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Helicopter Fuselage Drag Reduction Using Active Flow Control: A Comprehensive Experimental Investigation

T pulsed jet period, s V jet jet exit peak velocity, m/s V ∞ freestream velocity, m/s VR blowing rate or velocity ratio, V jet /V ∞ W fuselage width = 0.244 m w flow control slot width, m α angle of attack, • ρ ∞ freestream density, kg/m 3 ρ jet jet density, kg/m 3

A comprehensive experimental investigation of helicopter blunt fuselage drag reduction using active flow control is being carried out within the Clean Sky project. The objective is to demonstrate the capability of several active technologies to decrease fuselage drag by alleviating the flow separation occurring in the backdoor area of some helicopters (with pronounced ramp for backdoor loading). The work is performed on a simplified blunt fuselage at model scale. Several active flow control actuators are considered for evaluation: steady blowing, unsteady blowing (or pulsed jets), and zero-net-mass-flux blowing (or synthetic jets). Laboratory tests of each individual actuator are first performed to assess their performance and properties. The fuselage model is then equipped with these actuators distributed in eight slots forming a U-shape on the fuselage backdoor. This paper addresses the promising results obtained during the wind tunnel campaign, since significant drag reductions are achieved for a wide range of fuselage angles of attack. Moreover, a flow control strategy depending on the fuselage attitude is proposed. The link between the best actuation scheme for this attitude and the corresponding flow topology of the backdoor separation is also discussed. 

q freestream dynamic pressure = 1/2ρ ∞ V 2 ∞ ,Pa

Introduction

The reduction of helicopter parasite drag has become a significant issue as emphasis is put on speed achievement and on minimizing the impact of the growth of rotorcraft traffic on the environment. Helicopter's primary source of drag is bluff body drag (pressure drag) from pylon/hub/fuselage/landing gear flow separation and interference. Fuselage drag is mainly due to the massive flow separation that occurs on the rear of the fuselage, especially for helicopters with a very pronounced aft loading ramp. This separation results in a large amount of pressure drag, but can also induce an unsteady wake in the tail boom vicinity. On nonrotating or nonlifting parts, the variety of helicopter missions fits well with active devices that can be activated on-demand and separation alleviation through active flow control is an attractive solution to reduce rotorcraft drag. Separation control effectiveness has indeed been successfully demonstrated using active actuators for a wide range of aerospace applications (Refs. 1 and 2) using numerous types of actuators (Ref. [START_REF] Cattafesta | Actuators for Active Flow Control[END_REF]) and is currently a very active area of research in aerodynamics. Several applications for rotorcraft configurations have been published, in general for drag reduction purposes. For example, flow control has been applied to hub fairing or hub pylon separation control (Refs. [START_REF] Arad | Control of Massive Separation on a Thick-airfoil Wing: A Computational and Experimental Study[END_REF][START_REF] Wilson | Turbulence Measurements on a 2D NACA0036 with Synthetic Jet Flow Control[END_REF][START_REF] Potsdam | CFD Investigations on a NACA0036 Airfoil with Active Flow Control[END_REF] showing the capability of active blowing to alleviate flow separation on a thick airfoil. Several authors demonstrated that fuselage drag reduction could be achieved using various types of actuators such as vortex generators (Ref. 7), steady blowing (Refs. 8, 9), synthetic jets (Refs. 8-10), combustion actuators (Ref. 11), or plasma actuators used as vortex generators (Ref. 12). All these studies demonstrate fuselage drag reduction of about 15% depending on the configuration, the type of actuation and the flow condition. These drag reduction assessments are supported mainly by wind tunnel tests on simplified configurations and also by numerical simulations for the simplest actuations (Refs. 7-10). However, most authors usually focus on a specific configuration along with a specific actuator, thus making it difficult to compare the different actuation systems. The objective of this paper is to present a wind tunnel test demonstration of efficient flow control on a simplified helicopter blunt fuselage for drag reduction. This investigation has the distinctive feature of comparing several steady and unsteady actuators in the same experiment on the same helicopter fuselage. Furthermore, these experimental results are not restricted to a single fuselage attitude but cover a wide range of angles of attack, hence demonstrating the capability of active flow control to reduce fuselage drag for various flight conditions corresponding to different fuselage attitudes. Previous work on the same simplified configuration revealed that two main flow topologies could occur on the fuselage depending on its incidence (Ref. 9). The present work also aims to show what kind of active flow control strategy is the most suitable for each flow topology.

The paper first presents the simplified helicopter model and the wind tunnel test setup. A second part is dedicated to the presentation of the different actuators and their property and performance evaluation during specific preliminary laboratory tests. Wind tunnel tests measurements that include aerodynamic loads acting on the fuselage, static pressure taps, unsteady pressure, and particle image velocimetry (PIV) measurements are presented and discussed. An overall analysis of the results including actuators comparison with respect to achieved drag reduction is then presented. The paper finally discusses the choice of the most suitable control strategy depending on the blunt fuselage angle of attack.

Wind Tunnel Tests

ASF2 simplified fuselage configuration

The current research effort applies on a generic fuselage, the ASF2 (Fig. 1), based on a fully open geometry. Already studied around 1985-1990 at ONERA (Ref. [START_REF] Gleyzes | Experimental and Numerical Study of the Flow around an Helicopter Fuselage. Determination of Drag Coefficient[END_REF], this fuselage has a pronounced ramp to produce a large separation. The particularity of this fuselage is the rounded shape of its ramp or backdoor area that leads to a strong three-dimensional separation. Separation location is not directly set by the geometry and can change depending on the fuselage angle of attack (Ref. 9). In addition, similarly to observations reported by Seddon in Ref. 14, two flow topologies have been identified numerically and experimentally (Ref. 9) for positive and negative angles of attack, respectively. It can be added that this simplified fuselage had originally been designed so that the laminar/turbulent transition occurred slightly downstream of its nose at the maximum curvature location. Tripped transition cases and natural free transition cases have been compared in the current experiment, demonstrating a marginal influence of the transition. Consequently, all the experimental results presented in this paper are for a natural free transition.

Experimental setup

The wind tunnel tests were conducted in the ONERA L1 wind tunnel in Lille, France. This research facility is an Eiffel-type wind tunnel with a return hall, which can reach wind speeds up to 75 m/s and has a circular test section with a diameter of 2.4 m. The model is approximately 1 m long and is mounted upside down on two struts in the test section. When not specified, the freestream velocity is 40 m/s, corresponding to a Reynolds number based on fuselage length of approximately 2.9 million (0.65 million if based on fuselage width). The freestream turbulence intensity of the wind tunnel is estimated to be equal to 0.3%. The blockage ratio is 1.5%; therefore, wall effects on the model should be negligible.

An external balance (Monnin type) is used to measure drag, lift, and pitching moment to ensure the highest drag measurements accuracy. The Monnin balance principle is based on balancing the main part of the force by marked masses acting as counterweights, while determining the residual part by measuring the deformation of flexion plates. This principle makes it possible to have a constant sensitivity of 10 g regardless of the load. This sensitivity corresponds to less than 1% of the fuselage and strut minimum drag value for V ∞ = 40 m/s (achieved at α = 0 • ). The struts loads are then measured and subtracted to determine the isolated fuselage drag. For flow control cases, the additional forces due to the jets blowing and in particular the generated thrust are measured by performing a run without wind for all angles of attack. The measured thrust is then subtracted to compare isolated fuselage drag of all cases. The thrust values have been found to be much smaller than the drag measurements (∼1 to 2% of the drag value, depending on the blowing coefficient).

Model instrumentation and measurements

The ASF2 model is instrumented with 87 pressure taps located in the symmetry plane, on the meridian lines on both sides of the fuselage, and in the ramp region. Ten Kulite R unsteady pressure transducers are added on the ramp and on the tail boom (Fig. 2). Unsteady pressures are acquired at a sampling rate of 1280 Hz for 10 s (parametric study) or 45 s (selected cases of interest).

Actuator integration

The simplified blunt fuselage model was designed so that eight removable actuators could be added in the backdoor region in a U-shape arrangement (Fig. 3). This arrangement, as well as slot length, width, and blowing angle, has been determined based on numerical investigations presented in Ref. 9. A modular design of the model backdoor region allows several types of actuators to be tested in the same model during the same experiment. Presently, three types of slotted actuators are considered:

1) Steady blowing: An air supply external to the model allows several flow rates and blowing velocities to be tested.

2) Pulsed jets or unsteady blowing: Using the same actuator, blowing can be turned on and off at various frequencies and duty cycles.

3) Synthetic jets or zero-net-mass-flux (ZNMF) blowing: A different actuator is used to produce periodic suction and blowing, for various frequencies and blowing velocities, without the need of an external air supply.

Actuators have been designed and manufactured at ONERA (see Ref. 15 for further information) to meet performance specifications based on a literature review and on computational fluid dynamics (CFD) computations (Ref. 9). Final slot length is 30 mm, slot width is 0.67 mm, and slot angle with respect to the local surface is 45 • .

Actuator Laboratory Tests

Objective and experimental process

An essential phase in the test preparation is the extensive laboratory test of each individual actuator (Fig. 4). Each actuator is individually qualified on a dedicated bench. The first objective is to confirm that its properties match the technical specifications. This phase also aims to ensure the homogeneity of all the actuators, since eight of them can be used simultaneously on the model during the wind tunnel test. Finally, the laboratory tests are also used to perform fine measurements of the actuators performance (e.g., input voltage response, input frequency signal response) that are crucial information for control of the actuators during the wind tunnel tests. This information is mandatory since a simple monitoring of the actuators is performed during the wind tunnel test, without any actuator performance measurements.

To perform these measurements, a dedicated test bench in still air conditions has been developed at the ONERA Lille facility. Measurements are performed using a hot wire whose position relative to the actuator slot exhaust can be accurately adjusted. To acquire reliable and accurate results, particular attention is paid to the hot-wire calibration procedure. A specific procedure has been developed (Ref. [START_REF] Ternoy | Overview of ONERA Actuators for Active Flow Control[END_REF]) to take into account the fact that the size of the hot wire and the jet slot are of the same order. In such a case, the hot-wire active sensor is not uniformly cooled, due to the jet velocity profile. This actuator qualification bench and the 

Sample bench test results

Hot-wire measurements during actuator bench tests include peak velocity evaluation, slot span, and width velocity distribution measurements, as well as input signal voltage and frequency response. For each slot geometry, measurements were repeated for each type of actuation (steady blowing, unsteady blowing, and synthetic jets). Figure 5 presents, for example, the measured velocity peak of the eight synthetic jet actuators for varying voltage inputs for a given actuation frequency of 185 Hz. A linear response of the jet peak velocity in the blowing phase is obtained with respect to input voltage. A generally good homogeneity is observed between the actuators with a maximum peak velocity approximately equal to 100 m/s for the maximum input voltage. Actuator 2 shows slightly better performance (10% higher), but this discrepancy is considered acceptable. Figure 6 presents an example of velocity measurements along the slot length showing a good homogeneity of the velocity distribution in this direction.

An example of time measurements for a given synthetic jet actuator is given in Fig. 7. Measurements have been acquired over three periods. The hot-wire measures the jet velocity in the blowing phase (the blowing phase is not locked at a specific t/T in this measurement example) but cannot provide reliable information in the suction phase (hot wire is positioned approximately 1 mm above the jet in order not to affect the peak velocity).

Such time measurements are then used to determine the momentum coefficient or blowing coefficient C µ used in active flow control field to estimate actuation authority. The blowing coefficient is defined as Based on the synthetic jet blowing phase measurements, a simple model is built. A semi-sine wave function is chosen to fit the blowing phase measurements. It should be noted that the blowing duration is not necessarily half the period: The measurements reveal that the blowing phase can be shorter depending on frequency actuation and voltage input. The suction phase is then deduced and modeled by another semi-sine that exactly compensates the blowing flow rate by considering the ZNMF assumption. An example of this semi-sine reconstruction of the blowing and suction phases is illustrated in Fig. 8. Afterward, this information is used to calculate the blowing coefficient C µ (integration of V 2 jet (t)). In the present paper, the blowing coefficient C µ is given for all the activated jets (eight or four activated slots using averaged peak velocity measurements of each individual actuator) of the considered configuration for a fair comparison of the flow control authority depending on the chosen flow control scheme. The peak velocity measurement is used for the synthetic jet when the measured mass flow is used for the steady blowing and pulsed jet for the blowing coefficient calculation.

C µ = n jet ρ jet A jet V 2 jet (t) t 1 2 ρ ∞ A CS V 2 ∞

Bench test conclusions

A detailed analysis of the actuator laboratory test data has been performed, and a summary of the main results and observations is presented below:

1) An acceptable homogeneity is observed between the eight actuators of each type in terms of peak velocity, frequency response, and input voltage response.

2) An evaluation of velocity distribution profiles for slot width and length (not presented) has been performed, showing a constant blowing velocity along the slot length for all actuator types.

3) Actuator bench tests assessed the performance of each actuator. The results are also used to choose the proper input parameters to prepare the wind tunnel test matrix and to control the actuators during the wind tunnel test. In particular for each actuator type, a) Steady blowing: mass flow rate to obtain the desired output peak velocity and momentum coefficient; b) Unsteady blowing: mass flow rate (output peak velocity and momentum coefficient), achievable frequency range, and minimum dutycycle achievable; and c) Synthetic jets: input voltage, actuation frequency, and input signal shape to obtain the desired output peak velocity and momentum coefficient. 

Results and Discussion

Test matrix

Measurements have been performed for several wind speeds, but most flow control cases are for a freestream velocity of 40 m/s. Each case comprises a complete fuselage polar from -10 • (nose-down) to 6 • (nose-up) with approximately 20 different angles of attack within this range. Combined with all jet input parameter permutations, a large parametric study was achieved. The considered flow control cases are detailed below:

1) Steady blowing:VR= V jet /V ∞ from 1 to 3 for eight slots, various four-slot configurations (side slots only, bottom slots only, every other slot).

2) Unsteady blowing:V R= V jet /V ∞ from 1 to 3 for eight slots, various four-slot configurations (side slots only, bottom slots only, every 3) Synthetic jets:VR= V jet /V ∞ from 1 to 2.6, eight-slot and four-slot configurations, frequency sweep from 50 to 200 Hz, slot phasing scheme influence, input signal shape influence.

A total of approximately 150 fuselage polars were acquired and are used in the present paper in the following results description and analysis.

Baseline results

Baseline cases are performed with either blanks installed instead of the actuators slots or with the slots without blowing. The influence of the slots on the baseline results is found to be negligible, and the drag and lift measurements presented in Fig. 9 are the average of all repeated cases (∼20 runs) performed during the wind tunnel test. Error bars indicate the standard deviation of the measurements and illustrate the overall measurement repeatability and accuracy, which is estimated at ±1.25% of the averaged value for the drag.

The drag and lift curves exhibit two main parts that have been associated with two different flow topologies as detailed in Ref. 9 and summarized as [START_REF] Gad-El Hak | Flow Control: Passive, Active, and Reactive Flow Management[END_REF] an "eddy flow" topology for nose-up angle of attack (α>-2 • ), for which the flow is a classical bluff-body flow consisting of cross-stream eddies, and (2) a "vortex flow" topology for nose-down angle of attack (α<-2 • ), for which the flow is characterized by streamwise vortices.

Steady blowing results

First flow control results are presented for steady blowing using the eight slots and for increasing blowing rate values VR = V jet /V ∞ from 1 to 3 (Fig. 10). Corresponding blowing coefficients C µ are indicated in the legend. For VR = 1, the influence on the fuselage drag is very limited with a slight drag reduction observed in the vortex flow region for α =-2.5 • . Significant drag reduction can, however, be observed for VR = 1.5 with 10-15% drag reduction for negative fuselage angles of attack (α<-2 • ). For fuselage angles of attack from α =-2 • to 2 • ,a drag increase is observed and a drag reduction of approximately 10% is then obtained for nose-up angles of attack. The fuselage drag polar for VR = 1.5 is smoother than the baseline one with a shallow evolution of the drag. The lift polar (Fig. 11) shows the same feature with a smooth Increasing the blowing coefficient C µ and velocity ratio shows the same trends as for VR = 1.5. Drag reduction is more significant for negative angles of attack, whereas the drag increase around 0 • angle of attack is accentuated. Pressure distributions on the backdoor ramp region of the fuselage are plotted in Fig. 12 for a fuselage angle of attack equal to -5 • . Drag reduction is obtained by a base pressure increase on the backdoor region of the helicopter fuselage. Higher drag reduction and backdoor pressure rise are observed for increased jet velocity ratios and momentum coefficients. For the highest blowing coefficient corresponding to VR = 3, a drag reduction of 23.7% is obtained.

The evolution of the measured drag reduction with the momentum coefficient C µ shows that the fuselage drag value reaches a plateau for high blowing rates (Fig. 13). For a momentum coefficient C µ equal to 1.85% (VR = 2), a drag reduction of 21.8% is obtained and a drag reduction of 23.6% is obtained for C µ equal to 4.35%. Figure 13 also presents the drag reduction obtained for other control schemes: using only the four bottom slots (blue circles) leads to similar drag reduction as the eight-slot case. However, using the four side slots (purple triangles) allows much higher drag reduction at a given momentum coefficient. A maximum drag reduction of 32% is thus obtained for the four side slots active with a C µ = 0.93%.

Pulsed jets or unsteady blowing results

Investigation of pulsed jet effectiveness begins with the idea of saving half the supplied mass flow through the use of a duty cycle DC equal to 50%. First, the mass flow rate is adjusted to equal the mass flow rate for a steady blowing case with a velocity ratio VR = 1.5. Then the unsteady actuation is adjusted to obtain the desired duty cycle. The influence of the actuation frequency f is first evaluated and presented in Fig. 14 for a fuselage angle of attack equal to -5 • . One can notice a limited frequency effect in the investigated range. Drag reductions around 10-15% are obtained for frequencies up to f = 165 Hz, whereas those reductions are more limited for f = 200 Hz. Actuator limitations constrained the actuator frequencies to a maximum of 200 Hz, so no information is available for higher frequency actuations. Unsteady actuation seems to lead to slightly higher drag reductions than the corresponding steady blowing case. In particular, the highest drag reduction is obtained for f = 82 Hz, corresponding to a reduced frequency, based on fuselage width W ,o f f + ∼ 0.5. This value is close to the value identified by Schaeffler et al. (Ref. 8) for ZNMF blowing actuation in their computations.

The influence of the duty cycle has been evaluated for an actuation frequency f = 82 Hz (f + = 0.5). The objective is to minimize the duty cycle and therefore the momentum coefficient, while keeping similar drag reductions. Pressure distributions and obtained drag reductions for varying duty cycles from 25% to 100% (steady blowing) are compared in Fig. 15 for a fuselage angle of attack α =-5 • .ForDC= 75%, a slightly better drag reduction is observed in comparison to the steady blowing case (15.41% instead of 12.33%). Improvement of the drag reduction is achieved through an increase of the base pressure on the ramp region of the helicopter fuselage similarly to what is observed for steady blowing cases (Fig. 12). For DC = 50%, the drag reduction is the same as the one obtained for DC = 75%. For DC = 25%, the drag is reduced by 

Synthetic jet results

Experimental results of a drag reduction study obtained with ZNMF blowing or synthetic jets are presented in this section. No significant frequency effect could be identified. The results are presented as a function of the velocity ratio VR and the blowing coefficient C µ , which are calculated using laboratory test results. Several slot configurations for a given velocity ratio of 2 are compared in Fig. 16. No drag reduction is observed for the eight-slot configuration: For negative angle of attack (α<-3 • ), drag is unchanged compared to the reference case; for higher angles of attack, drag increases. Only four-slot configurations seem to lead to drag reductions:

1) For negative angles of attack, the four-side-slot configuration allows drag to be reduced for a limited range of fuselage angles of attack (around α =-2.5 • ) with a maximum drag reduction of approximately 15%.

2) For positive angles of attack (α>2.5 • ), the four-bottom-slot configuration is the most effective with a maximum drag reduction of 10%.

The influence of the slot actuation scheme is presented in Fig. 17 for a negative angle of attack ("vortex flow" topology for the reference case). This plot gathers the results obtained for each synthetic jet test case performed during the wind tunnel parametric study. The figure emphasizes that, at this angle of attack, eight-slot and four-bottom-slot configurations lead to drag increases for all momentum coefficients tested. Only the four-side-slot configuration induces drag reductions for momentum coefficients higher than 0.2%. This observation is all the more interesting when compared to the same results for a positive angle attack ("eddy flow" topology for the reference case) as plotted in Fig. 18. Here the four- side-slot configuration leads to a drag increase, even at high momentum coefficients. The trend is completely reversed in comparison with the "vortex flow" case: the higher the momentum coefficient, the higher the drag increase. The eight-slot configuration is also ineffective at reducing the fuselage drag. In this case, the four-bottom-slot scheme is the only one to achieve drag reductions (for momentum coefficients higher than 0.2%). These observations highlight that the control scheme should depend on the flow topology (and therefore on the angle of attack) to obtain drag reductions for sufficient momentum coefficients. This correlation between the slot configuration and the original flow topology qualitatively makes sense. Indeed, the vortex flow is characterized by large streamwise vortices emitted in the tail/body junction area, close to the side slots. Conversely, the eddy flow topology consists of cross-stream eddies, generated by the flow separation and growth in the separation shear layer, which can be more easily affected by the bottom slots. A drag increase is observed in all cases at very low blowing coefficients, showing an influence of the jets at a very small control authority. This drag increase has been correlated with pressure measurement differences in the ramp area and is not due to any measurement uncertainties.

Pressure distributions obtained with a four-side synthetic jet configuration for a negative angle of attack and a four-bottom synthetic jet scheme for a positive angle of attack are, respectively, plotted in Figs. 19 and 20. For each case, the drag reduction (-17.3% for the negative angle of attack case and -8.4% for the positive angle of attack case) is obtained thanks to a base pressure increase on the fuselage backdoor region. For the positive angle of attack case, the pressure increase is higher but is balanced by a strong suction region at the beginning of the ramp due to flow acceleration by the bottom synthetic jet actuation.

Actuator comparison

Results obtained with the three different types of actuators and discussed in the above sections are compared. The chosen scaling parameter is the momentum coefficient or blowing coefficient C µ that is calculated based on actuator bench test measurements. Figure 21 presents the drag variations measured for all three actuation types using eight active slots. The obtained drag reductions follow a similar trend as a function of increasing blowing coefficient, independent of the actuation type employed. There is, for example, a good continuity between synthetic jet and steady blowing results. However, synthetic jets results are mainly clustered around low C µ values whereas steady blowing results extend over the whole investigated blowing coefficient range. This large range illustrates the much higher control authority that can be achieved with steady blowing but at the cost of additional air supply compared to a synthetic jet actuation system. Results in Fig. 21 demonstrate again the steady blowing saturation effect for high C µ values (discussed in Figs. 12 and13). The results obtained with pulsed jets are also in reasonable agreement with other actuator results, although more scattered because of the frequency effect discussed in the preceding section (see Fig. 14 results corresponding to C µ = 0.5%).

These results show that actuator authority can be compared based on blowing coefficient (possibly thanks to an identical slot layout and geometry for the three actuation systems). 

Vortex flow control

Synthetic jet data revealed that, for negative angles of attack, corresponding to the "vortex flow" topology, drag reductions were limited to the four-side-slot configuration (Fig. 17). Steady blowing results also proved to be sensitive to the activated slot configuration (Fig. 13). Since actuators can be compared based on momentum coefficient, the objective of this section is to compare all actuation types for different slot configurations for the vortex flow case (negative angle of attack or nose-down fuselage). Figures 22 and23 present the results for the four-side-slot and the four-bottom-slot configurations, respectively, for α =-2.5 • . The four-side-slot control scheme (Fig. 22) induces significant drag reductions for all actuation types, with approximately 20% drag reduction for C µ values around 0.3%. Conversely, the results for the four-bottomslot configuration (Fig. 23) show drag increases for all actuation types and blowing coefficient values. This drag rise is partly due to a higher suction peak at the bottom of the backdoor region due to flow acceleration at the actuator exit, similar to the observation in Fig. 19. These results finally demonstrate that the primary parameter to achieve drag reduction is the activated slot configuration. For negative angles of attack for which the baseline flow is characterized by a vortex flow topology, only the four-side-slot configuration is able to produce significant drag reductions.

Eddy flow control

Similar analysis is conducted for positive angles of attack (nose-up fuselage), the "eddy flow" baseline topology. Figures 24 and25 present the drag reduction results at a fuselage angle of attack of 3.5 • for all three actuation types applied for the four-side-slot and the four-bottom-slot configurations. Here, activating the four side slots (Fig. 24) leads to large drag increases (∼5-10%) for all actuation types and no drag reduction is observed, even for high blowing coefficient values. Conversely, the four-bottom-slot configuration allows significant drag reductions to be obtained for all actuation types (Fig. 25). A maximum drag reduction of 10-12% is obtained for C µ values around 0.4%. Finally, the drag is increased for both slot schemes for high C µ values.

This drag increase for high momentum coefficients is due to the balance between the increase of the backdoor pressure and the increase of the suction peak at the beginning of the ramp as illustrated in Fig. 26. For C µ = 0.5%, the pressure is increased on the backdoor and a drag reduction of 11.6% is obtained. The suction peak is also increased at the bottom of the backdoor where the jets are blowing but the pressure drop is balanced by the pressure increase below the tail. For higher momentum coefficient, C µ = 0.9%, the suction peak is increased again and this time the pressure increase under the tail boom is not sufficient to balance the negative pressure due to the suction peak and the fuselage drag is increased by 2.3%. Therefore, a compromise has to be reached between increasing the base pressure at the center of the ramp without creating a large suction area at the beginning of the backdoor (due to bottom slots). This insight was already numerically identified and discussed by 

Overall results synthesis

The previous discussion demonstrates that for nose-up fuselage angles of attack, the four-bottom-slot actuation configuration is suitable to reach significant drag reductions. On the other hand, for nose-down angles of attack, it is similarly identified that the four-side-slot configuration leads to the highest drag reductions. The synthesis of all fuselage drag polar measurements for all actuation configurations is plotted in Fig. 27. This figure shows that significant drag reductions can be obtained for most angles of attack: Reductions can reach 35% for negative angles of attack and 15% for positive angles of attack. Fuselage drag cannot be reduced over a limited range of angles of attack around α = 0 • . Finally, this figure emphasizes that taking the lowest values of drag envelope results in a polar of very low fuselage drag. It also demonstrates that various actuation configurations have to be used depending on the fuselage angle of attack to get this very low drag polar.

The influence of active flow control on fuselage lift is plotted in Fig. 28. This subject has not been discussed previously as lift is not a decisive objective of this investigation: Helicopter fuselages generally do not produce lift, and the aerodynamic fuselage downforce is usually limited and easily compensated by the rotor thrust. Reducing this downforce would nevertheless be an obvious benefit. The lift values corresponding to the best drag results from Fig. 27 are reported in Fig. 28. One can note that for negative angles of attack, using the four side slots, drag reductions are associated with a decrease of the fuselage downforce. Conversely, for positive angles of attack, the four-bottom-slot configurations, which are the most effective to obtain drag reductions, lead to a fuselage downforce increase.

Conclusions

Significant drag reductions on a simplified helicopter blunt fuselage have been achieved using active flow control. The comprehensive experimental study included the comparison of three types of actuation (steady blowing, unsteady blowing, and synthetic jets) for a wide range of helicopter fuselage angles of attack. The following main conclusions can be drawn from the discussed results:

1) Actuators bench tests are a critical phase of an active flow control experiment and are mandatory for a detailed overview of actuator performance and properties.

2) Large drag reductions were demonstrated for all actuators and for the whole range of angles of attack except around 0 • . Generally an average of 15-20% drag reduction is achieved.

3) Different actuations can be directly compared using the momentum coefficient C µ since it correctly represents the actuation control authority. A good consistency between the different actuation results is demonstrated.

4) For fuselage nose-down angles of attack, the reference flow is characterized by a "vortex flow" topology and the highest drag reductions are obtained using the four-side-slot configuration.

5) For fuselage nose-up angles of attack, the baseline flow is defined as an "eddy flow" and the highest drag reductions are achieved for the four-bottom-slot configuration.

6) The highest drag reductions obtained for the vortex flow are accompanied by a decrease of the fuselage downforce, whereas selected control schemes for eddy flow control are responsible for an increase of the fuselage downforce. This comprehensive experimental database has not been fully analyzed, including data such as unsteady pressure measurements on the fuselage backdoor and tail boom. Additional PIV measurements with and without active flow control have also recently been performed and will give a complementary insight into the flow control effectiveness.

NomenclatureA

  CS fuselage cross-sectional area = 0.05634 m 2 C d drag coefficient = drag/(qA CS ) C l lift coefficient = lift/(qA CS ) C p pressure coefficient C µ blowing coefficient for all jets DC pulsed jet duty cycle, DC = f *T f unsteady actuation frequency, Hz f + reduced frequency, f + = f *W /V ∞ L fuselage length = 1.0925 m l flow control slot length, m n jet number of activated jets
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 1 Fig. 1. Simplified blunt fuselage model in the wind tunnel test section.
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 2 Fig. 2. ASF2 model instrumentation: pressure taps (black) and Kulites (red).
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 34 Fig. 3. Fuselage model backdoor with the eight spaces for the removable actuators.
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 9 Fig. 9. Baseline fuselage drag (red) and lift (blue) measurements.
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 1011 Fig. 10. Steady blowing drag measurements for eight slots and increasing jets velocity ratio VR.
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 1213 Fig. 12. Comparison of backdoor pressure distributions between steady blowing cases for eight slots and reference case for α = -5 • .
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 1415 Fig. 14. Pulsed jet actuation frequency influence for VR = 1.5, DC = 50%, and α = -5 • .
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 1617 Fig. 16. Synthetic jets drag measurements for a blowing rate VR = 2(C µ = 0.4%) and various slot configurations.
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 18 Fig. 18. Drag reduction obtained in the eddy flow region (α = 3.5 • ) for several synthetic jet actuation configurations.
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 20 Fig. 20. Comparison of backdoor pressure distributions between synthetic jet cases and reference case for α = 3.5 • (eddy flow).
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 22 Fig. 22. Synthesis of drag reduction results for vortex flow case (α =-2.5 • ) and four-side-slot configuration.
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 24 Fig. 24. Synthesis of drag reduction results for eddy flow case (α = 3.5 • ) and four-side-slot configuration.
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 25 Fig. 25. Synthesis of drag reduction results for eddy flow case (α = 3.5 • ) and four-bottom-slot configuration.
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Fig. 27 .

 27 Fig. 27. Synthesis of the fuselage drag reduction using steady blowing, unsteady blowing, and synthetic jets for various actuation configurations (thick black line: baseline case).

Fig. 28 .

 28 Fig. 28. Synthesis of the fuselage lift variations using steady blowing, unsteady blowing, and synthetic jets for various actuation configurations (thick black line: baseline case).
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