
179 

THE AUTOGYRO FOR SHIP PROPULSION 

by 

N . Bose* 

Summary 

A strip tlieory approach is described which is designed to obtain the hft and drag coefficients of a wind turbine 

rotor operating as an autogyro. This theory is an extension of the autogyro theory which was developed during 

the 1920's and 1930's. The theory has been extended to include the effects of varying blade planform, blade sec­

tion and blade twist. This was necessary in order to evaluate the performance of the variable pitch rotors used for 

the propulsion of marine craft when operating in beam winds in the autogyro mode. Rotors with flapping blades 

were not considered. A computer program has been written incorporating this method. 

Results have been obtained for two example autogyro rotors using this program and these are presented here to 

give an idea of the typical performance of a wind turbine rotor when operating in the autogyro mode. The charac­

teristics of autogyros are discussed in relation to theh use as propulsion systems for wind propehed marine vehic­

les. 

1. Introduction 

The use of wind turbines as a means of harnessing 

the energy available in the wind for the propulsion of 

marine vehicles has been described by a number of 

researchers including the author [ 1 , 2 , 3 , 4 ] . The ex­

traction of power from the wind, when a turbine 

operates as a windmih, can be predicted using a version 

of the vortex theory of the airscrew and this has been 

weh documented by Glauert [5] and more recently 

by workers concerned with the design of aerogenerat-

ors. To drive a ship directly into the wind, the turbine 

must operate as a windmih and the propulsive force is 

obtained from a water screw which is driven by the 

turbine. On courses across the wind, a larger propul­

sive force is obtained i f the turbine is operated as a 

freely rotating autogyro and the propulsion is achieved 

in a similar manner to a sail driven vessel. This prin­

ciple was used by two experimenters, one in America 

and one in Britain, in the 1930's, who both fitted a 

two-bladed horizontal axis autogyro rotor to a mast on 

a smah yacht in place of the conventional sails [6,1]. 

The way in which an autogyro rotor can replace an 

aerofoh was first exploited by De La Cierva, who 

used these rotors in place of the wings of aircraft 

[8, 9, 10, 11]. Unfortunately, the hft-drag ratio is less 

for the autogyro than for the aerofohs which form the 

wings of an aeroplane [12] and as a result, autogyros 

were not universally adopted on aircraft. This is not 

the case when comparing autogyros with other wind 

propulsion devices and the advantage of the use of 

wind turbines for propulsion make it necessary to be 

able to predict their performance in this mode of 

operation also. 

The method which is described here for the cal­

culation of the forces incident on a wind turbine rotor 

*) Research Fellow, Department of Naval Architecture and Ocean E n ­
gineering, University of Glasgow, U . K . 

when in operation as an autogyro, is designed to give 

approximate results to this complex problem in as 

simple a manner as possible. This approach was con­

sidered to be justified in establishing the overah 

performance of the autogyro rotor as a propulsive 

device on a moving vehicle and, in particular, for 

comparing a variety of rotors with differing geo­

metries. The calculations were, therefore, made on a 

fixed rotor (i.e. a rotor without flapping blades) but in 

contrast to the theories presented by Glauert [5, 13], 

Lock [14] and Wheatley [15] for fixed rotors, allow­

ances were made for varying blade planform, section 

and twist. 

2. Theoretical background 

An autogyro at an angle of incidence to the in­

coming flow of i can be considered to be a windmih 

descending with an axial velocity Vsini and with a 

velocity of sideshp Vcosi. Owing to the fact that the 

velocity of sideshp is considerably greater than the 

axial velocity, i t is assumed that the induced velocity 

arising from the system of traihng vortices wil l corres­

pond more closely to that of an aerofoil than to that 

usually associated with a windmih. It is also assumed 

that this induced velocity has a constant value over the 

whole rotor disc. The resultant velocity V' experienced 

by the autogyro is the resultant of the apparent wind 

velocity V and the axial induced velocity v, and is 

given by 

= (Vsini-vf + V^cos^i 

Taking the axial induced velocity to be 

v= ^ 

from the equation for the induced velocity of the 

monoplane aerofoh where T is the thrust force and R 
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the radius of the rotor, and writing the axial velocity 

through the disc as 

u = Vsini — V = nRx 

the equation for the induced velocity can then be ex­

pressed in the form 

Xsin; = x + (1) 

s/x^cos^i+x^ 

where X is the inverse of the tip speed ratio normally 

associated with a windmih 

, _ V 

and 2"̂  is the thrust coefficient given by 

T=T^iiR^pn^R^ 

Similarly, the remaining force and moment coef-

ficients are non-dimensionahsed as fohows 

Longitudinal force H = = H^nR^pa^R'^ 

Side force Y = •• Y^nR^pn^R^ 

Torque Ö = •• Q^nR^pa^R^ 

Rohing moment L = -• L^-nR^pQ.'^R^ 

Considering the flow at a blade element and refer­

ring to Figure 1, the velocities and t/,, are 

= Ucosip = rfl + Vcosi sini// 

t / , = Usintj) =xRn - if - Vpcosi cosip 

and the velocity along the blade = pRQ,cosip 

where Vcosi = pRQ,, and U and 0 are defined for the 

blade element in Figure 2. |3 is the sum of the angular 

displacement of the blade and the coning angle of the 

blade ((3^) and /3" is the velocity of flapping. The an­

gular displacement and the velocity of flapping are 

both zero in this case for fixed blades. Also for small 

0 i t is possible to write U = U and U =(j>U. 

2.1. Tltrust force 

To obtain the overah thrust force on the rotor, the 

thrust force on a blade element is first considered. The 
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Figure 1. Velocities on a blade of the autogyro. 

U cos 0 I 
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Figure 2. Flow at a blade element. 

coefficient of the force parallel to the axis of the rotor 

is equal to C^cos0 + C^sin0, which for smah and 

0 can be taken to be approximately . On one blade 

dT, 
--^ = V2pcU^a(e +<p) 

dr 

where a is the hf t curve slope, c is the chord length 

and (9 + 0) is the angle of incidence â . (Figure 2). In 

these calculations, the hft curve slope has been taken 

to be linear and equal to 2 TT , 

= 2 Tra. 

and the drag coefficient has been taken to be constant 

(CJJ = 6 ) . By substituting for the velocity components 

and summing over all the blades of the rotor, the total 

thrust coefficient on an element becomes 

5 £ 
dr 

Bea 

2nR'' iR' R 

IX^cos^i 

where B is the number of blades and /• is the radius 

of the element. 

I t should be noted that when summing over the 

number of blades of the rotor the periodic terms in 

i// which arise from the velocity terms, either disappear 

(cos, sin, cos sin, cos^, sin^, sin^cos, cos^sin terms) or 

become equal to B/2 times the coefficient (sin^, cos^ 

terms). This is true for rotors with three or more 

blades, but for two bladed rotors, while the averaged 

result is given over the cycle by adopting this proc­

edure, the force values wih in fact oscihate over the 

cycle. The amphtude of this osciahation depends on 

which terms of the force coefficient are involved with 

the oscihatory terms of i / / . 

To illustrate this point it can be seen by expanding 

the thrust force on one blade that 

dT 

dr 
- = Vipca t /2(0 + 0 ) 

= Vipcaie U^+U^4>) 

= r^a^e + xrRa^ + 9 V^cos^i sin^4i 
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+ sini// {e 2rn Vcosi + xRü, Vcosi} 

- cosi// {|3^/-n Vcosi] 

— cosi// sini// {/3̂  K^cos^O 

Summing over tiie whole rotor (i.e. for all blades) 

gives 

^ = V2pcaB 
dr 

•^n^e +xrRn^ + 
V^dcos^i 

where the periodic terms have disappeared or been 

replaced by B/2 depending on the power of the sin 

and/or cos terms. 

2.2. Torque 

The coefficient of force tangential to the blade is 

— (C^sim/i — C^cos(/>) which can be approximated to 

— (CJ(f) — CJJ) for small 0 (positive when it opposes 

the motion of the rotor). This gives the torque on an 

element of one blade of the autogyro as 

dQ, 
—^=V2pcr(bUl-aeUU. 

dr X X y 

where 6 is the drag coefficient and equal to twice the 

value used in References [5 ,13,14 and 15]. This 

gives the total torque coefficient on an element sum­

med over ah the blades as 

dr 

Ber 

2nR^ 

Sr^ aaxr 2 , i / c ^ 2 2 • ax'^+ ViSX'^cos'^i adxr 

R' R 

Via^f^X^cosH 

Now at each blade element B, c, r, R, 8, a, 8 and (3̂  

are known. Hence for a range of \ cos; (which is con­

stant for the autogyro at each state of operation) it 

is possible to get dQ^/dr in terms of x for each element 

and integrate these values numerically to get the tor­

que coefficient for the whole rotor in terms of x. 

Since the torque coefficient for the whole rotor is 

zero we have a quadratic in x which can be solved for 

the roots. In the computer program, 10 stations were 

taken along the blades of the rotor from 0.1 to 

l.OR in steps of 0.1 i?, the details of the blade being 

provided at each station. 

2.3. Longitudinal force 

The longitudinal force for a blade element, which is 

taken to be positive for a downwind force, is given for 

one blade by 

dH, 1 dQ, dT, 

dr 
sini// - | 3 „ — 

r dr ° dr 
cosi// 

where i// is the rotated angle of the blade from the 

downwind position. The downwind force coefficient 

for a blade element summed over all the blades becom­

es 

dH^ 

dr 

Be 

2TIR' 

Xcos/ 
R 

adx 

2R 

2.4. Sideways force 

The sideways force for a blade element, which is 

taken to be positive to port for an autogyro rotating 

in an anti-clockwise direction when viewed from 

above, for one blade, is given by 

dY, dQ, dT, 
— — = — — c o s i / / + | 3 „ — — smi// 

dr rdr " dr 

When summed over ah the blades and non-dimen­

sionahsed this becomes 

dY„ 

dr 
3 Bea 

4 ,R^ 
P Xcos/ 

R 
+ x 

2.5. Rolling motnent 

The rohing moment for the same autogyro rotor 

with fixed blades, for the blade element is 

dL 
/•sini// • 

dT 

dr dr 

positive rohing moment to port for the anti-clockwise 

rotation described as for the sideways force. Non-

dimensionahsing and summing over ah the blades gives 

dL„ 

dr 
. Bea X cos/ 

'\-nR^ 

2er' 

IR^ 

xr 
'R 

For a rotor with flapping blades this rolling moment 

disappears. 

3. The calculation procedure 

The calculation starts by obtaining the value of x 

from the torque equation, as described previously 

under the section on the torque coefficient, for a range 

of values of Xcos/. In general two values for x are 

found, but over the range of validity of the theory, one 

of these is normally negative, indicating a reversed flow. 

The positive value is therefore the only real solution. 

Once the value of x has been identified, the remain­

ing force and moment coefficients can be calculated. 

Again these are calculated at different blade elements 

and integrated numerically over the radius to obtain 

the overah force coefficient. 

I t is then possible to obtain the value of the angle 

of incidence, /, from equation (1), as weh as the value 

of the speed ratio term X for each value of Xcos/. I t 

is then an easy matter to obtain the l i f t and drag coef­

ficients from the fohowing equations 

C, =—(T cosi -H sini) 
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= — ( s i n / + H cos/) 

and ttie overall force coefficient Cj^ and aerodynamic 

drag angle are found as follows 

Present Theory 

c TA 

tan 

The numerical integrations over the radius are made 

using Simpson's rule. 

The theory breaks down for large angles of inciden­

ce , /, above about 45 degrees where the rotor's action 

becomes more like that of a true windmill, when the 

angle of incidence of the inflow to the blades exceeds 

the angle required for stalled flow to occur on the 

blades and also i f 0 is not smah. At each point of 

operation for which the calculation is carried out, the 

maximum angle of attack for each blade element con­

sidered is calculated. This is done by calculating the 

inflow angle 0 every five degrees as the blade rotates 

about the rotor axis from the equation 

/ X —\p cos/cos0 ' 
0 = tan- i — 

\ r/R - I- Xcos/ sin0 

and finding the maximum value. The maximum angle 

of attack is equal to (0 -l- 9) where 9 is the blade angle. 

I f rjR is less than X cos/ a reversed flow wih occur on 

the blade element over a part of the cycle. This nor­

mahy occurs at low tip speed ratios, over the inner 

portion of the blade, on the blade which is travelling 

in the same dhection as the apparent wind. The situat­

ion at the blade element, whether reversed flow oc­

curs, the section is stalled or unstalled, together with 

the maximum angle of attack, is displayed on the com­

puter printout. It must be remembered that this is the 

worst condhion over the fuh cycle of the blade and 

over most of the cycle, l i f t will be produced in the nor­

mal manner. Furthermore, this adverse flow normally 

occurs over the inner portions of the blades whose 

contribution to the total force coefficients is small 

in comparison to the outer portion of the blades. A 

certain amount of reverse flow and stall may be 

tolerated in these regions before any appreciable errors 

in the theoretical force coefficients are produced. 

4. Theoretical predictions for two autogyro rotors 

The program was first run for the autogyro example 

given in Reference [5] (Autogyro A). This is an auto­

gyro rotor with a constant chord length, a solidity of 

0.2, a drag coefficient of 0.012, and a blade angle of 

2 degrees. The results are shown in Figure 3. There 

are no substantial differences in the drag results, but 

Results from Ref. 5 

10 20 30 40 

Angle of Incidence (degrees) 

Figure 3. Comparison between the present theory and Glauert's 
calculations for autogyro A at a blade rotation of — 2°. 

0 60 10 20 30 40 50 

Angle of Incidence (Degrees) 

Figure 4. L i f t coefficients for autogyro A. Numbers denote 
blade rotations. 

0 10 20 30 40 50 

Angle of Incidence (Degrees) 

Figure 5. Drag coefficients for autogyro A. Numbers denote 
blade rotations. 
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the Uft coefficients are very sUghtly higher because of 

the difference in the Uft curve slope. Glauert takes the 

Uft curve slope to be 6, whereas in this work a value 

of 27r was used. 

Figures 4 and 5 show what happens to the l i f t and 

drag values as the pitch of this rotor is altered. The 

rotations were from +4° to - 8 ° about the design pitch 

value of 0°. A design pitch value of 0° means that the 

blades are untwisted. A positive rotation is in a direc­

tion towards the fully feathering position (Figure 2). 

For this rotor a blade rotation of 0° meant that the 

blades were unpitched; that is, flat in the plane of 

rotation of the autogyro, and it can be seen that a 

useful degree of Uft is obtained at this setting. Both 

the Uft and the drag increase as the angle of attack of 

the blades is increased, although this increase becomes 

smaUer as the blades near their angle of stall. Between 

a blade rotation of —8 and —10 degrees stall occurs 

on the blades and the theory ceases to be valid. StaU 

occuned fahly evenly over the span of the blades with 

this rotor. 

Figures 6 and 7 show simUar curves for the three 

bladed wind turbine which is shown in Figure 12 

(Autogyro B). This turbine has a design pitch of 2 

metres and hence a large degree of twist in the blades 

along the span. The blades are tapered from a chord 

of 0.3 m at the root to 0.15 m at the tip, and the blade 

section incorporates camber with a design l i f t coef­

ficient of 0.4. The drag coefficient was taken to be 

0.01. The maximum l i f t before stalhng occurred on 

the blades was found to be less than for the straight 

bladed rotor described previously. The curves plotted 

for a blade rotation of —17 degrees are fictitious 

because stahing has occurred on the blades at this 

setting. The large angle of twist along the span of the 

blades meant that the outer blade elements stalled 

first whhe at lower angles of attack (i.e. lower blade 

rotations) the inner elements tended to be operating 

at large negative angles of incidence. This latter in par­

ticular is detrimental to the performance of the rotor. 

The three bladed rotor with a lower solidity operated 

at higher tip speed ratios. 

Going back to considerations involving the fhst 

autogyro rotor (Autogyro A) , with untwisted blades 

of constant chord. Figures 8, 9 and 10 have been plot­

ted at blade rotations of 4, - 2 and - 8 degrees. Figure 

8 shows the variation of the tip speed ratio with the 

angle of incidence. Figures 9 and 10 are plots of the 

total force coefficient Cj.^ and the aerodynamic drag 

angles . It can be seen that the variation of the drag 

angles with the angle of incidence tends to a straight 

Une of unit slope as the blade rotation is adjusted 

towards the stall position (Figure 10). This is because 

the thrust forces from the rotor are much greater than 

0 I ^—I . 1 1 1 , 
0 10 20 30 40 50 60 

Angle of Incidence (Degrees) 

Figure 6. Li f t coefficients of autogyro B. Numbers denote 
blade rotations. 

0 10 20 . 30 40 50 60 

Angle of Incidence (Degrees) 

Figure 7. Drag coefficients of autogyro B. Numbers denote 
blade rotations. 

12 

10 

Ol ' < • ' i . , 
0 10 20 30 40 50 60 70 

Angle of Incidence ( Degrees) 

Figure 8. Variation of tip speed ratio with angle of incidence — 
autogyro A. Numbers denote blade rotations. 
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the downwind forces {H) over most of the useful range 

of operation. Since the largest force coefficients Cj^ 

are produced just before stall occurs it follows that the 

best driving forces are obtained with the rotor at this 

blade setting. By comparing Figures 9 and 10 with 

Figure 11, which gives typical values of C^^ and 

plotted against (3̂  [16, 17] for a soft sah rig, i t can be 

seen that the sah rig is superior over close hauled and 

close reaching cources (i.e. higher Cj.^ values at lower 

20 30 40 50 

Angle of Incidence (Degrees) 

80 

Figure 9. Total force coefficient — autogyro A. Numbers de­
note blade rotations. 

80 

70 

60 

50 

•a 40 

20 30 40 50 

Angle of Incidence (Degrees) 

60 70 

values of ), but becomes inferior to this autogyro 

on reaching courses. On upwind courses the wind 

turbine would be used in the windmih mode. 
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Figure 11. Estimated values of Cj.^ and used in saU force 
calculations (Bradfield). 
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Figure 10. Aerodynamic drag angle - autogyro A. Numbers de­
note blade rotations. 
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Figure 12. Geometry of rotor blade - autogyro B. 
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5. The autogyro as a propulsion system 

The total force coefficient Cj,^ which has been 

calculated from the hf t and drag coefficients of the 

rotor, is defined by 

V2P V^TTR^ 

where is the total force, p is the density of air and 

V is the apparent wind speed. 

I t is possible to resolve this force into a driving force 

Fj^ and a heehng force F^j , where 

F^=T 

(3̂  is the apparent wind angle, the angle between the 

apparent wind V and the boat's course. These forces 

can also be written in their coefficient form as follows 

^ C „ , sin(|3 ) 

) 

The apparent wind angle and the apparent wind 

speed are given for any moving vehicle in the plane 

perpendicular to the mast as 

tan/3^ =-y^ sinacose,^ cosa + 1 

V=v}i\^ sina C O S Ö , 

\ b 
V,. 

cosa + 1 

where is the speed of the boat, V^^ is the true wind 

speed, a is the angle of the true wind to the boat's 

course and 6 is the angle of heel. 

To find the maximum driving force available from a 

given autogyro rotor it is necessary to maximise the 

value of . C^^ and are known for the rotor for 

a range of angles of incidence, and i t is found that the 

maxhnum value of occurs at different angles of 

incidence depending on the value of . Table 1, 

which shows the resuhs for Glauert's example rotor, 

at a blade setting of - 2 ° , illustrates this point. To ob­

tain the best propulsive force during operation, the 

rotor wih require to be trimmed to find this optimum 

angle. 

6. Conclusion 

The operation of a computer program which cal­

culates the performance of a wind turbine when 

operating in the autogyro mode has been described. 

This program uses a method which has been extended 

for rotors with varying blade geometiy from the 

methods developed for calculations on autogyros with 

fixed blades of constant section and chord. While 

ignoring the effects produced by the flapping motion 

of the blades which would be expected to reduce the 

performance of the autogyro by increasing the drag 

forces [ 5 ] , although at the same time alleviating the 

adverse effects arising from the rolhng moment, this 

approach was considered to be justified in ahowing 

rapid calculations to be carried out for comparison 

purposes between different autogyro rotors. A com­

parison was made between two autogyro rotors which 

indicated in this case a better overall performance for 

the autogyro with straight, untwisted blades of con­

stant chord. Twist along the blades of the rotor meant 

that the sections at different radii were not operating 

at their best positions on the hf t curve slope at any one 

pitch setting. This indicates that variable pitch rotors 

which are designed for the propulsion of marine craft 

and are to be capable of operation in both the wind­

mih and autogyro modes would have conflicting design 

requhements. 
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Table 1 

Calculation of for Glauert's example autogyro rotor at a blade setting 
of — 2 degrees 

angle of tip P^=45° /3^=60° /3^=90° ^A = 
incidence speed 

ratio '-•TA "A CR CR CR CR 

4.8 1.99 0.14 5.4 0.09 

7.9 2.97 0.27 8.4 0.16 

11.7 3.92 0.46 12.1 0.25 

16.2 4.80 0.67 16.5 0.32 0.46 

21.2 5.60 0.90 21.4 0.36 0.56 

26.5 6.27 1.12 26.7 0.35 0.61 

31.8 6.80 1.31 32.0 0.29 0.62 1.11 1.31 

37.1 7.18 1.46 37.3 0.19 0.56 1.16 1.45 

42.2 7.41 1.55 42.3 0.07 0.47 1.14 1.51 

46.9 7.52 1.60 47.0 -0.06 0.36 1.09 1.53 

51.1 7.54 1.60 51.2 -0.17 0.24 1.00 1.49 
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