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A high accident rate among autogyros has prompted investigation of this aircraft type to 
increase understanding of its low-speed flight characteristics and safety limitations. 
Autogyros are often built without horizontal tail surfaces or elevators, as pitch control is 
derived by adjusting the angle of the main rotor tip-path-plane. However at very low 
forward speeds, changing main rotor tilt-back can lead to possible irrecoverable loss of rotor 
speed, a dangerous situation for low-flying autogyros.

Wind tunnel tests were conducted on a model autogyro to investigate its pitch 
characteristics at very low steady forward speeds. The autogyro model was developed at the 
University of Bristol as a general-purpose tool for autogyro research. For this study, the 
model was modified to allow body incidence control and pitch moment measurement. 
Utilizing this system, experiments were undertaken to find the minimum straight and level 
flying speeds at varying angles of attack and to investigate the advantages of pitch control 
facilitated by placing a horizontal stabilizer with elevators in the propeller wake.

When mounted in the propeller slipstream, the effectiveness of elevators remains 
sufficiently high at low forward speed to advocate their inclusion in all autogyros. 
Additionally we report locating a horizontal stabilizer and elevator position behind the 
propeller to maximize pitch control enhancement.

Nomenclature
CR = Center of Rotation
D = drag force induced by forward flight
Dr = drag force induced by main rotor tilt-back
Fx = forces induced in the horizontal direction
Fy = forces induced in the vertical direction
Lp = vertical propeller thrust component
Lr = lift force generated by the rotor
Mcg = moments induced about the aircraft’s center of gravity
Np = force generated by the propeller
Nr = force generated by main rotor autorotation
Tp = horizontal propeller thrust component
 = main rotor angle tip-path-plane angle of attack
W = all-up-weight of the autogyro
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I. Introduction
he autogyro is an aircraft whose lifting mechanism is an un-powered rotor. Although similar in appearance to a 
helicopter rotor, the autogyro’s main rotor operates by a different aerodynamic principal, and it inclines 

rearward with respect to the flight direction under normal conditions1. As no power is transmitted from the airframe 
to the main rotor, a torque-balancing tail rotor, familiar in most helicopters, is not necessary. A powered propeller, 
aligned in the flight direction, provides propulsive thrust. Despite the autogyro’s robust and safe flight stability 
against stall situations, this aircraft type has incurred a particularly high accident rate as compared to other sport 
aircraft2. Accidents tend to arise especially from nose-down pitching movements in low speed forward flight, where 
a brief drop in main rotor load factor reduces air flow through the rotor, allowing the rotor speed to decay.

The autogyro flight envelope allows it to achieve very low groundspeed. When the aircraft is in straight and level 
flight at reduced speed, the main rotor tip-path-plane tilts far backwards to maintain air flow through the rotor and 
provide lift. As the rotor tip-path-plane inclines further backwards, the rotor drag contribution increases. Throttle 
must be increased to maintain lower straight and level speed. Minimum steady flight speed is achieved when 
additional engine power available to overcome the increasing rotor drag is exhausted.

Autogyro pitch control is usually exercised by adjusting the main rotor tip-path-plane. However, in the low-
speed flight regime, all available rotor tip-path-plane tilt back is expended to maintain lift, and nose-up pitch control 
is handicapped. For nose-down control, maximum forward pitch is available. However, recovery out of the low-
speed flight regime requires the aircraft to descend, creating up-flow through the main rotor and increasing rotation 
rate. If sufficient altitude has not been attained before this maneuver is attempted, the aircraft may impact the ground 
before achieving enough lift to restore straight-and level flight.

The pitch stability benefit of large horizontal tails on autogyros has been reported elsewhere3. If tail-mounted 
elevators are placed in the propeller wash, the pilot may utilize these control surfaces to deflect the propeller thrust, 
providing an additional pitch control means in low-speed flight. Elevators can provide delicate pitch control in the 
low-speed regime and allow the pilot to ease safely out of a high rotor tip-path-plane attack angle situation.

A. Potential Failure Modes
The schematic free body diagram in Fig. 1 presents the simplified criteria for steady, straight, and level flight of 

an autogyro with its main rotor at high angle of attack, , with respect to direction of flight. This condition occurs 
when the sum of forces acting on the aircraft balance in the horizontal and vertical directions and the sum of 
moments about the aircraft’s the center of gravity sum to zero. These statements are represented via Eq. 1, 2, and 3.

  0prX TDDF (1)

  0WLLF prY (2)

  0CGM (3)

where D is the drag force, Dr is the drag induced by the rotor tilt-back, Tp is the thrust produced by the propeller 
resolved in the flight direction, Lr is the vertical lift generated by the rotor, Lp is the component of propeller thrust 
acting in the vertical direction, W is the all-up-weight of the autogyro, and Mcg is the sum of moments about the 
aircraft’s center of gravity.

Meeting these conditions at high rotor tip-path-plane angle of attack may cause the autogyro to become trapped 
in the low-speed regime and can lead to disastrous outcomes. For example, a pilot attempting to induce an autogyro 
out of the low-speed regime might try to increase speed by tilting the nose downwards. This maneuver, typical for 
accelerating a fixed-wing aircraft, causes the main rotor tip-path-plane to become more in-line with the onset flow. 
Lower mass flow through the main rotor disk decays main rotor rotation speed, reducing lift. If the effective rotor 
angle of attack reduces to near-zero, rotor rotation speed decay may be irrecoverable, leading to loss of control.

Another situation may arise when the aircraft pitches further nose-up due to an outside perturbation such as a 
wind gust. In this situation, the engine cannot provide enough forward thrust to maintain straight and level flight, 
and the aircraft begins to descend. If sufficient altitude has been attained, mass flow through the rotor disk will 
increase due to the descent and permit recovery into level flight. A fixed wing aircraft in a similar situation would 
simply stall. Although the autogyro cannot technically stall, should this pitching perturbation occur without 
sufficient altitude to permit rotor spin-up, the aircraft can descend steeply and hit the ground.

T
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II. EXPERIMENTAL EQUIPMENT AND PROCEEDURE
Experimental data was obtained utilizing a working 1:10 scale autogyro model in the University of Bristol’s 7 

foot x 5 foot wind tunnel. The model, pictured in Fig. 2, is not intended to be representative of an existing aircraft, 
but rather to embody the principal elements of any autogyro and be adaptable to many different flight situations.

As configured, the model has capacity for maneuver in pitch, the yaw component is locked, and there is no 
capacity for roll. The model is mounted upside-down in the wind tunnel on a shaft between two struts from the wind 
tunnel’s force balance. The shaft runs through the model, allowing it to pitch about a center of rotation (CR), 
mimicking a center of gravity. A pitch constraint prevents the model from damaging itself by over pitching. A long 
rod protruding from the tail is pinned to the wind tunnel’s pitch wire to control body incidence. Upon the tail rod, a 
pair of strain gauges is fixed, top and bottom, to provide pitching moment data.

The main rotor is a two-bladed teeter rotor 95 cm in diameter. Mounted atop the airframe, the main rotor can be 
actively tilted by a servo from zero degrees rearward through a twenty-degree inclination with respect to the model. 
The model has no facility for adjusting individual blade pitch during flight. Tilting the rotor increases the incidence 
of the advancing blade with respect to the retreating one. These cyclic incidences reach maximum and minimum 
values when the blades are perpendicular to the flow. The ninety-degree phase lag characteristic of rotor systems 
causes the blades to fly highest over the nose and lowest over the tail. The resulting effect is an increase in the main 
rotor tip-path-plane angle of attack.

Tilting the rotor via servo or altering the aircraft body incidence via the tunnel’s pitch wire changes the 
inclination of the main rotor tip-path-plane because the main rotor orients to a unique incidence balancing forces and 
moments upon it. This incidence angle was not experimentally measured although visual measurement using a 
digital photograph and a marked horizontal on the wind tunnel wall was possible.
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Figure 1. An autogyro maintains straight and level flight with the rotor tip-path-plane at high angle of 
attack if forces on the aircraft balance and the moments about the center of gravity sum to zero.
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A horizontal stabilizer with servo-controlled elevators is attached to the rear of the model. As shown in Fig. 3, 
the stabilizer can slide from a location nearly abutting the propeller to a distance about 10 cm away from the 
propeller. This modularity is used to measure effectiveness of the elevator at various locations behind the model. 
Figure 3 also shows the electric motor that drives the pusher propeller at the rear of the airframe. This propeller-tail 
assembly may slide to three different vertical locations, varying the height of the thrust line with respect to the 
model’s CR. A complete description of the model’s capabilities and features is outlined elsewhere4.

FIGURE 3. (left) The horizontal stabilizer with servo-actuated elevators can be set at any position behind 
the propeller. (right) The propeller-tail assembly may be moved vertically to adjust thrust-line height.

FIGURE 2. The autogyro model, pictured with important features annotated, is mounted upside-down 
in the wind tunnel to avoid a rotor strike on the balance struts.
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A. Model Calibration
Due to the density of motors and sensor equipment inside the autogyro body, the model is heavier and the 

airframe larger than would be expected for a functional autogyro with a similar main rotor size. It is therefore 
unrealistic to model straight and level flight by balancing the model’s actual weight against main rotor thrust. It is 
also incorrect to use the model’s actual drag to balance propeller thrust.

Estimations of typical main rotor loading and aircraft drag were developed from a survey of performance data 
for 32 conventional sport-class autogyros5, provided in Table 1. These values were applied to the model according to 
the scaled ratio of model main rotor diameter to the main rotor diameter of each autogyro on the survey. The survey 
yielded a requirement that the model generate 6.87 N of lift to simulate straight and level flight. To calibrate drag, a 
lift-to-drag ratio of about 3:1 was derived from maximum flight speed and engine power data for the real aircrafts. 
As these data were reported for maximum flight speed, the approximation was doubled to account for high-drag 
encountered in the low-speed flight regime, yielding a lift-to-drag ratio of 6:1. The model’s measured lift-to-thrust 
had to match this ratio to approximate steady, level flight.

Table 1. Data from 32 Sport-class Autogyros to Estimate Model Lift & Drag for Straight and Level Flight.
Autogyro Make Rotor

Diameter
Rotor
Area

All-Up-
Weight

Top
Speed

Engine
Power

Drag at
Max. Speed

L/D Scaled Rotor
Loading

Scaled
Model Lift

[m] [m2] [N] [m/s] [kW] [N] [ ] [N/m2] [N]
3D-RV 7.63 46 2227 29 37.3 1027 2.17 6.08 4.31

Air Command Side By Side 7.63 46 3340 34 50.0 1193 2.80 9.11 6.46
Air Command Single Place 7.02 39 2628 34 38.8 926 2.84 9.21 6.53

Air Command Tandem 8.24 53 3518 40 50.0 994 3.54 7.62 5.40
Air Command Tandem 8.85 61 6681 54 119.4 1780 3.75 11.68 8.28

Bandit HKS 7.32 42 2672 38 44.8 943 2.84 8.24 5.84
Barnett J4B 6.10 29 3919 56 74.6 1068 3.67 20.89 14.80
Barnett J4B2 7.32 42 4899 49 74.6 1214 4.04 15.11 10.71
Brock KB2 6.71 35 2672 42 67.1 1265 2.11 10.70 7.58
Brock KB3 6.71 35 2672 34 47.7 1139 2.35 10.70 7.58
Bumble Bee 7.02 39 2227 31 29.8 763 2.92 7.80 5.53

Gyrobee 7.63 46 2209 27 29.8 890 2.48 6.03 4.27
Gyrofly 7.02 39 2227 27 29.8 890 2.50 7.80 5.53

Honey Bee 7.32 42 2450 28 29.8 848 2.89 7.55 5.35
Little Wing LW2 7.63 46 3118 38 52.2 1100 2.84 8.51 6.03

Little Wing Two Place 8.24 53 4342 40 85.8 1706 2.55 9.41 6.67
Mad Max 9.15 66 4454 36 89.5 2003 2.22 7.03 4.98

Magni M14 8.24 53 4418 51 85.8 1335 3.31 9.57 6.78
Magni M16 8.24 53 5398 51 85.8 1335 4.04 11.69 8.29
Magni M18 7.32 42 3434 38 48.5 1021 3.36 10.59 7.51

Midnight Hawk 7.63 46 3608 36 61.2 1369 2.64 9.84 6.98
Montgomerie Merlin 7.02 39 2895 45 48.5 868 3.34 10.14 7.19

Pitbull 6.71 35 2227 36 29.8 668 3.34 8.92 6.32
RAF 2000 9.15 66 5946 45 97.0 1736 3.43 9.39 6.65
Skyhook 7.02 39 2939 45 59.7 1068 2.75 10.30 7.30

SnoBird Charger 7.02 39 2806 40 47.0 935 3.00 9.83 6.97
Sport Copter Lighting 7.02 39 2672 28 50.0 1420 1.88 9.36 6.64
Sport Copter Vortex 7.63 46 3385 45 50.0 895 3.78 9.24 6.55

Sportster HA2M 8.54 57 5344 54 119.4 1780 3.00 10.38 7.36
Super Bandit 7.32 42 3118 38 70.1 1477 2.11 9.61 6.81

Sycamore MK1 8.85 61 4899 49 85.8 1396 3.51 8.56 6.07
Twin Star 9.15 66 5790 40 111.9 2225 2.60 9.14 6.48

Average Values 7.63 46 3598 40 63 1227 2.96 9.69 6.87
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The experiment proceeded in three steps. First, the minimum straight and level flight speed of the model was 
located with the horizontal stabilizer at a position 5 cm behind the propeller and the elevator at neutral position. 
Next, the elevator was set to its maximum nose-down deflection, and the associated negative pitching moment on 
the model was recorded. Finally the horizontal stabilizer was moved to one of five predetermined locations behind 
the propeller, set about 3 cm apart. The new resulting negative pitching moment for each location was measured. 
This process was repeated for three different thrust line heights: above the CR, centered in line with the CR, and 
below the CR.

III. RESULTS
Figure 4 shows the autogyro model with increasing body incidence through a series of straight and level flight 

regimes. Each frame represents a steady configuration for progressively slower minimum flying speeds. To assure 
adequate lift is generated, the aircraft body and rotor tip-path-plane angles of incidence increase as the speed drops. 
Quadrant D represents the slowest steady flight regime attainable by the model, and consequently the most severe 
main rotor tip-path-plane angle of incidence.

The model’s minimum steady flying speed with respect to body incidence is presented in Fig. 5. Decreasing 
positive return from increasingly high body incidence is apparent. Unfortunately, due to the risk of main rotor-strut 
strike, the model was unable to recreate the most severe possible low-speed regime, which would be indicated by a 
global minimum in incidence-speed curve in Fig. 5. However, the relatively low speed the model could achieve 
provides an important first fight condition to explore autogyro pitch behavior in low speed forward flight. The pitch 
moment effectiveness of the elevator at various locations behind the propeller at the highest body incidence is 
represented in Fig. 6.

A B

C D
Figure 4. Autogyro main rotor tip-path-plane incidence at minimum flying speed for A) five degrees 
body incidence, B) ten degrees body incidence, C) fifteen degrees body incidence, and D) eighteen 
degrees body incidence. Quadrant D represents the minimum straight and level flight speed attainable 
by the model and is used in tests of elevator effectiveness.
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IV. DISCUSSION
There are three major parameters that influence the elevators’ magnitude of pitch control effectiveness: 1) the 

moment arm length between the elevators and the CR, 2) the extent to which the elevators are within the propeller 
wash, and 3) the extent to which the elevators are in the wake of the airframe. Increasing the elevators’ moment arm 
raises the torque induced about the CR. The later two parameters are significant because they determine the amount 
of mass flow available for deflection by the elevators and hence the magnitude of force that can be produced.

Regardless of how far away from the propeller the elevators are placed, Fig. 6 shows that these control surfaces 
induce a pitching moment on the aircraft when placed in the propeller slipstream. In low-speed forward flight, an 
autogyro pilot would benefit from improved pitch control at critical phases of flight. An autogyro pilot could use this 
feature to provide control, recovery, and stability even when pitch control via the main rotor is totally impaired.

When distanced about 26 cm from the CR, the elevators produce the largest pitching moment on the aircraft, as 
shown in Fig. 6. This distance is likely dependant on the specific geometry of the aircraft, in particular the size of 
the fuselage fairing. However, the elevator location producing maximum pitching moment could be discovered for 
any autogyro configuration via wind tunnel modeling.

Beyond this optimum length, little benefit is gained by further distancing. Elevator effectiveness is low when the 
surface is close to the propeller because the moment arm about the CR is small and the cowling wake prevents 
access to high-momentum flow. In the most favorable region around 26 cm, the elevator effectiveness is enhanced 
dramatically by the combination of longer moment arm, access to onset flow out of the cowling’s wake shadow, and 
the highest momentum flow from the propeller. As the elevators are moved further aft, their effectiveness levels as 
the moment arm grows but the propeller-induced flow momentum shrinks.

The flow field in which the elevators operate is highly complex owing to aerodynamic interaction between the 
main rotor and the propeller. Looking at the elevator effectiveness at three locations in this flow field provides an 
unexpected result: distancing the elevators from the main rotor vertically does not necessarily increase pitch control 
effectiveness. One impact of varying thrust line height is to create a propeller-induced thrust moment about the CR, 
or to change the sign of this moment. Figure 6 indicates that both non-centered thrust line locations allow the 
elevators to induce a greater pitching moment than if the thrust-line were centered. This result may also be due to the 
elevators sitting in the largest shadow of body wake while in the thrust-line centered position. In both non-centered 
thrust line locations the elevators are closer to free-stream flow, and may deflect more mass, inducing a larger 
pitching moment.

4

4.5

5

5.5

6

6.5

0 2 4 6 8 10 12 14 16 18

Body Incidence, degrees

Tu
nn

el
 S

pe
ed

, m
/s

Figure 5. Minimum speed at which sufficient lift for straight and level flight can be achieved is 
governed in part by the angle of incidence of the aircraft body with respect to the onset flow.
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V. CONCLUSION
The data suggest that a significant amount of pitching control can be achieved for autogyros in low-speed 

forward flight by the addition of elevators. Although an overly large or lengthy horizontal stabilizer with elevators 
could present problems during landing, the data indicate that placing these control surfaces behind the propeller 
provides a pitch control benefit. Slip-stream-mounted elevators could be used by a pilot for enhanced, delicate
pitch control in the minimum straight-and-level speed flight regime, improving controllability.

The results of this study also suggest several avenues of inquiry that should be pursued in the future. A 
comparison between the pitching moments with the horizontal tail in place and removed would differentiate between 
the pitch-stabilizing effects of the horizontal tail verses the pitch-controlling effect of the elevators. Further 
investigation into varying the thrust line height with respect to CR would allow better insight into how the main 
rotor and propeller aerodynamic interactions effect pitch control.

Most beneficial would be a re-design of the autogyro model to allow it capability for a more severe body 
incidence. This added pitch range could be exploited to find the true minimum model flight speed and further 
explore the pitch control results reported here.

Acknowledgments
The authors would like to acknowledge Mr. Peter Bunniss and Professor David Balmford of the Department of 

Aerospace Engineering at the University of Bristol for their service as advisors and mentors for this research study.

References
1Glauert, H., “The Theory of the Autogyro”, Journal of the Royal Aeronautical Society, Volume 31, pp. 483-502, 1927.
2Houston, S. “Identification of Autogyro Longitudinal Stability and Control Characteristics”, Journal of Guidance, Control, 

and Dynamics, Volume 21, Number 3, pp 391-399, May-June 1998.
3Coton, F. N., Smrcek, L. and Patek, Z., “Aerodynamic Characteristics of a Gyroplane Configuration”, Journal of Aircraft,

Volume 35, Number 2, pp. 274-279, March-April, 1998.

Nose-down Pitch Moment vs. Moment Arm

0.05

0.1

0.15

0.2

0.25

0.3

0.175 0.195 0.215 0.235 0.255 0.275 0.295
Moment Arm Length, m

G
en

er
at

ed
 P

itc
hi

ng
 M

om
en

t, 
N

-m
 

Thrustline Above CR Thrustline Centered on CR Thrustline Below CR
Figure 6. Pitching moments about the model’s CR for varying moment arm and thrust line locations show 
the effectiveness of the elevator control surfaces despite a complex local flow field.
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