of attack. Moreover, the static pressure distributions over the fuselage calculated using OpenFOAM® 

compared very well with those simulated with Fluent® throughout the whole range of incidence angles 

(Figure 8). Slight discrepancies were found at high angles of attack, especially over the wing, due to the 

anticipated stall predicted by OpenFOAM®. Finally, regarding the total pressure losses, at moderate 

incidences losses from both the nacelles and the rear ramp calculated using OpenFOAM® were less intense 

than those simulated with Fluent® (Figure 9): this is consistent with the drag results, since a lower drag was 

found (closer to the experimental data) using OpenFOAM® for intermediate values of the angle of attack. 

On the other hand, at high incidences, the losses related to the wing stall onset calculated with 

OpenFOAM® were higher than those predicted by Fluent® for a given angle of attack: this is again 

consistent with both the anticipated numerical stall found with OpenFOAM® and the larger drag at high 

angles of attack observed in the aerodynamic polars. 

Regarding test cases with elevator deflected, the comparison between both experimental and Fluent® 

numerical aerodynamic data was globally good, especially as far as the drag calculation is concerned. Both 

the pressure contours and friction lines behaviors predicted using OpenFOAM® were in excellent 

agreement with those using Fluent®. As far as the total pressure contours visualization downstream of the 

tailplane is concerned, comparison between the two solvers was very satisfactory, even though a slight 

discrepancy was evidenced again in the case of elevator deflection equal to +10 deg, where the tail wing 

drag predicted by OpenFOAM® appeared to be lower than Fluent® since the total pressure defects seemed 

less intense: this is consistent with the flow separation onset predicted by Fluent® which was not found 

using OpenFOAM®, as mentioned before. 

Finally, as far as test case with non-null rudder deflection is concerned, OpenFOAM® numerical calculations 

still provided a very good prediction of global aerodynamic coefficients, with a very slightly overestimated 

lift coefficient and a drag calculation very close to the experimental data (16% better than ANSYS Fluent® 

result). Regarding the friction lines pattern, even though in general OpenFOAM® and Fluent® simulations 

were in very good agreement with each other, some minor discrepancies were evidenced: specifically, 

OpenFOAM® predicted a smaller recirculation under the empennage at the fin-tailplane junction than 

ANSYS Fluent®. This was evidenced also from the extension and intensity of the corner vortex separation 

close to the upper fin span, corresponding to the total pressure defect in the vortex core. Moreover, the 

OpenFOAM® total pressure defect downstream of the fin was significantly less intense than that found with 

Fluent®, due to the above mentioned reduced flow separation. On the other hand, losses from the rear 

ramp predicted with OpenFOAM® were higher than those calculated using Fluent®. 

 

 



 

Figure 8: Static pressure contours and skin friction lines pattern over the fuselage at varying angle of 

attack: comparison of Fluent® (on the left) and OpenFOAM (on the right) results. 

 

 
Figure 9: Total pressure losses downstream of  the fuselage at varying angle of attack: comparison of 

Fluent® (on the left) and OpenFOAM (on the right) results. 

 



OpenFOAM® reliability in simulating the tiltrotor fuselage was confirmed also in the case  of the full scale 

configuration with increased values of both Reynolds and Mach numbers, even if a small increment of the 

OpenFOAM® numerical instability at high incidence angles was registered. 

Specifically, at null deflection of elevator and rudder, correlation on aircraft aerodynamic polars between 

OpenFOAM® and Fluent® data was globally good but with some discrepancies arising at high angles of 

attack. OpenFOAM® aerodynamic coefficients were fully consistent with the ANSYS Fluent® ones, especially 

at moderate attitudes. Static pressure coefficient distributions coming from OpenFOAM® were very similar 

to Fluent® ones, with the exception of the highest angle of attack, where a slightly different behavior was 

evidenced regarding the flow separation over the wing. Also the total pressure contours distributions 

calculated with OpenFOAM® were quite similar to the Fluent® ones for all the considered attitudes. 

However, at low incidences, pressure losses from both the rear ramp and the tail fin were less intense than 

those calculated with Fluent®. This is consistent with the reduced drag coefficient at low angles of attack 

found when examining the aircraft aerodynamic polars. Finally, the friction lines over the fuselage 

calculated with OpenFOAM® were very similar to those coming from Fluent®, with the exception of the 

higher angle of attack, where a more extended separated region was evidenced in the OpenFOAM® 

simulation over the central portion of the wing. 

Regarding test cases with elevator deflected, the comparison of OpenFOAM® results against both 

experimental and Fluent® data was globally good, especially regarding the drag calculation. As already 

evidenced for the case with null deflection of the control surfaces, OpenFOAM® pressure losses from both 

the rear ramp and the tail fin were less intense than those calculated with Fluent® for all the elevator 

deflections considered. This is consistent with the results in terms of global drag coefficient: in fact, 

OpenFOAM® gives lower drag than Fluent® at non-null elevator deflection, at least at fuselage cruise 

attitude.  Finally, as far as results with non-null rudder deflection are concerned, OpenFOAM® numerical 

calculations still provided a very good prediction of global aerodynamic coefficients when compared with 

Fluent®. Even in this case, total pressure defect form both the rear ramp and the tail calculated with 

OpenFOAM® was lower than Fluent® for all the conditions analyzed. Moreover, the presence of a small 

corner vortex separation close to the upper fin span was evident for δrudder=+10 deg in the Fluent® 

simulations, while it was far less intense in the OpenFOAM® results. Both the pressure contours and the 

friction lines behaviors calculated with the two solvers were in good agreement with each other, even 

though OpenFOAM® predicted a smaller recirculation region under the empennage than the ANSYS Fluent® 

one. 

 

Brief description of the optimization methodology 

The set-up of a comprehensive optimization strategy aimed at improving the efficiency of some critical 

components of the tiltrotor fuselage by means of a proper shape design was addressed. Specifically, the 

implementation of an automatic optimization chain, aimed at the solution of complex aerodynamic 

optimization problems using the most advanced techniques in the field of optimization algorithms coupled 

with CFD flow solvers was carried out.  

The aerodynamic optimization procedure which was implemented for the CODE-Tilt project is structured in 

three phases (Figure 10): 

1) Baseline model preparation and simulation phase; 

2) Automatic optimization phase; 

3) Post-processing and optimized CAD model reconstruction phase.  



The starting point usually consists in the CAD model of the baseline configuration. In the “baseline 

simulation block”, the current configuration of the component under consideration must be analyzed via 

CFD computation in the most relevant operating conditions. The assessment of the baseline solution makes 

it possible to gain a deeper insight into the flow field characteristics of the object under analysis; moreover, 

it gives fundamental indications for a proper formulation of both  optimization objectives and constraints  

and allows to properly set up the geometrical parametric model. 

When the preliminary operations have been completed, the automatic optimization can be carried out. The 

optimization loop is made up of three components:  

1) GeDEA (Genetic Diversity Evolutionary Algorithm): advanced multi-objective optimization algorithm 

developed at the University of Padova ([7]), which  is the selected optimization engine; 

2) Altair HyperMorph®: it converts the design parameters coming out from GeDEA into morphed CFD 

cases, suitable for the objective function evaluation; 

3) Ansys Fluent®: the selected flow solver; it takes in input the morphed CFD cases coming from 

HyperMorph® and gives back to GeDEA the correspondent values of the selected objective functions.  

During the optimization process, GeDEA let a population of individuals (each of which corresponds to a 

different set of design variables and so to a different geometry configuration) “evolve” until the 

convergence to the Pareto optimal frontier has been reached.  

 

Figure 10: Optimization method flow-chart. 

The Pareto frontier coming out from the automatic optimization loop represents a multiple set of solutions 

equally optimal according to the Pareto concept but of course different form the aerodynamic and 

engineering point of view. In fact, each solution over the Pareto frontier may feature advantages and 

drawbacks with respect the other solutions. In order to choose the most appropriate solution among the 

optimal set a post-processing work is necessary. Thanks to the intrinsic multi-objective approach, the 

designer is allowed to select the solution which is more suitable for his needs, for instance choosing to 



privilege the improvement of one objective with respect to the other or even including other 

considerations such as non-aerodynamic requirements. The strength of the selected approach is that the 

designer can select the proper trade-off between the objectives when the optimization work has been 

completed and he is not forced to introduce his arbitrariness in the problem set up, as commonly happens 

using traditional optimization approaches. 

Wing/fuselage junction optimization 

The first fuselage component to be optimized was the wing/fuselage junction. A multi-objective 

optimization study was carried out on this component using the approach described in the previous 

paragraph, with the aim of improving its aerodynamic performance by modifying its shape. The driving 

optimization objectives were defined as the tail-off aircraft drag minimization and the simultaneous 

maximization of the lift to drag ratio, being the last objective chosen in order to investigate the possibility 

of improving the lifting characteristics of the aircraft while controlling its drag.    

Six parametric design variables were defined over the fairing, providing good geometry control for the 

areas affecting the wing/fuselage fairing flow field. Parameters were generated so as to be compliant with 

the specified wing structure constraints; in addition, some of the parameters were constrained in the 

displacement direction in order to avoid interference with the fairing internal components (namely the 

torque tube actuators and associated structures [8]). These constraints allowed the geometry of the under-

wing area to move only toward the wing tip, that means increasing the fairing volume. Seven generations 

of the genetic algorithm were carried out keeping the geometry fully constrained. 

Since the first preliminary DOE analysis, it was clear that aircraft drag at cruise condition was not very 

sensitive to geometrical modifications on the fairing area: this is in agreement with the previous activities 

carried out on the fairing [9] in the framework of the NICETRIP program, and with both the numerical and 

the experimental aircraft drag break-down [10], [11] which highlighted the little fairing influence on aircraft 

drag.  

Due to the problem being very highly constrained, the maximum drag reduction achieved with the 

optimisation was equal to -0.69% of the baseline tail-off aircraft drag (design10), and it was smaller than 

the required target, which is -0.75%. Moreover, the maximum reduction in drag was achieved paying a 

penalty on the aircraft lifting characteristics, both at cruise and near-stall conditions (Figure 11). On the 

other hand, optimisation results showed that improvements on the lifting behaviour can be obtained, while 

keeping the drag level close to the baseline value. This behaviour was translated into the increase of the lift 

to drag ratio or aerodynamic efficiency. The maximum efficiency increment obtained after seven genetic 

algorithm generations was equal to +4.3% by paying 1% of drag penalty. 

In order to investigate the possibility of achieving a more significant drag reduction by partially un-

constraining the geometry, a second optimisation run was carried out starting from the final population of 

the constrained run and partially releasing some of the previously considered constraints. Results of this 

second study showed that leaving the parameterization free to reduce the under-wing fairing volume (i.e. 

violating the torque tube actuators constraints) results in a remarkable improvement of the aircraft lifting 

characteristics in terms of both lift and aerodynamic efficiency but does not produce any further 

improvement in terms of drag. 

The maximum aerodynamic efficiency achieved after this second study is +6.36% higher than the baseline 

value, paying a 0.66% increment of drag (design20). Moreover, the maximum drag reduction which allows 

keeping the lift close to the baseline value is equal to 0.61%,  with a penalization in lift equal to 1.2% 

(design15). 

A post-design check at near-stall conditions was performed in order to ensure that the maximum lift of the 

baseline was preserved. Specifically, relevant optimal  solutions were extracted from the final Pareto front 



for both the constrained and partially unconstrained optimizations, and then they were checked at near 

stall conditions, with the aim of quantifying the geometrical modifications effects when flying at high angles 

of attack. It was found that drag was much more sensitive to fairing geometry when near stall conditions 

are considered: optimized solutions verification at this condition showed drag reductions up to 1.39%. Also 

in this case design10 featured one of the largest drag reduction (1.16% less than the baseline); however, 

also the lift was decreased by 1.4% with respect to the baseline. 

Finally, design10 was retained as the optimal solution (Figure 12). 

In addition, OpenFOAM® simulations on the  optimized geometries of wing/fuselage fairing were carried 

out and compared against Fluent®. Despite slight differences were evidenced in absolute values for both lift 

and drag coefficients, the two codes  perform similarly when the variation trend is considered. This made it 

possible to conclude that OpenFOAM® could be profitably used for the wing/fuselage junction optimization 

and that optimization results would be in the same direction as those obtained using Fluent®. 

 

 
Figure 11: Final Pareto front for the wing/fuselage junction optimization. 

 

Figure 12: Optimized wing/fuselage junction compared against the baseline. 



Assessment of boundary layer suction/blowing on the wing/fuselage junction for drag reduction 

In addition, a study regarding the applicability of drag reduction concepts alternative to those related to 

shape optimization to the wing/fuselage junction was carried out. Specifically, the effects of boundary layer 

control over the ERICA tiltrotor wing-fuselage junction using both suction and blowing were investigated via 

CFD. In particular, the effects of the application of alternative devices in terms of stall characteristics and 

drag reduction were investigated. First of all, the ERICA baseline fuselage was characterized at stall 

conditions via numerical analyses in order to identify the maximum lift coefficient and compare the 

obtained results with the ideal flight envelope. Then, with the structural/architectural constraints in mind, a 

parametric study was carried out aimed at identifying the more promising position and shape for the 

boundary layer suction/blowing slots. Specifically, various geometrical configurations of the 

suction/blowing slot were simulated, with varying location and shape; moreover, different values of the 

suction/blowing mass flow rate were investigated for each analyzed geometry. Then, both the aircraft lift 

and drag coefficients were calculated for each case and compared with those of the baseline in terms of 

maximum achievable lift coefficient and pertinent angle of attack, as well as in terms of aircraft 

aerodynamic efficiency. In addition, a preliminary evaluation of the required power to implement both 

boundary layer suction and blowing was carried out. The required additional power was then compared 

with the gain in propulsive power due to the improved lift characteristics. 

Regarding suction, a remarkable increase in the maximum lift coefficient was found with respect to the 

baseline (up to 10%) with the most efficient slot geometrical configurations for all the considered mass flow 

rates (Figure 13). As expected, the maximum CL grows with increasing suction mass flow rate. Moreover, 

the stall angle is progressively increased: in particular, it grows up to 16 deg, being the baseline stall located 

at 14 deg. On the other hand, also the drag is increased with respect to the baseline for all the considered 

cases (Figure 14). 

 

 
Figure 13: Effects of boundary layer suction on wing/fuselage junction: streamlines (on the left) and 

static pressure contours and total pressure losses (on the right) for the baseline and two slot 

configurations. 



As far as blowing is concerned, also in this case an improvement of the maximum lift coefficient is shown 

(even though less pronounced than with suction) for the analyzed slot configurations and for all the 

considered mass flow rates, exception given for the lowest one, which gives results very similar to the 

baseline. The maximum CL grows with increasing blowing mass flow rate and the stall angle is progressively 

increased. Finally, the drag coefficient is very close to the baseline value throughout the whole range of 

angles of attack, exception given for the largest mass flow rate case, which features an increased drag with 

respect to the baseline (Figure 14). 

 

 

Figure 14: Effects of suction (top) and blowing (bottom) of the boundary layer on the wing/fuselage 

junction on the aircraft lift and drag coefficients. 

 

The increase in maximum lift coefficient achieved with boundary layer suction/blowing makes it possible to 

extend the tiltrotor mission and decrease the stall velocity with respect to the baseline. As far as the net 

power balance is concerned, a remarkable gain in net power is achieved with suction with respect to the 

baseline for the considered slot configurations at the minimum and medium suction mass flow rates (Figure 

15). In particular, a maximum reduction equal to 8.2% is obtained at 15 deg incidence. On the other hand, 

the solutions with the maximum mass flow rate, though achieving the maximum increment in the lift 

coefficient, require an additional power with respect to the baseline in the analyzed range of fuselage 

incidences, despite the gain in propulsive power alone. Regarding blowing, a far less pronounced gain in net 

power is achieved with respect to the baseline with the medium mass flow rate (up to 3.7% at 15 deg 

incidence). With the minimum mass flow rate the required power is nearly equal to the baseline for both 

the slot configurations, while the maximum mass flow rate requires a larger power than the baseline.  

The obtained results highlighted that in both suction and blowing, the maximum power gain with respect to 

the baseline is obtained with the minimum/medium suction mass flow rate. On the other hand, for both 

suction and blowing, the maximum mass flow rate, despite requiring an additional power with respect to 

the baseline, features the most favorable behavior concerning the stall postponement and the increase of 

lift coefficient: the stall velocity is decreased accordingly. Finally, boundary layer suction is more 

advantageous than blowing (at least for the considered slot configurations), since it gives higher maximum 



lift coefficients (at equal values of maximum mass flow rate) while allowing the largest gain in net power at 

high fuselage incidences (at equal values of minimum/medium mass flow rates). 

However, suction systems, although featuring remarkable improvements of the aerodynamic 

characteristics, have never been applied to production aircraft, due to some major drawbacks. Specifically, 

the need for a dedicated pump and thick ducts, the manufacturing difficulties and the risk of damage by 

insects are relevant aspects to be taken into account. To this purpose, blowing seems to be better suited 

for practical applications. However, in general low weight and power requirements, high reliability, 

simplicity in design and maintenance and low cost are difficult to achieve for both suction and blowing, and 

this is the reason why mechanical high lift devices are used in the majority of civil production aircrafts, 

rather than pneumatic devices. 

 

 

Figure 15: Parasite power @ISA Sea Level and with aircraft weight=11,570 kg: comparison of suction (top) 

and blowing(bottom) with two different slot geometries. 

Nose optimization 

The second component to be optimized was the fuselage nose. To this purpose, the same numerical model 

applied for wing/fuselage junction optimization was used. In addition, an in-depth study of the pilot 

visibility constraints to be taken into account for the nose shape modifications was carried out (Figure 17) 

and a proper representation of constraints to be used in the optimization formulation was identified. In this 

case, a mono-objective optimization was carried out on the component, with the aim of reducing aircraft 

drag by modifying the nose shape. 

 



The preliminary results in the nose optimization showed an overall drag reduction in line with the target 

(0.7%). Two optimal configurations were identified: the first, with slightly higher drag reduction (0.8%), 

actually increased the nose length by approximately 400 mm and its drag, while the second one maintained 

the overall nose dimension and reduced both component and overall drag (even if slightly less, 0.78%). 

Even if the drag reduction target had been achieved, some additional analyses were carried out. In general, 

the automatic visibility constraint enforcement had been implemented in an excessively conservative form, 

especially on the nose tip height. A relaxation of such constraint was investigated. To this purpose, since 

the effect of the shape function is very limited on the wings and nacelles, a reduced model was considered 

in order to reduce computational time and allow the assessment of the effect of the boundary layer 

transition and the coupling of optimized nose and optimized wing-fuselage junction. The additional 

optimization was run and an overall drag reduction of 1.3% on the simplified fuselage was achieved with a 

modified nose shape (Figure 16).  

 

Figure 16: Static pressure coefficient contours for baseline (on the left) and optimized (on the right) 

geometries. 

 
Figure 17: Total vision plots: Optimal configuration compared with ERICA baseline and recommended 

envelope in [12]. 

reduced stagnation 



The optimized solution found using the simplified fuselage geometry was tested in the complete aircraft. 

An overall maximum drag reduction equal to 0.6% was achieved, which is actually less than that obtained 

using the previous shapes. This demonstrates that violating constraints on the pilot visibility is actually not 

so beneficial in reducing drag. In addition, also the interference effects with the optimal wing/fuselage 

junction fairing coming out from WP2 were analyzed. It has been found that combined effect of nose and 

wing/fuselage junction is beneficial in terms of drag reduction. However, interference effects between the 

two components cause some other nose designs to be more effective than the optimized when combined 

with the re-designed wing/fuselage fairing. The three most promising nose geometries were coupled with 

the optimized wing/fuselage junction and the overall effects on drag reduction were assessed.  Moreover, 

also effects of laminar/turbulent transition on the optimized nose shape were investigated as well. 

Considering transition, the benefits on the overall fuselage drag reduction coming from nose shape 

modifications were not only confirmed, but even amplified. In particular, an overall  0.9% drag reduction 

with respect to the baseline was found (including optimized w/f junction and transition). 

Finally, a series of calculations were carried out regarding the nose optimization using OpenFOAM®. 

Calculations of the optimal obtained after optimization using Fluent® were carried out. Once again, despite 

slight differences are evidenced in absolute values for both lift and drag coefficients, the two codes  

perform similarly when the variation trend is considered. 

Sponson optimization 

Regarding the sponsons, the optimization problem was formulated as a bi-objective one, aimed at 

minimizing aircraft drag while simultaneously maximizing lift: this was done in order to avoid that drag 

reduction could be achieved at the expenses of an undesirable reduction of lift. Moreover, the overall 

aircraft drag and lift coefficients were considered as the driving optimization objective rather than the drag 

and lift of the sponson only in order to take into account the potential interference effects that 

modifications of the sponson shape could have caused over other fuselage components. A reduction of the 

overall aircraft drag equal to 1.7% with respect to the baseline was recommended as per the sponson 

passive optimization.  

The component parameterization was carried out taking into account geometrical and structural 

constraints. Moreover, a series of preliminary calculations on the aircraft longitudinal and lateral stability 

were carried out. First  the effect of a rounded fillet between sponson and fuselage was investigated, giving 

promising results. Then, a preliminary parametric study was implemented using a DOE approach in order to 

verify whether the selected shape functions are properly defined and to give a preliminary estimation of 

the maximum attainable drag reduction. Seven design variables were selected. Finally, the optimization 

loop was run until convergence to the final Pareto front and the results were post-processed. From the 

Pareto front of the genetic algorithm two optimal solutions were identified (Figure 18): the first maintains 

the lift with a very high drag reduction (5.7%) while the second one features a lower drag reduction but a 

lift increase. It was agreed to use the first solution, since lift issues (if any) will be more easily fixed by a 

wing modification, and the final objective of the activity was drag reduction. Static pressure contours over 

the optimal solutions compared to the baseline are reported in Figure 19, while vorticity and total pressure 

losses downstream of the optimized sponson is illustrated in Figure 20 and Figure 21 respectively and 

compared against the baseline. 

The optimized configurations were found to slightly reduce the stability characteristics of the baseline 

geometry. In particular, the yawing EVR is reduced. Controllability constraints were also checked on the 

two investigated optimized configurations and it was proven that they were fulfilled with ample margins. 

In addition, a series of calculations were carried out regarding the optimization of sponsons using 

OpenFOAM®. Calculations of the two most significant solutions in the Pareto front obtained after 



optimization of the sponsons using Fluent® were carried out. The consistency in general trend of 

aerodynamic coefficients between the two codes was verified also in this case and it was demonstrated 

that the optimization targets could be obtained also using OpenFOAM® as the aerodynamic solver.  

 
Figure 18: Final Pareto front for the landing gear sponson. 

 

Figure 19: Static pressure coefficient contours over the baseline sponson and the two optimal 

configurations. 



 
Figure 20: Vortex core structures visualization around the baseline sponson and the two optimal 

configurations. 

 

 

Figure 21: Total pressure losses visualization downstream of the sponson: baseline compared against the 

two optimal configurations. 



Empennage optimization 

A passive shape optimization of empennages in non-deflected configuration for drag reduction was carried 

out. The optimization problem was formulated as a bi-objective one, aimed at minimizing aircraft drag 

without undesirable lift reduction, or, alternatively, maximizing lift while keeping the drag unchanged with 

respect to the baseline. The empennage drag and lift forces were considered as the driving optimization 

objectives, and then the effects of the optimization on the overall aircraft aerodynamic performance were 

evaluated, in order to account for the potential interference effects that modifications of the empennage 

shape could have caused over other fuselage components. A reduction of the overall aircraft drag equal to 

0.4% with respect to the baseline was recommended as per the empennage passive optimization.  

The analysis started with a preliminary investigation of the effect of fillets between the tailcone-fin junction 

and between the horizontal tailplane and the fin. For both the fillets, a set of four radius values  were 

analyzed, i.e. 0, 50, 100, 150 [mm]. The configuration that gave best results in terms of drag reduction and 

lift/drag ratio increment was identified to be that with radius of 50 [mm] for both junctions. An 

aerodynamic drag reduction of 0.72% was achieved on the overall aircraft with inclusion of the fillets, 

mainly due to the reduction of the interference drag. On the other hand, only minor differences on the lift 

were obtained with respect to the baseline. Starting from the configuration with the two optimal fillets, an 

additional study was carried out focused on the insertion of optimal shaped winglet at the tailplane tip. To 

this purpose, a D.o.E. analysis was performed so as to ensure that  a proper parameterization strategy was 

adopted and to assess the order of magnitude of the improvement to be expected at the end of the 

optimization. Nine design variables were finally selected. Then, the GeDEA driven automatic optimization 

loop was carried out. Six generations were sufficient to reach and properly cover the final Pareto Front 

(Figure 22). Two solutions were then extracted from the best trade-off ones, the first giving the maximum 

lift increment and fixed drag with respect to the baseline, and the second featuring maximum drag 

reduction with the same lift of the baseline (Figure 23). With the second one, a maximum drag reduction 

equal to 7.82% was achieved on the only empennage, which corresponds to an overall aircraft drag 

reduction equal to 0.74%. The static pressure contours and total pressure losses downstream of the two 

optimal solutions compared to the baseline are reported in Figure 24. 

 

Figure 22: Aerodynamic results of the winglet optimizations (percentage variations  refers to the 

tailplane only). 



 

Figure 23: Optimized winglet with maximum lift increment (top) and maximum drag reduction (bottom). 

 

Figure 24: Static pressure contours and total pressure losses downstream of the tailplane: comparison 

between baseline (top), maximum lift increment optimized solution (middle) and maximum drag 

reduction optimized solution (bottom). 

Further studies were then carried out regarding the variation of the tailplane sweep angle (Figure 25), but 

they did not lead to significant improvements of the empennage aerodynamic performance. However, the 

requirements of the GRC2 sub-project of the Green RotorCraft ITD (0.4% drag reduction) were fulfilled with 

ample margins. 



 

Figure 25: Static Pressure contour & and total pressure losses for the baseline(left) and for the 

configuration with sweep angle and tip radius variation(right). 

 

Assessment of morphing wing concept applied to the empennages for reduced drag/enhanced efficiency 

Finally, a study was carried out concerning alternative devices for drag reduction applied to the 

empennages: to this purpose, the morphing concept was identified as a suitable concept to be applied, and 

it was further investigated. The concept of “morphing” offers significant potential benefits over 

conventional rigid wings. It was suggested that the reasons for applying morphing technology can be 

divided into five categories:  

 

A) Improve aircraft performance to expand its flight envelope; 

B) Increase control surface effectiveness by replacing conventional control surfaces with smooth 

continuous control surfaces that twist; 

C) Increase the maximum load factor for the same wing-root bending moment by shifting the load 

distribution inboard; 

D) Reduce drag to improve operability range; 

E) Reduce vibration or control flutter to improve comfort and safety and to reduce fatigue. 

 

First of all, a thorough bibliographic review was performed on morphing surfaces in order to identify the 

most suitable solutions to be implemented on the empennages.  Specifically, a series of state of the art 

morphing devices were identified and the most promising solutions were selected for further 

investigations. In particular, it was decided that the alternative devices target is to obtain a better behavior 

in terms of drag (or, alternatively, efficiency), compared to the passively optimized design in non-symmetric 

case (e.g. rudder or elevator deflected), so that the same control forces can be obtained, while respecting 

the geometrical and stability constraints. A series of simulations were performed on the full scale ERICA 

tiltrotor at cruise conditions, including the representation of the gap between movable and fixed surfaces 

in the empennages. In fact, the comparison to be carried out with morphing devices in non-symmetric 

cases requires that the gap typical of traditional control surfaces is properly modeled, being potentially one 

of the major sources of drag increase. Then, a series of analyses were performed using the so-called “finger 

concept” (derivation from DLR, [13]) on the horizontal tailplane in order to identify a proper shape for the 

morphing elevator. First of all, two distinct parametric studies were carried out, where the elevator shape 

was varied both in chordwise and in spanwise direction, and the effects of shape modifications on the 

tailplane aerodynamic coefficients were monitored. Specifically, a substantial improvement of the tailplane 

aerodynamic efficiency was achieved with the morphing shape with respect to the conventional solution 



including the gap between movable and fixed surfaces. Based on these results, it was decided to carry out 

an optimization of the tailplane shape using the same optimization loop adopted for passive optimization.  

Hence, the tailplane geometry was parameterized (Figure 29) and the geometric parameters were treated 

as decision variables for the optimization engine. A first optimization problem was defined aimed at 

reproducing the same lift force as the conventional tailplane at -5 deg deflection while reducing drag. 

Optimization was run and the first results were achieved. A morphed solution featuring a drag reduction of 

nearly 9% with respect to the baseline with a simultaneous increase in lift equal to 9.5% was achieved. 

However, optimized solutions featured irregular surface characteristics, difficult to manufacture, due to the 

fact that no control on the surface curvature continuity was explicitly included in the optimization.  

 

 

Figure 26: Shape parameterization for application of morphing wings concept to the horizontal tailplane. 

 

 
Figure 27: Pareto Front of the horizontal empennage optimization. 

 

Moreover, the configuration of the Pareto front suggested that some of the shape parameters ranges 

needed to be enlarged in order to improve exploration of the design space. In light of this, the optimization 

of the horizontal tailplane in deflected conditions was completely reviewed. In particular, some of the 

shape parameters ranges were enlarged in order to improve exploration of the design space, and a control 



in the shape continuity of the tailplane trailing edge was introduced, so as to facilitate the obtainment of 

shapes easy to be manufactured. Optimization was run again until convergence to the final Pareto front 

(Figure 27). A morphed solution featuring a drag reduction of nearly 16.5% with respect to the baseline 

empennage with the same lift as the baseline at -5 deg deflection was achieved, corresponding to 1.4% 

drag reduction on the overall aircraft. Alternatively, a remarkable variation of lift coefficient was obtained 

from the application of these systems. In particular a decrement of 6.77% on overall aircraft lift with 

 δelevator=-5 deg was achieved with optimization of the elevator (Figure 28). 

 

 
Figure 28: Results of the tailplane optimization in non-deflected configuration: maximum drag reduction 

and maximum lift increment solutions compared against the baseline. 

 

Moreover, the analysis of the vertical fin was carried out: specifically, a series of simulations were carried 

out on the full scale ERICA tiltrotor at cruise conditions, including the representation of the gap between 

movable and fixed surfaces in the vertical fin. Then, simulations of the vertical fin in non-deflected 

configuration were carried out and results were post-processed. Specifically, the comparison of obtained 

aerodynamic coefficients against those coming from the numerical model without the gap was carried out. 

Then, based on the outcomes of the horizontal tailplane analysis, the same parameterization technique was 

adopted for the vertical fin and the selected geometric parameters were treated as decision variables for 

the optimization engine (Figure 29). Also in this case, the optimization was aimed at obtaining a better 

behavior in terms of drag (or, alternatively, efficiency), compared to the passively optimized design in non-

symmetric case (rudder deflected), while preserving the same control forces and respecting both 

geometrical and stability constraints. The optimization problem was defined aimed at reproducing the 

same lift force as the conventional fin at -5 deg rudder deflection while reducing drag. A morphed solution 

featuring a drag reduction of nearly 4.3% with respect to the baseline empennage (corresponding to 0.4% 

drag reduction on the overall aircraft) with lift increased by 3.94% with respect to the baseline at -5 deg 

deflection was found. Alternatively, a configuration featuring a drag reduction of nearly 1.2% with respect 

to the baseline empennage with lift increased by 23.8% (lateral force) with respect to the baseline was 

found (Figure 30). Then, both the selected solutions were simulated for a range of deflection angles and 



pertinent polars were drawn, demonstrating the benefits achieved in terms of increased aerodynamic 

efficiency.  

 

Figure 29: Shape parameterization for application of morphing wings concept to the vertical fin. 

 

Figure 30: Results of the vertical fin in non-deflected configuration: maximum drag reduction and maximum 

lift increment solutions compared against the baseline. 

Main conclusions of the CODE-tilt project 

The major conclusions of the CODE-Tilt program are summarized in the following:  

 

o The applicability and effectiveness of the GeDEA-driven optimization loop in addressing the 

aerodynamic optimization of the ERICA tiltrotor fuselage was widely demonstrated; 

o A drag reduction on the overall aircraft equal to 0.69% was achieved for the wing/fuselage junction 

optimization against a target of 0.75%; structural/architectural constraints were preserved (Figure 

31); 

o A drag reduction on the overall aircraft equal to 0.6% was achieved for the nose optimization 

against a target of 0.7%; structural/architectural and pilot visibility constraints were preserved 

(Figure 31); 



o A drag reduction on the overall aircraft equal to 5.7% was achieved for the sponson optimization 

against a target of 1.7%; structural/architectural and stability/controllability constraints were 

preserved (Figure 31); 

o A drag reduction on the overall aircraft equal to 0.74% was achieved for the empennages 

optimization against a target of 0.4%; structural/architectural and stability/controllability 

constraints were preserved (Figure 31); 

o An overall reduction of nearly 8% on the aircraft drag was achieved on the whole, against a target 

equal to 3.5% ( 

 

 
Figure 31: Final achievements of CODE-Tilt in terms of drag reduction. 

 
Figure 32: Drag reduction achieved in CODE-Tilt against baseline and the target: details on each component 

and overall values. 
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