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Theoretical and Experimental Investigations of Aerodynamic Characteristics for Micro-UAV Vladimir S. Brusov1, Moscow Aviation Institute, Volokolamskoye Chaussée 4, 125993,GSP-3, Moscow, Russia Rzeszow University of Technology, Wincentego Pola 2, 35-959 Rzeszow, Poland and Vladimir P. Petruchik2 Moscow Aviation Institute, Volokolamskoye Chaussée 4, 125993,GSP-3, Moscow, Russia



Problems associated with aerodynamics and flight dynamics for small and very small unmanned aerial vehicles (UAV) are discussed with special emphasis on theoretical and experimental techniques to evaluate aerodynamic characteristics for very small UAVs (microUAVs). An experimental approach is suggested to simulate quasi-free controlled motion of the vehicles. This approach is based on wind tunnel experiment by using mounting with multiple degrees of freedom. Theoretical and experimental results are presented for a tailless micro-UAV. The experimental results were obtained by using of the T-1 wind tunnel installed in Moscow Aviation Institute.
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mass of UAV mass air density wing area of UAV mean aerodynamic chord airspeed; flow velocity within a wind tunnel Reynolds number angle of attack; deg lift coefficient drag coefficient rag coefficient pitching moment coefficient rolling moment coefficient yawing moment coefficient relative density time ratio degree of longitudinal static stability aerodynamic pitching derivative with respect to lift coefficient, ∂Cm /∂CL pitching derivative with respect to nondimensional angular velocity about Y-axis, ∂Cm /∂q angle of sideslip aerodynamic lift derivative with respect to angle of attack, ∂Cm /∂α aerodynamic pitching derivative with respect to angle of attack, ∂Cm /∂α aerodynamic rolling derivative with respect to angle of sideslip, ∂Cl /∂β aerodynamic yawing derivative with respect to angle of sideslip, ∂Cn /∂β



I. Introduction Recent years achievements associated with miniaturization of aircraft components and equipment as well as with enhancing of their functional capabilities and performances make possible to begin development of unmanned aerial
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vehicles (UAVs) belonging to a new UAV class named very-small UAV or micro-UAV. The micro-UAVs can be used potentially as an effective tool to solve a broad range of applied problems. However micro-UAV design is a very difficult problem due to lack of appropriate theory of flight for such kind of objects. The point is that the micro-UAVs are much more similar to birds and insects than to conventional aircraft including larger UAVs (see Table 1) in terms of mass, dimensions, airspeed, Reynolds number values. We have no adequate analytical or numerical techniques to describe micro-UAV motion taking into account peculiarities mentioned above. This complicated problem remains still unsolved for modern aerodynamics and flight dynamics. On the other hand conventional theory of flight based mainly on empirical-type relationships reproducing longterm experience in design of “large” aircraft does not specify flight of living beings as well as small UAVs. We will call UAV with its mass up to 15 kg as a small UAV (mini-UAV); a very small UAV (micro-UAV) has its mass up to 0.25-0.35 kg. We will mean by small Reynolds number its values in the range Re < 105. Very small Reynolds numbers are from the range Re < 104. Table 1 represents some features for various kinds of flying objects including manned and unmanned aircraft, as well as birds and insects. Table 1 Some features for various kinds of flying objects Object kind



Re



Mass, kg



Relative density [μ]



Time ratio, sec



Sporting airplanes and gliders Middle-sized UAV Micro-UAV Albatross Sea-gull Butterfly



6⋅105 – 107



500-1200



70-200



1,0-5,0



3⋅105 – 106 5⋅104 – 2⋅105 2⋅105 – 4⋅105 105 3 2⋅10 – 8⋅103



50-150 0,15 – 0,35 8-12 0,8-2,0 0,0005-0, 01



100-300 20-40 80-100 60-80 2-6



0,5-3 0,2-0,5 0,5-2,0 0,5-2,0 0,01-0,06



II. Specific aerodynamic and dynamical features of micro-UAVs As can be seen from Table 1 mass, relative density μ = 2m ρ Sb and time ratio τ = 2m ρ SU for micro-UAV are much smaller than for manned aircraft and for larger UAVs. From this it follows some specific features of motion nature for micro-UAVs: 1. Atmospheric disturbances are not only comparable with baseline in-flight forces influencing on the UAV but often exceed these forces. 2. Damping forces and moments are often similar in magnitude with baseline ones. Therefore flight path investigation for such class of vehicles based on analysis of steady-state motion or on integration of conventional differential equations of motion may be used only in very limited manner since an undisturbed motion is practically absent. Relatively large damping forces together with micro-UAV’s low relative density change not only relationship between static and damping components of static stability index



σ n = C mL + Cmq δ but also the nature of UAV disturbed motion. It is for this reason we may not use such conventional techniques as linearization and motion separation onto short-period and long-period components. All of these circumstances dictate a need to improve baseline hypothesis, assumptions and models of motion as applies to micro-UAV. UAV motion is realized in a resisting medium. It is caused by influence of two independent forces: gravitation and thrust. An aerodynamic force is determined by the motion and depends on gravitation, thrust, medium properties, UAV state and parameters, UAV flight path etc. In other words this force is a result of some “penetration” of a body through the medium, not “blowing” the body with this medium. However modern aerodynamics and flight dynamics are based on the “flow reversibility” hypothesis. Aerodynamic forces and moments are the same according to this hypothesis both for the body moving through medium and for immovable one blown by air provided that a velocity of the body is equal relative to the air for these two cases. To be quite strict, the reversibility hypothesis is reasonable only for the case of straight-line and steady-state motion according to the principle of Galilean relativity. Practical applicability of methods based on this hypothesis is restricted to motions with relatively low linear and angular accelerations.
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It is obvious that blowing of a body by a flow and some arbitrary motion of the body in a medium are inherently different in the sense of their physical nature. Hence it follows the question about correctness of the reversibility hypothesis in terms of allowable values of motion kinematic parameters just as for the stationarity hypothesis in flight dynamics. Moreover these hypotheses taking actually as some postulates promote a “separation” of the flight theory into aerodynamics and flight dynamics. They prevent to understand deeply and thoroughly and to describe correctly complex forms of UAV motion and such phenomena as hysteresis. It is quite naturally to suppose that above-mentioned contradictions between theoretical (mathematical) and experimental techniques to research aerodynamic and dynamical UAV properties, which becomes especially noticeable for low speeds and unsteady flight regimes, can be eliminated only as a result of revision and correction for the hypotheses and assumptions used at present as the basis of flight theory. These improvements are impossible, in turn, without appropriate modern-style experiments used as a basis to formulate theoretical models for studied phenomena including UAV flight and to verify adequacy for research techniques. Figure 1 presents some verification results for one of modern computational aerodynamics methods.4 The results obtained in the TsAGI (Central Aerohydrodynamics Institute) by A.V. Kazakov and O.G. Bouzykin are based on wind tunnel experiments carried out at flow velocity 30 m/sec (Re = 4.2 × 105) for a half-wing with the NACA 0012 airfoil, chord c = 0.19 m and aspect ratio 5. As we can see these results are consistent satisfactorily with experimental data only for small angle of attack values. Figure 2 shows results based on numerical simulation only i.e. without their experimental verification.



Figure 1. Comparison of results obtained by means of experiment (o) and numerical simulation (Δ).



Figure 2. Calculated flow fields for angle of attack values α = 00 and α = 250. As we can see from Table 1 flights for all micro-UAVs and birds except albatross are carried out at Reynolds numbers from 10000 to 150000. An airflow in this region has one unfavorable feature complicating both study and flight control for micro-UAV. We are speaking about possibility of rather sharp changes in UAV aerodynamic characteristics caused with two-way flow transitions between subcritical and supercritical regions of Reynolds number values1-3. In this case a laminar boundary layer separation occurs for upper wing surface in the conditions of low speed and subcritical flow while the boundary layer becomes turbulent and is adjacent to the wing surface at critical Reynolds number. A lift of the wing increases considerably and a drag decreases accordingly therefore an aerodynamic efficiency of the wing increases too. However this flow model is not completely adequate to real physical processes
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because it does not take into account a spatial and unsteady nature of airfoil motion within air. In particular the model does not take into consideration the phenomena of aerodynamic hysteresis (see Fig. 3).



Figure 3. Relationship СL(α, Rе) with appearance of aerodynamic hysteresis: A – subcritical flow, B – transition area, C – supercritical flow. It is considered usually that main difference between micro-UAV and larger UAV from the aerodynamic standpoint consists in small operational values of Reynolds number. However this is not so simple and small Reynolds number is important factor but not sole one. If micro-UAVs were flown at small but constant (or slowly varying) Reynolds numbers, it would cause only certain degradation of UAV aerodynamic characteristics. The micro-UAVs discussed in this paper can change sharply their airspeed and flight direction (see Fig. 4) because of very low inertia characteristics for both translational and rotational motion. In this case they can accomplish a transition between subcritical and supercritical Reynolds number regions and backwards in a fraction of a second. The transition causes considerable change of micro-UAV aerodynamic characteristics and involves corresponding changes of UAV flight dynamics.



Figure 4. A registration example for micro-UAV flight parameters (altitude and airspeed). On the other hand low UAV inertia moments stimulate rapid angle of attack and angle of sideslip changes, which influence UAV aerodynamic characteristics. It may be said that micro-UAVs fly most of their time on unsteady flight regimes and in the conditions of nonstationary aerodynamic characteristics. A low micro-UAVs relative density causes comparability in magnitude between damping moments and static moments of pitch, roll and yaw both for longitudinal and lateral motion. Therefore it is necessary to revise all the research foundations for these kinds of micro-UAV motion. That is really so because of serious weakness of the
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hypothesis about separation of a full motion into short-period and long-period longitudinal motions as well as into fast and slow lateral ones.



III. Research program and technique for wind tunnel experiments with micro-UAV Experimental investigations were carried out for micro-UAV by using the T-1 wind tunnel installed in the Aerodynamic Laboratory at the Moscow Aviation Institute (MAI). The first goal of the investigations was to obtain valid data related to aerodynamic and dynamical characteristics of micro-UAVs for a real flight velocity region. The second goal consists in tuning of on-board microprocessor system intended to register micro-UAV flight parameters during flight tests. We had no need to build a scale micro-UAV model since a real-sized micro-UAV were located in the working section of the T-1 wind tunnel without much difficulty (see Fig. 5).



Figure 5. A real micro-UAV within working section of the T-1 wind tunnel at the MAI. The micro-UAV is installed in the working section of the T-1 wind tunnel by using of a standard mounting for investigation of static aerodynamic characteristics. Experiments for investigation of dynamical micro-UAV characteristics require a gimbal mounting providing three degrees of freedom for rotational motion of the UAV including motions about X-, Y- and Z-axes in the body-axis system. Parameter registration in the dynamical case is based on readouts of the micro-UAV on-board angular velocity sensors with storage obtained data in the memory of the UAV on-board microprocessor system. The subsonic T-1 closed-layout wind tunnel has an open working section with such main parameters as: output diameter of the contractor is 2.25 m, length of the working section is 3.4 m, range of operational flow velocities is from 5 m/sec to 50 m/sec, critical Reynolds number Re = 3.5 × 105, initial turbulence degree is 0.35%. The T-1 wind tunnel is equipped with automatic system intended to control experiments and to process obtaining experimental data.



IV. Experimental research results for aerodynamic characteristics of the “002” micro-UAV The tailless “002” micro-UAV used in the experiments is shown on Fig. 6. It has a swept-back wing with twofins vertical tail installed on tips of the wing. A power plant of the micro-UAV consists of a piston engine and a tractor airscrew. The micro-UAV wing has the Clark-Y airfoil with a thickness-chord ratio of 12%. An area of the wing is 0.12 m2, including elevons. A mission mass of the micro-UAV can vary from 250 g to 350 g depending on used control equipment and carried payload. For stated velocity range (from 10 m/sec to 30 m/sec) the micro-UAV wing with mean aerodynamic chord cA = 200 mm operates at Reynolds numbers from Re = 1.38 × 105 to Re = 4.14 × 105.



Figure 6. Scheme of the “002” micro - UAV.
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Steady-state aerodynamic characteristics. Figure 7 presents relationships for the “002” micro-UAV lift coefficient СL = f(α) at flow velocity U = 10 m/sec and for various angle of sideslip β values. The flow velocity was varied in the range from 10 m/sec to 20 m/sec, angle of attack in the range of –150…+200, angle of sideslip in the range of –20…+160. Values for the СLα aerodynamic derivative are calculated basing on the СL (α) relationships. They belong to the region from С Lα = 2.9 at U = 10 m/sec to С Lα = 2.0 at U = 20 m/sec. The С Lα = 2.9 experimental value fits satisfactorily with a theoretical estimation value of С Lα = 3.1…3.2 obtained for the specified micro-UAV wing geometric parameters. Maximum values of С L = 0.83…0.88 are achieved at velocity U = 10 m/sec and decrease to 0.63…0.64 for the velocity increasing up to U = 20 m/sec. This phenomena is explained by influence of elastic deformations of the real micro-UAV. As it is shown from Fig. 7, the СL (α) relationships are practically linear for all the range of angle of attack values. An influence of angle of sideslip β values on a form of the СL (α) relationship is negligibly small. Losses of the СL value are equal approximately of 0.05…0.08 for β values varying from 00 up to 160, at large angle of attack values (α = 150…200) and at flow velocity U = 10 m/sec. This influence becomes apparent even less at U = 15 m/sec and U = 20 m/sec. Figure 8 presents relationships for the “002” micro-UAV drag coefficient СD (α) obtained by means of similar experiments. Minimum values of С D = 0.038…0.042 are achieved at angle of attack α (and lift coefficient СL) near zero values. These СD values agree practically with a theoretically calculated value of minimum drag coefficient. A polar curve slope value of A = 0.142 was obtained basing on the experimental СL (α) and СD (α) relationships using the recalculation technique.



Figure 7. Relationship СL (α,β).



Figure 8. Relationship СD (α,β).



Figure 9. Relationship L/D (α,β).



Figure 10. Relationship Сm (α,β).
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Figure 9 shows dependencies of aerodynamic efficiency (L/D, lift to drag ratio) for the micro-UAV with respect to angle of attack α and angle of sideslip β. Maximum L/D values are in the range 6.8…7.0 and they are achieved at angle of attack values of α = 100…120 (at С L = 0.5…0.6). It corresponds to optimal airspeed of Uopt = 5.7…6.0 m/sec (or about 20 km/h) at altitude H = 0 in regard to the discussed micro-UAV with in-flight mass m = 0.3 kg. So few optimal flight speed values are explained in this case by a very small wing loading (PS = 1.22 daN/m2). If micro-UAV in-flight mass increases up to 0.45 kg then lowaltitude optimal flight speed obtains a value of Uopt = 7.3…7.5 m/sec or about 25 km/h. Experimental values of the micro-UAV aerodynamic efficiency are less of approximately 1.5 units than a theoretical estimation (L/Dmax = 8.5), but optimal lift coefficient values СL opt are the same both for the experiment and for the theory. Non-zero values for angle of sideslip cause decreasing of the micro-UAV aerodynamic efficiency. For example, maximum lift to drag ratio decreases down to 5.5 at angle of sideslip β =160. Figure 10 presents experimental results for the micro-UAV pitching moment coefficient Сm (α) at airspeed U = 10 m/sec with an angle of sideslip range from –20 to +160. The experimental results obtained for this micro-UAV correlate satisfactorily with data from other similar research (see Ref. 5 for example). Similar relationships for the micro-UAV rolling moment coefficient Сl (α) were obtained experimentally. It appeared that the angle of sideslip influences considerably on kind of the Сl (α) dependences. A downstream slope gradient for Сl (α) curves increases appreciably with growth of the β value, i.e. a derivative Сlα increases in modulus. This derivative has a value of Сlα = –0.02 1/rad at zero angle of sideslip, but it is nonetheless not equal to zero. This phenomena can be explained as a result of initial asymmetry of the micro-UAV or due to asymmetric wing deformations under the influence of aerodynamic loadings. Values of Сlβ aerodynamic rolling derivative with respect to angle of sideslip β was calculated using the obtained experimental data as a basis. This derivative has a value of Сlβ = –0.16 at α = 100 and Сlβ = –0.057 at α = 20. The last value corresponds to higher micro-UAV airspeed. These data fit satisfactorily the theoretical estimation of Сlβ computed for an UAV close to the tested micro-UAV. Unsteady aerodynamic characteristics. Experimental results obtained by means of wind tunnel tests for a rectangular wing at a span of 600 mm and a chord of 80 mm with the NACA-60 airfoil are presented in the remaining part of the paper. These results enable to evaluate Reynolds number influence on aerodynamic characteristics of the wing. The experiments were based on a measuring technique using variation of flow velocity at constant angle of attack value.6 Figures 11, 12 and 13 demonstrate experimental dependences of СL , СD and Сm aerodynamic coefficients with respect to Reynolds number at constant α = 100. A flow velocity was increased at first with an angle of attack range from α = 100 to α = 200 during these experiments and then decreases at acceleration of nx = 0.2. Arrows on the Figs. 11–13 pointed to the velocity change direction.



Figure 11. Relationship СL (Re) for the fixed angle angle of attack value (α = 100).



Figure 12. Relationship СD (Re) for the fixed of attack value (α = 100).



Figure 13. Relationship Сm (Re) for the fixed angle of attack value (α = 100).
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As it is seen from Fig. 11 a lift coefficient increases gradually at first with a velocity growth up to some critical condition (Re ≈ 1.4 × 105) then a sudden change occurs from СL ≈ 0.74 to СL ≈ 1.04. Subsequent increasing of the flow velocity causes only negligible growth of the СL value. The lift coefficient returns step-wise to its critical value with decreasing of the flow velocity. However it happens at Reynolds number Re ≈ 8 × 104 instead of previous value Re ≈ 1.4 × 105, i.e. a hysteresis loop emerges. Relationships for СD and Сm coefficients with respect to a flow velocity have also the hysteresis loops as it can be seen from Figs. 12 and 13. Figures 14 and 15 give polar curves СL (СD) and relationships СL (α) at three Reynolds number values of Re = 4.4 × 104, Re = 6.2 × 104, and Re = 1.24 × 105. These dependences were computed by means of appropriate processing of the СL (Re) and СD (Re) curves with an angle of attack range from α = –100 to α = +200.



Figure 15. Relationship СL (α) for various Reynolds number values



Figure 14. Relationship СL (СD) for various Reynolds number values



Besides the hysteresis depending on the Reynolds number it can be noted that relationships СL (СD) and СL (α) are increases monotonically within investigated angle of attack region at Re = 4.4 × 104. Also the specific maximum of these dependencies appears at Re = 6.2 × 104.



V. Conclusions Despite of some known shortcomings the experimental results presented in the paper can be interesting as an example of investigation carried out with a real micro-UAV using a wind tunnel. Such the real micro-UAV peculiarities as accuracy of its manufacturing and surface condition became operational in this case. Moreover the results are obtained at flow velocities, which are typical for flights of such kind of micro-UAVs. The comparison made between obtained experimental results and calculated theoretical estimations indicates clearly that for the most cases revealed differences are rather small and quite explainable.
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