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Summary.--Measurements of the thrust, torque and flapping angle for a 12-ft diameter rotor over a range of blade 
angle, shaft inclination and tip-speed ratio have been made to give information on the validity of the standard rotor 
theory and of the effect of stalling on the retreating Made. Good agreement with the theory was obtained over the 
normal operating range, using aerofoil characteristics determined from the measurements in the static thrust condition. 
Stalling was found to be progressive in character showing first by an increase in torque and flapping angle and later by 
a fall in thrust, as compared with the calculated values. 

1. I~troductio~.--Development of helicopters would be considerably assisted by  the  results of 
wind- tunne l  tests if the  necessary technique  could be established. Difficulties have  been 
experienced wi th  au toro ta t ion  tests of small d iamete r  rotors and this has led to doubts  as to the  
rel iabil i ty of model  tests in general.  The best w a y  to sett le the  m a t t e r  would  be to make  model  
tests on a series of rotors of different d iameter  to establish the range of va l id i ty  for a given rotor  
diameter .  The exper iments  on a 12-ft d iameter  rotor  which are described in the  present  report  
may,  f rom this point  of view, be regarded as one l ink in this chain ; it is hoped to follow them by  
la ter  tests of a 6-ft d iamete r  rotor. 

The other  objects of the  present  tests were to make  a comparison with  the theory  of the  rotor  
developed twen ty  years ago by  Lock 1 and Glauert  ~ (see also R. & M. 1730 a) and to establish the  
l imits to the  va l id i ty  of the  theory  which are imposed by  blade stalling. Wind- tunne l  tests are 
preferable for work  of this descript ion since the  parameters  can be varied one by  one in a w a y  
which  is not  possible in full-scale testing. Tests of the  kind to be described also provide da ta  for 
some o f  the  ae rodynamic  derivat ives which  are impor t an t  in connect ion wi th  the  calculat ion of 
the  s tabi l i ty  of helicopters.  

After  some early difficulties (see Appendix  I) the  12-ft d iameter  rotor  proved sat isfactory from 
the  mechanica l  point  of view and  the  first series of tests was made  dur ing the  period June  to 
September ,  1948. The  principal  ae rodynamic  characteris t ics  of the  rotor,  viz., thrust ,  torque,  
and  flapping angle, were measured  over  a wide range of the impor tan t  parameters ,  viz., shaft  
inclination,  blade pitch, and  tip-speed ratio. 

2. Descriptiorb of Rotor a~¢d Test Equipment.--2.1. Gemral.--The tests were made  in the 
24-ft Wind  Tunne l  of the  Roya l  Aircraft  Es tab l i shment  wi th  the  rotor  on a s t anda rd  pylon 
(Fig. 1) so tha t  the  lower two-component  balance was available for the  measu remen t  of aero- 
dynamic  forces. The rotor  was dr iven th rough  a special gearbox b y  a 2 5 - h . p . d . c .  moto r  
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controlled on the Ward-Leonard system. Rotational speed was measured by  a 'condenser  
bridge ' operated by a double make-and-break on the rotor shaft. The rotor and other items of 
speciai equipment are described in the following sections. 

2.2. Rotor.---Details of the 12-It diameter three-bladed rotor are given in Fig. 2. The blades 
were untwisted and of constant chord (6 in.) and section 7 (NACA 0012). The solidity as defined 
for helicopter Work is the blade area divided by the disk area and equalled 0. 0796 for the test 
rotor. The type of construction shown in Fig. 2 was adopted in order to locate the e.g. of the 
blade on the quarter-chord line. The hub incorporated flapping and drag hinges with small 
offsets. Solid friction dampers were found to be necessary on the drag hinges (see Appendix I). 
A worm and wheel were fitted on each blade root to permit fine adjustment of the blade angle, 
which was measured by means of an inclinometer on a convenient machined flat surface. A 
similar arrangement was provided to vary the shaft inclination by tilting the entire motor, 
gearbox and outer casing. 

No effort was made to obtain correct tracking of the blades beyond a visual check to ensure 
tha t  tracking was reasonably good after the blade angles had been set. Previous experience has 
shown that  tracking tends to vary slightly with tip-speed ratio so that  if the blades were adjusted 
to track correctly in the static condition, there could be no guarantee tha t  tracking would remain 
correct throughout the speed range. Neither of the main disadvantages arising from incorrect 
tracking, vibration or blurring of the photographs of the disk, was experienced during the present 
tests. 

2.3. Torque Measuremer~t.--The motor and gearbox as a unit were mounted on ball-bearings 
inside a cylindrical steel casing and prevented from rotating by a radial steel spring eneastred on 
the axis of the motor and held between stops on the outer casing. Strain-gauges on the spring 
were used to measure the torque applied to the rotor. The system was calibrated at frequent 
intervals by  hanging weights from a bar attached to the motor. The electrical circuit is shown 
in Fig. 3. The two ' live ' gauges and the two temperature-compensating gauges were connected 
locally to form a Wheatstone bridge which was brought into balance bY shunting the live gauges. 
These shunt resistances can conveniently be large enough to render negligible the resistances of 
the leads which are in series with the shunt resistances. I t  was found necessary to lag the first 
few inches of the leads from the bridge with cotton wool, since heat conducted along the wires 
produced thermo-electric effects at the junctions of the gauge wires and the copper leads. 

2.4. Flapping Angle Measuremer~t.--The rotor was photographed from the side of the tunnel 
by  means of a remotely controlled F/24 camera and the tilts of the disk were measured from the 
film. The type of photograph obtained is shown in Fig. lb. Considerable experiment with 
lighting and exposure was necessary to produce satisfactory photographs, although in all cases 
it was possible to measure the coning angle and longitudinal tilt  of the disk with reasonable 
accuracy. At a later stage, however, it was decided to a t tempt  a more complicated analysis of 
the photographs to determine the lateral tilt, and in many cases the photographs proved to be 
unsuitable for this. For further tests of this nature, direct measurements at the blade flapping 
hinge would be desirable. 

3. Method of Test a~ed Preseratation of Results.lThe tests were made at 600 r.p.m., giving a tip 
speed of 377 ft/sec and a tip Reynolds number of 1.2 × 106, with the exception of the higher blade 
angles in the static condition when rotational speed was limited by  the power available. With 
fixed values of blade angle and shaft inclination, readings of lift, drag and torque were taken at 
wind speeds of 0, 37" 5, 76, 113, 151 and 170 ft/sec corresponding to approximate tip-speed ratios 
of 0, 0.1, 0.2, 0.3, 0.4, and 0.48. Photographs were also taken in each condition, from which 
the flapping angles were measured later. The lift and drag readings were corrected for the tare 
lifts and drags of the rig without rotor and for the rotor weight and resolved to give thrust  and 
horizontM force. The values of the thrust  measured on the balance have been corrected for the 
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interference of the pylon and supporting struts, which was determined by measuring the effect 
of additional structure below the ro tor t  The correction to the thrust  due to this cause amounted 
to 4.5 per cent. No tunnel constraint corrections have been applied (see Appendix II). (To 
avoid any possible confusion the nomenclature is given in Fig. 4.) 

The thrust  and torque coefficients and flapping angles were plotted against tip-speed ratio and 
values read off at standard tip-speed ratios. This procedure was repeated for shaft inclinations 
of 0 deg, 5 deg, 10 deg, 15 deg, 20 deg, and 25 deg at blade angles of 4 deg, 8 deg, and 12 deg. The 
results for each blade angle were finally plotted against shaft inclination at a series of constant 
tip-speed ratios and are given in Tables 2 to 5 and Figs. 5 to 6 and 9 to 11. 

The use of disk incidence instead of shaft inclination was considered, but as there is little to 
choose between them, shaft inclination was chosen as it is actually set o n  the model and not 
determined from the photographs. The disk incidence is equal to the shaft inclination minus 
the flapping angle (Fig. 4 or equation (5)), and the measured values are given in Tables 2 to 5. 

Some extra tests over a wider range of blade angle were made to establish the rotor characteristics 
in the static condition with the rotor axis vertical. Check tests made with the rotor axis horizontal 
and the tunnel blocked, showed good agreement. 

The flapping angles quoted throughout the present report are defined by the following equation : 

f i = a o - - a ~ c o s ~ - - b ~ s i n ~ o  

where ~ is the blade flapping angle when the position of the blade in azimuth is % measured 
from the downwind position positive in the direction of rotation, a~ is the longitudinal flapping 
angle or backward tilt of the disk, and b~ is the lateral flapping angle or sideways tilt of the disk. 

4. Formulae Given by Theory.--The principal objects of the experiments were to decide on the 
range of validity of tests with the present rotor and to obtain a check on the existing theory of 
the rotor, which is due essentially to Lock * and Glauert ~ (see also R. & M. 1730~). The thrust, 
torque and flapping angle calculated for infinitely heavy blades by this theory are : -  

Thrust Coefficient 
cra 

- 4 L3 \ /  (l+l.5#vJ . . . . . .  
T~ 

Torque Coefficient 
~ oa [2 ( 1 - -  0.5~?'~ 

G = g +ff ) + 1.05   g0o + 1 . s f f v -  1 q- l'5~27J "" (2) 

Longitudinal Flaibping Angle 

8 - -  0 . 7 5 ~ ' ~  
(3) 

We aIso have the formula for the disk incidence {d 

tan ix -- ~ 2t, (~  + ~ ) 1 / ~  . . . . . . . . . .  (4) 

and the relation between shaft inclination, disk incidence and flapping angle for heavy blades 
with plain flapping hinges 

= + al : . . . . . . . . . . . .  (5) 

For given blade angle, shaft inclination and tip-speed ratio, these equations determine the 
required quantities, provided the aerofoil lift-curve slope, a, and the profile drag coefficient, a, are 
known. 

(52304) A2 



The expression for Q~ is made up of a ' profile drag torque coefficient ' which depends on ~ and 
an '  induced drag torque coefficient '. The expression given by Lock and Glauert for the induced 
drag torque has been multiplied by the factor 1.05. This is to make some allowance for non- 
uniformity of induced velocity over the disk and for the power required for slipstream rotation. 
The value 1.05 was chosen by consideration on the lines of R. & M. 252P of the probable 
magnitude of these effects. 

The aerofoil section characteristics were determined from the measurements in the static thrust 
condition, as it would not be justifiable to assume that  wind-tunnel data on aerofoils can be used 
directly. No allowance for tip loss has been made in calculating the thrust and it is assumed that 
this effect will be covered by a reduction in aerofoil lift-curve slope. 

5. Discussion.--5.1. Static Thrust and Torque.--The results of the measurements made at zero 
forward speed are given in Table 2 and are plotted in Figs. 5 and 6. The rotor was situated 
about 1.2 rotor diameters above the roof of the balance house and most of the tests were made 
with the rotor axis vertical. However, some check tests were made with the rotor axis horizontal 
and the results are given in Table 2. Serious errors can be introduced by the small flow induced 
in the tunnel circuit by the rotor: this was prevented by hanging a large tarpaulin over the fan 
some 3 rotor diameters behind the rotor. Satisfactory agreement was then obtained between 
the two sets of tests, indicating that, with the rotor axis vertical, ' ground effect ' was negligible. 

The static thrust measurements were taken up to a blade angle of 20 deg at which the blades 
were fully stalled. The stM1 was indicated by the falling off of the thrust and also by instability 
of the blades about their flapping hinges, both of which began at a blade angle of 18 deg. The 
instability showed itself as an indeterminacy in the flapping angle but was mild in character. 
This is not suprising as the centrifugal force will prevent any violent angular movements about the 
flapping hinges even though the normal stability associated with the increase in blade lift with 
downward flapping is no longer present. 

For zero wind speed the formulae (1), (2), (3), and (4) reduce to 

o a ( 2  ) 
= 0 0 -  . .  . . . . . . . .  ( 6 )  

0 r -  s 00--  . . . . . . . . . .  (7) 

< = o . . . . . . . . . . . . . . . .  (s) 

2/.2= T~ . . . . . . . . . . . . . . . .  (9) 

and hence, 
~ T2/~ (10) (2~- 8 + 1 . o 5  ~/--ff . . . . . . . . . . . . .  

It is o[ten convenient to compare static thrust and torque data by means of a static thrust 
efficiency defined as 

T~3/~ (11) 
. . . . . . . . . . . . . .  

This quanti ty is equal to unity if the inflow over the disk is uniform and there are no profile 
drag or other losses. The values obtained for the present tests are given in Table 2. 

A comparison between measured static thrust and the value calculated from equation (6) 
assuming a = 5" 3, is shown in Fig. 5. This value of the aerofoil lift-curve slope is lower than the 
usual value of about 5.6, mainly because it includes tip loss effects. The maximum value of 
the thrust coefficient corresponds to an aerofoil maximum lift coefficient of nearly 1.0. 

The profile-drag coefficient of the blade section was obtained from the static thrust and torque 
measurements using equation (10) as indicated in Fig. 6. 
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The corresponding aerofoil section characteristics obtained from this analysis of the static 
thrust  and torque results are shown in Fig. 7. The rise in profile drag with incidence for propellers 
is usually more rapid than for wings, but  the present profile-drag rise is even more rapid than for 
propellers. However, the shape of the profile-drag curve for the rotor, when determined in this 
way, is very sensitive to the factor used to allow for non-uniformity of induced velocity, etc. ; the 
value of 1.05 may therefore be too low. 

In applying, these results to estimate the thrust  and torque with forward speed, the aerofoil 
lift-curve slope was taken to be 5.3 and no at tempt to allow for stalling was made. To avoid a 
troublesome and uncertain integration over the disk, the profile-drag coefficient was plotted against 
thrust  coefficient for the static condition as shown in Fig. 8. This curve was used to determine 
the value of d over the whole range of forward speeds for the cMculation of the torque using 
equation (2). 

5.2. Thrust Coefficient.--The rotor characteristics for blade angles 4 deg, 8 deg, and 12 deg are 
plotted in Figs. 9, 10 and 11 respectively. Measured thrust  coefficients are shown in Figs. 9a, 
10a, and l l a  and corresponding calculated curves are provided for comparison in Figs. 9b, 
10b, and l lb. The curve of thrust  coefficient against shaft inclination for any fixed values 
of tip-speed ratio and blade angle is approximately a straight line and there are no differences in 
character between the measured results and the calculations. For blade angles of 4 deg and 8 deg 
detail agreement between the measurements and calculations is very good. At the blade angle 
of 12 deg, however, it is apparent that  the measured values of the thrust  coefficient are smaller 
than the calculated values for large thrust coefficients. This is due to the onset of the stall on 
the retreating blade. 

5.3. Torque Coefficient.--The measured torque coefficients are shown in Figs. 9c, 10c, and 
l l c  for blade angles of 4 deg, 8 deg and 12 deg, respectively. Calculated curves, for comparison, 
are given in Figs. 9d, 10d and l ld. The calculated torque curves have a maximum value 
at medium values of shaft inclination (5 deg to 15 deg, depending on the blade angle). A t  high 
values of shaft inclination, the torque falls to zero at an inclination slightly greater than that  for 
zero thrust  and the rotor is then in the windmilling condition. In this region good agreement 
exists between the measurements and the calculations. At low (or negative) values of shaft 
inclination with the thrust coefficient at a high value, the calculated torque again falls to zero 
and the rotor is said to be in the autorotation condition. At a blade angle of 4 deg (Fig. 9c) 
there is reasonable agreement with the calculations over the range of tip-speed ratio and shaft 
inclination covered. At a blade angle of 8 deg (Fig. 10c), however, the torque coefficient remains 
roughly constant at values of shaft inclination lower than that  for maximum torque .  At a blade 
angle of 12 deg (Fig. l lc)  in this region the torque coefficient actually increases. The divergence 
between the calculated and the measured values of the torque which occurs at the smaller shaft 
inclinations for blade angles of 8 deg and 12 deg is caused by the progressive stalling of the 
retreating blade, already noticed in connection with the thrust measurements. 

5.4. Flapping A~gles and Coning Angle.--The results of measurements of longitudinal flapping 
angle (al) are plotted in Figs. 9e, 10e and 11e for blade angles of 4 deg, 8 deg and 12 deg, 
respectively. Calculated curves, for comparison, are given in Figs. 9f, 10f and 11f. Over 
the range of blade angle tested, there is reasonable agreement between experimen t and calculation 
at a tip-speed ratio of 0.1, but  the measured flapping angle increases more rapidly than predicted 
both with increasing tip-speed ratio and with reduction of shaft inclination. The ratio of measured 
to calculated flapping angle becomes still greater with the onset of stalling on the retreating blade. 
This increase in measured flapping angle over the calculated value is in qualitative agreement 
with German wind-tunnel tests on a double rotor. Also full-scale tests ~ of the C30 autogyro 
gave a flapping angle 20 per cent greater than the calculated angle. I t  is possible, however, tha t  
the blades in the model were twisting slightly under load.* 

* Measuremellts of static thrus t  were made over a range of rotat ional  speeds and  showed very small variat ions of 
the th ras t  coefficient for a range between 200 and  600 r.p.m, for the set of blades used. This is an indicat ion tha t  the 
twist was probably  not  serious. 



The further increase in flapping angle when stalling begins on the retreating blade is in 
accordance with later theoretical work 6. This effect can be simply explained by supposing tha t  
the reduction of lift on the retreating blade due to the stall at the tip causes the retreating blade 
to descend, i.e., to flap more. 

Values of the lateral flapping angle (bl) were derived from the photographs where possible, and 
the results are given in the Tables 3 and 5. 

The coning angle (a0) was also measured from the photographs and proved to be roughly 
proportional to the thrust  coefficient. This is in accordance with the standard theory which 
gives for parabolic lift distribution and uniform mass distribution along the blade 

ao = 5.9 To radians. 

The experimental results can be well represented by 

a0 = 5.4 T~ radians. 

5.5. Force in the Place of the Disk . - - In  order to determine the validity of the usual assumption 
tha t  the force on a rotor is nearly normal to the tip path plane, the forces in the plane of the disk 
were calculated from the measured values of the lift, drag and flapping angle. I t  was found tha t  
this force was of the order of 1 per cent of the rotor thrust  except near the zero thrust  condition. 
The experimental accuracy obtained in these measurements was, therefore, rather low, considerable 
scatter was evident, and it is not considered worth while to record the results in detail. The 
results were interesting in one respect, however, in that  the force in the plane of the disk was 
directed forward instead of backward in the condition in which a stall would be expected on the 
retreating blade. A good example of this phenomenon is given in Fig. 12. A large drag force 
on the retreating blade represents a forward force in the plane of the disk so that  the observed 
change in sign of the force has a simple explanation. 

5.6. Relation of Model Stalling I~dications to Design.--I t  is generally recognised that  stalling 
at the tips of the blades is, or will be, an important consideration ill helicopter design and operation, 
but  the exact nature of the restriction is still uncertain. Stalling may either (a) limit the 
performance, (b) cause an increase in vibration, (c) cause the rotor to slow down in case of engine 
failure, or (d) represent an operational boundary in manoeuvres which is not encountered in 
steady flight. Also, its progressive character with the present model makes the adoption of 
a simple stalling criterion impracticable. I t  has, therefore, been decided not to t ry  to draw aliy 
definite conclusions about rotor stalling from the present tests. I t  seems likely, however, tha t  
full-scale force measurements on rotors would not be essentially different from the model tests, 
as the model Reynolds number at the blade tip of 1.2 × 10 6 is one half of the corresponding 
full-scale value for many present day helicopters. 

6. Conclusions.--The measurements are generally in good agreement with calculations based 
on the standard theory. The major discrepancies between measurements and calculations can 
be at tr ibuted to the effects of stalling of the retreating blade. These effects are not appreciable 
at a blade angle of 4 deg, but  at blade angles of 8 deg and 12 deg, the retreating blade stall is 
apparent at the higher values of the tip-speed ratio at small shaft inclinations. In these conditions 
the thrust  fMls below the calculated value, while the torque and blade flapping are higher than 
calculated. The divergence is progressive in character and, therefore, no definite limits to design 
have been deduced from these tests. 
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A P P E N D I X  I 

Notes on the Vibrations Encountered 

The first rotor made for these tests was fitted with flapping hinges but no drag hinges. When 
fitted to the original structure, operation was satisfactory up to a moderate wind speed, when a 
slight vibration was observed. On examination it was found tha t  the blade roots were failing 
under excessive loads in the drag plane. 

A new rotor was, therefore, constructed, incorporating drag hinges and on preliminary runs 
severe vibrations occurred below the desired rotational speed at zero forward speed. 

I t  was then decided to fit friction dampers on the drag hinges, and in the interval, vibroscope 
readings were taken at various points on the structure with a small out-of-balance weight on the 
rotor shaft instead of the rotor. Three main modes of vibration were discovered. 

(1) Fore-and-aft oscillations of the motor mass due to bending of the cross tube and main 
struts (see Fig. 1)--resonant frequency 440 c.p.m. 

(2) Vertical oscillations of the motor mass due to bending of the cross tube--resonant  
frequency 600 c.p.m. 

(3) Rotary  oscillation of the motor mass in a vertical plane due to flexure of the s t ing- -  
resonant frequency 600 c.p.m. 

I t  was required to operate the helicopter at 600 r.p.m, and modifications were made to the rig 
as follows 

(i) The fore-and-aft oscillation was allowed to remain substantially unaltered, the slight 
vibration which occurred while passing through the critical speed being quite 
acceptable. 

(ii) The cross tube was stiffened in the vertical plane by adding the ' king post ' type of 
bracing visible in Fig. 1. The resonant frequency was thus raised well above the 
required operating speed. 

(iii) The flexural stiffness of the sting was reduced by lengthening it, so that  the resonant 
frequency was lowered well below the required operating speed. 

With these modifications, and damping on the drag hinges, the helicopter ran very smoothly 
in all the required test conditions. 
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A P P E N D I X  II  

Tu~ml  Corrections 

The tunnel constraint correction for a wing is 

1 S  
A m =  -- 8 c C L  

in the usual notation where S is the wing area, C is the area of tunnel cross-section, and Q is the 
lift coefficient. For an open-jet wind tunnel the effective incidence is less than the geometrical 
incidence by d a.  

For the 12-ft diameter rotor in a 24-ft wind tunnel we have SIC = } and also Cr -= 2T~/~ ~ sec ~ is 
so that  

1 T~ 
Ais -- 16#~sec2i, . 

The sign of the correction is such as to increase the shaft inclination i, by  A i,. For/z = 0- 8 the 
highest value of A i, for the measured values of T~ is 0.4 deg which is just significant. For/~ -- 0.1 
the maximum vahie of the correction is 3 deg. 

The corrections, if applied, tend to improve the agreement between calculation and measurement. 
As their validity is rather uncertain they have not been applied but  the values of the corrections 
to the geometrical shaft inclination are given in Tables 3, 4, and 5. 

The absence of any correction in the static thrust  condition (~ = 0) has already been noted. 

R 
6 

N 
(y 

Oo 

do 

a l  

bl 

V 
qg 

T 
Q 
# 

6 

T~ 

Qo 

TABLE 1 

List of Symbols and Leading Dime)~sions 

Radius of rotor = 6.00 ft 
Chord of blades = 0. 500 ft 
Number of blades = 3 
Solidity of rotor = Nc/aR ---- 0. 0796 
Blade angle (deg) 
Shaft inclination (deg) 
Disk incidence (incidence of t ip-path plane) 
Coning angle (deg) 
Longitudinal flapping angle (deg) 
Lateral flapping angle (deg) 
Angular velocity of rotor (radn/sec) 
Tunnel speed (ft/sec) 
Component velocity of air at rotor disc parallel to shaft 
Thrust (lb) 
Torque (lb/ft) 
Tip-speed ratio = V cos is/f2z 
if~oR 
Slope of lift curve of blade section 
Mean profile-drag coefficient of blade section 
Thrust coefficient = T/p~2R2o-r,R ~ 
Torque coefficient = Q/pF2~Ra~R ~ 
Static-thrust efficiency = Toa/2/V'2 Q~ 
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T A B L E  2 

Static Thrus t  and  Torque 

o 
(deg) 103T* 103Qc ~'~ Remarks 

1 
4 
8 

12 
13 
14 
15 
16 
17 
18 
19 
20 

8 

12 

0"17 
1"56 
4"42 
7"97 
8"80 

10'35 
_ 1 0 ' 7 8  

11 '03 
12 '08 
12 '49 
12'61 
11'71 

4 ' 54  
7 ' 88  

0-079 
0-129 
0-336 
0-716 
0"853 
0"983 
1"123 
1 '263 
1 '396 
1"55 
2"10 
2"47 

0 '346  
0"727 

0-019 
0"339 
0-617 
0"703 
0"672 
0 '755 
0'701 
0 '646  
0 '668  
0 '635 
0 '476  
0"363 

" • M e a n  of values obtained through- 
_j out the course of the tests. 

Instabil i ty of blade motion start~ 
Increasing 
Amplitude 6 in. at tips 

0.624 \ C h e c k  points obtained with rotor 
0.680 f axis horizontal. 

T A B L E  3 

- Rotor Characteristics • 0o = 4 d e g  

is Ai~ ia al bl 103T~ 10aQ~ 
/~ (deg) (deg) (deg)/ (deg) (deg) I 

0 - -  0 1 • 5 6  O' 1 2 9  

0"1 

0"2 

0"3 

0"4 

0"45 

0 
5 

10 
15 
20 
25 

0 
5 

10 
15 

0 
2.5 
5 
7.5 

10 

0 
2 .5  
5 
7.5 

0 
2 ' 5  
5 ' 0  

1"1 
0"8 
0-6 
0 ' 4  
0 .2  
0 

0-4 
0-2 
0"1 
0 

0"2 
0 ' 2  
0"1 
0 
0 

0 '1  
0 '1  
0 
0 

0"1 
0 '1  
0 

- - 1 " 1  
+ 4 " 0  

9"2 
12I-3 
19.5 
24"5 

- - 2 . 4  
+ 3 ' 1  

8 .3  
14.0 

- - 4 . 5  
- -  1"7 
+ 1.7 

4 .9  
8.1 

- - 6 " 7  
- -  2"8 
+ 1-2 

5.1 

- - 8 " 1  
3"3 

+ 0 - 2  

0 

1 • 1 

1 '0  
0"8 
0"7 
0"5 
0"5 

2 ' 4  
1 '9  
1 : 7  . . . . .  
1 ' 0  

4"5 
4 .2  
3"3 
2 .6  
1"9 

6"7 
5-3 
3-8 
2-4 

8-1 
6"3 
4"8 

2 ' 2  
0 ' 8  
0"1 
0"1 
0"2 
0-7  

1"1 
0"3 
0 ' 2  
0 ' 4  

1.4 
0-5 
0 
0-2 
0-4 

1-4 
0"8 
0 

--0"1 

1-5 
1.0 

- -0 .1  

3 ' 0 8  
2 ' 4 6  
1 "85 
1 • 36 
O-80 
0"18 

4"25 
2"58 
1 "11 

- - 0 ' 4 7  

5"21 
4-00 
2"70 
1 . 2 9  

0-03 

5"67 
4"16 
2-21 
0"34 

6 '  40 
4"61 
2"26 

0 '139  
0 '135 
0"134 
0 '126  
0-112 
0-086 

0"122 
0 '137  
0"123 
0"063 

0,074 
0.112 
0.135 
0.130 
0.091 

0 '042 
0 '090 
0"134 
0 '106  

o-o17 
0-073 
o.131 

9 

(52304) A* 



T A B L E  4 

R o t o r  C h a r a c t e r i s t i c s  • Oo - -  8 d e g  

i~ Ai~ id a 1 b 1 
/~ (deg) (deg) (deg) (deg) (deg) 10 ~To 103Q. 

0 - -  - -  - -  0 - -  4 . 4 2  . 0"336 

0"1 

0"2 

0"3 

0"4 

0"45 

0 
5 

10 
15 
20 
25 

0 
5 

10 
15 
20 
25 

0 
5 

10 
15 
2O 

0 
5 

10 
15 

5 
10 
15 

2"1 
1"9 
1"7 
1"4 
1"2 
1"0 

0 ' 7  
0 ' 6  
0"4 
0 ' 3  
0 '1 
0 

0"3 
0"3 
0-2 
0-1 
0 

0 " , 2  

0"1 
0 '1  
0 

0.1 
0.1 
0 

- - 2 " 1  
+ 3 . 2  

8.1 
13.2 
18.2 
23.5 

- - 4 " 8  
+ 0 " 8  

6 ' 3  
11 "5 
17 "5 
23"0 

- -  9"2 
--2"1 
+ 4-0 

10-3 
16.5 

2-1 
1-8 
1-9 

1 . 8  
1.8 
1.5 

4.8 
4.2 
3.7 
3.5 
2.5 

2 . 0  

9"2 
7-1 
6-0 
4-7 
3"5 

m 

m 

m 

m 

m 

m 

6-16 
5"53 
5"00 
4"41 
3"95 
3"11 

8"16 
6"61 
4 '97  
3 '46 
2"01 
0"33 

9"04 
6"96 
4"51 
2"08 

--0" 76 

--11 "7 
- -  4.0 
+ 3.5 

10.1 

- -  5"8 
+ 1.7 

10-9 

11 "7 
9 '0  
6 '5  

4 " 9  

10 "8 
8"3 
4"1 

m 

m 

m 

9"91 
6" 79 
3 '52 
0"31 

7 '29 
3.53 

--0"46 

0"326 
0"329 
0.336 
0"330 
0.322 
0-288 

0-320 
0.298 
0"324 
0.305 
0"233 
0"110 

0"315 
0"280 
0"298 
0"251 
0.042 

0-302 
0-287 
0-275 
0-115 

0"260 
O" 254 
O" 036 
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T A B L E  5 

Rotor Characteristics • Oo = 12 d e g  

0"1 

0"2 

0 '3  

0"4 

0"45 

(deg) 

0 
5 

10 
15 
20 
25 

0 
5 

10 
15 
20 
25 

5 
10 
15 
20 
25 

10 
15 
20 
25 

15 
20 

Ai~ 
(deg) 

3.1 
3.0 
2-8 
2.6 
2.3 
1.9 

0-9 
0-8 
0-7 
0-6 
0.5 
0.3 

0"4 
0"3 
0"2 
0.1 
0 

0.2 
0~1 
0 
0 

id 
(deg) 

- - 3 ' 9  
+ 0 ' 5  

7 '6  
11 "9 
16"8 
22 '2 

- -10 .2  
- -3 .7  

+ 2.4 
8"7 

14"9 
20"2 

- -  8 " 9  

- -  1"9 
+ 6 " 1  
+13"0 

19"2 

- -  3"0 
+ 4 " 7  

12 "3 
19"8 

0-1 
0 

3 ' 5  
12.0 

al b a 
(deg) (deg) 

0 0 

3 ' 9  3 '5  
4.5 3.3 
2 '4  2 '5  
3'1 2 '0  
3 '2  1 "2 
2 '8  0 '4  

10'2 4 ' 8  
8"7 3.9 
7 '6  2 '6  
6 ' 3  1 '6 
5'1 0.6 
4 '8  - -0 .3  

13"9 4 ' 7  
11-9 3 ' 0  
8 .9  1 '3 
7"0 0 
5"8 --0"9 

13.0 3-1 
10"3 0"9 
7"7 0 
5 '2 --0"4 

11 '5 1 "6 
8-0 - - 0 . 2  

10BTo 

7' 97 

9 '08 
8"67 
8"42 
8 '00 
7 ' 5 t  
5 '69 

11'14 
9 '95 
8 '73 
7 '73 
6'21 
4 '62 

10'81 
8"90 
6 '90 
4 '35 
1 "86 

8-82 
5"75 
2"33 

--1 "39 

5"12 
1 "33 

lO30o 

0 '716 

0"680 
0-676 
0-676 
0-689 
0-665 
0-650 

0-769 
0"688 
0"644 
0.639 
0"608 
0"538 

0.777 
0"669 
0 '558 
0'511 
0.29 

O" 707 
0"512 
O" 339 

- - 0 '  22 

O' 482 
O" 237 
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bO 

(a) General View. 

FIG. 1. 12-ft d i a m e t e r  ro to r  in  24-ft w i n d  tunne l .  

0o = 8 deg, i, = 15 deg, tJ = 0 .3 .  

(b) Side View. 
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