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ABSTRACT. A laser velocirneter was used to determine the circulation by in

tegration of the velocity vector along a contour surrounding the blade sec

tion of a helicopter in hover. Two different contours were tested and compa

red. The radial distribution of circulation were then measured for rotors of 

different tip shape (rectangular, parabolic, tapered, swept) and presented 

comparatively to numerical results based on a free wake analysis code. 
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1. INTRODUCTION. 

In order to improve the rotorcraft hover performance, several numerical 

procedures predicting the wake geometry, the rotor inflow and blade loading 

have been developped (see for instance the proceedings of the last European 

Rotorcraft Forum, Aerodynamics Session 
( 1) 

The validation of these codes 

is made by comparison with data available on the rotor induced flow field 

(wake geometry and velocities measurement (2 ) (3)) and on total rotor lift 

and load distribution. Some discrepancies have raised concerning measured 

and predicted tip vortex path and velocity distribution in the wake for par

ticular twist and tip shape of the blades. Most of the existingcodes are ba

sed on iterative calculation made on the radial bound circulation of the 

blade. A precise measurement of this quantity has been lacking as long as the 

use of the laser velocimeter was introduced(
4

) and made possible a non intru

sive investigation of the bound circulation distribution. Probe interference 

and eventual encounters when measurements are performed close to the blades 

can then be avoided. Moreover, the influence of the tailoring of blade tip -

plan for~s on circulation distribution in the tip region can be rapidely in

fared and documented; such results present practical applications in the field~ 

of aerodynamics and acoustics and aeroelasticity. 

The present paper aims to carry out some new experimental results in 

the field and compare them to calculations deduced from a free wake analysis 

code Uil Two original techniques for circulation measurements have been 

Used and comparedc 

One ofthern consists in determining by use of a 2.D laser velocimeter, 

operating in backscattering mode, the velocity tangent to a close rectan-

gular box surrounding the airfoil section at different radial locations of 

the blade. The measurement volume is displaced all along the box and the cir

culation is then· calculated by curvilinear integration of measured velocities 

realised at the same phase corresponding to a position of the blade airfoil 

inside the box. 

The other technique, owing the syrnrretry of revolution in the case of 

hovering flight, allows to perform circulation measurement by only conside

ring the variation of the tangential velocity componant with the phase on the 

upper and lower side of the rotating plane. 

Four rotors of different tips shape plan forms have been tested (rectan

gular, parabolic, tapered and swept) and compared to calculations in the case 

of rectangular and tapered_ tips. Moreover, the measurements of the induced 
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axial velocity at the rotating plane have given, by use of Kutta-Joukowski 

formula and 2.D lift and drag distribution, the radial loading distribution 

compared to the one directly deduced from the circulation measurements. 

2. EXPERIMENTAL SET-UP AND TEST CONDITIONS. 

The Rotor 

A model-scale rotor, 1.5 rn in diameter was used in hover for this study 

in the open test chamber of a wind tunnel. Four interchnngeable blades were 

tested (see Fig.! for geometric blade properties). The tip velocity was fixed 

at 107 m/s in all experiments. Geometrical rotor properties and test operating 

conditions are summarized in table 1. 

Table 1 

Rotor diameter 1.5 m 

Blade chord 0.05 m 

Airfoil 0A209 

Blade twist (linear): - 8°.3 

Number of blades 2 ~ b ~ 4 
i 

Coning angle ~ 2.5° 

Root cutout 0.22R 

Rotor speed Q 143 rad/s 

Tip speed 107 m/s 

The laser velocimeter (L.V.) 

The L.V. is equiped for 2.D measurements and operates in backscattering 

mode (focal lenght of frontal lens of, 1.8 m). Reverse flow measurements are 

made possible by the adjonction of a bragg-cell. A traversing system suppor

ting the L.V. allows to displace the focal volume along radial, tangential 

and axial directions to obtain the axial and chordwise velocity components 

used for calculating the circulation as described below. 

Photomultipliers output were analysed by counters·and stored through 

an interface in a microcomputer HP9845 B. The L.V. operated in continuous 

light in such a way that all velocity informations were recorded during N 

rotations of the rotor. The phase rotation of each measurement was known by 

means of an angular counter and the corresponding position of the blade by 

means of a photo cell. Figure 2 presents the L.V. system. For each phase angle 



12.4 

varying from 0 to 2IT/b an histogram made on 200 samples of the stored ve

locities was realized resulting in the instantaneous mean velocity value. 

An histogram example is presented in figure 3. 

3. DEFINITION OF ~HE ·TWO CONTOURS. 

In order to determine the circulation around a profile of the blade, 

a rectangular box ABCD was defined, surrounding as close as possible the 

profile (see figure below). 

u 

A 8 14 7 G 5 B 

9 
dl 

wj 
~ 10 

12 lJJO 

r 

11 
Scale 1 

D 1 13 2 3 4 c 
lcm 

The focal·volume was displaced along ABCD and in each point (1,2,3,4, 

13) (5,6,7,8,14) and (9,10) (11,12) the variations with '¥ of U and W com-

ponants respectively were measured. Figure 4 shows as an example at r/R = 0.8 

the distribution of U with ljJ at points 13 and 14 (upper part of the figure) 

and w at points 9 and 10 (lower part of the figure). In our test con-

ditions, the position of the airfoil just inside the box corresponded to a 

phase '¥ = 
0 

9.36°. The circulation is then deduced from the values of U and 

W at points 1 to 14 and at '¥ by the formula : 
0 

f = 2: Un dln + 2: Wn dln 

AB ('¥o) 

CD 
AD ('¥0 ) 

BC 

The incertitude on the profile position inside the box due to the pre

cision of the angular counter is about 0.36° in~ resulting in an incertitude 
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of 4 mm in x direction at r = R. 

Moreover, it can be observed on figure 4 that the presence of the pro-

file induces pies of velocity at phase ~ ~ 

file is far from the measurement point ( ~ 

~0 as excepted. When the pro-
1 2 IT + 9 o • 36 ~ 55 °) , the -
2 b 

velocities keep a lower constant value corresponding to the inflow between 

two blades. 

The calculation of circulation presented in§ 3.1 may introduce an im

portant incertitude because of the small number of measurements along branches 

AD and BC. The L.V. operating in continuous light, strong reflexions on the 

blades occur when the focal volume is located between points 11 and 12, and 

9 and 10i it was the reason why no measurements could be realized in these 

regions. But, owing to the symmetry of the flow with phase angle variation of 

2 IT/b, if the branches AD and BC belonging to the same radius are separated 

by an angle of 2 IT/b, the componant W along AD will be the same as along BC. 

0 
E 

The contribution of branch DA to circulation will be balanced by the 

circulation along BC. The circulation along the contour ABCD defined in the 

figure above is then reduced to circulation along AB and CD. Moreover, it can 

be noticed that the variation with ~ of the U componant in any point of AB 
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may represent for a fixed position of the wing the variation of U along AB 

when replacing lji by rlji . It will be noted in figure 5 that the velocity 

profiles U and W measured in different points of the contour are only phase 

lagged. 

When plotting on the same graph the variations of UAB and UDC versus rlji 

(UAB and UDC are measured at the same radius and the same vertical plane, on tt 

upper and lower side of the rotating plane), the circulation along ABCD can 

be written 

rABCD = ( u 
1 AB 

.lAB 

or fABCD = 

-j'u d9. + DC 

DC 

(w dQ. - (wd~, 

JDA J CB 

~ 

The circulation can then be calculated as the surface co~prised bet

ween the two curves UAB and UDC' as shown below. 

u 
~BCD s 

r. 2Jl/b 

REMARK. Due to the contraction of the wake, some vorticity of intensity rE 

coming from preceding blades can be present in the contour between the plane 

of rotation and branch DC. If r is the circulation just around the blade pro-

file at rr then = r ;- or r = fE has been 

evaluated by considering the circulation around a contour DCFE non including 

the profile. This circulation is found by integrating as previously shown 

UDC - UEF along r lji The variations of UDC and UEF is shown as an example 

on figure 6 for r/R = 0. 95. The circulation concerns· a contour of e in width 
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and this case (e = 1 em) f = 0 .05 f A linear distribution of vor-
DCFE ABCD 

ticity may be assumed just below the rotating plane and fE may be written 
L 

where fDCFE X L is the distance between the rotating plane and 
e 

the branch DC. For the four tested rotors, circulation 
r 

red at different R (0.3; 0.4; 0.5; 0.6; 0.7; 0.75; 0.8; 

rABCD 

0.85; 

was measu-

0.9; 0.95; 1) 

and corrected according to the above method to obtain r around the profile. 

4. RESULTS 

The radial distribution circulations as obtained by the two methods pre

viously described have been compared. As an example, figure 7, relative to 

rotor 7, presents the result of the comparison; the agreement is ~elatively 

good for £ 
R 

< 0,7, although in the tip region (0.8 ~ r/R ~ 1) discrepancies 

appear, with scattered data. 

given by a free wake analysis 
2JI 

When experimental values are compared to results 

code (
5

) it can be noticed that the results 

deduced from ~ r contour (method n°2) are in better agreement that those 

deduced from ~ = Cte contour (method n°1) and fit pretty well calculations 

except in the region of the pic circulation where experiments predict a ma

ximum more inboard and less intense. In the same figure have also been plot

ted the values of circulation deduced from Kutta-Joukowski formula and 2-D 

aerodynamic coefficients of blade airfoils. The incidence is calculated from 

the measurements of induced velocities. It can be seen in figure 7 th~~ these 

values of circulation are underestimated all along the blade compn.rrod to cal

culation. Moreover, it has been possible to compare the traction directly 

measured by strain gages to the ones obtained by integration of r along the 

blade. The traction measured is T 
m 

195 N, calculated with f from method 1 

T
1 

= 138 N, from method 2 T
2 

= 190 N and from Kutta-Joukowski and 2-D aero

dynamics coefficients T = 135 N. These results clearly indicate that me-
K-J 

thod 2 is the more suitable to carry out a realistic distribution of circula-

tion better than others when refering to experimental traction of the rotor. 

It is also interesting to note that this method is less time consuming (no 

displacement of the focal volume around the profile is needed). Hence, the 

results presented below have been obtained by method 2. 

Figure 8 concerns rotor 7 at a lower general pitch angle (8
0

_
75 

= 8°) 

and Figure 9 at a lower number of blades (b = 2). The lift coefficient dis

tribution with r/R has also been plotted on the figures. The comparison with 
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calculations shows the same tendency than previously described 

rimental pic of circulation is found more inboard 

the expe-

Figure 10 is relative to rotor 6. The calculation code is inoperative 

in this case and only experiments are presented as in figure 12 which con

cerns swept tip plan-form. In these two cases two maxima of circulation ap

pear :a first at about r/R ~ 0.75 and a second of high intensity at r/R ~ 0.9. 

Finally, Figure 11 presents the results obtained relative to rotor 5 

(tapered plan-form). Comparison has been made to calculations and it is in

teresting to remark the good agreement of experimental and calculated distri

bution concerning the location of two maxima at r/R = 0.75 and r/R = 0.95. 

Quantitative comparisons are also pretty good. 

The tractionsdeduced from circulation distributions (method 2) have 

been calculated for all tested rotors and compared to experimental value. 

The results are presented in table 2. 

Table 2 

I T(N) I 

N° Rotor b eo. 75 Measured I Deduced from I 
[ Method 2 : 
I 

7 2 10 99 I 110 I 

I 
7 4 10 195 I 190 I 

I 
7 4 8 150 I 148 : 

I 
6 4 8 150 I 155 : 

I 

5 4 8 155 I 160 I 

4 4 8 155 I 152 I 

5. CONCLUDING REMARKS 

A laser-velocimeter was shown to be a suitable instrument for determi-

ning the radial distribution circulation of a rotor in hover. The method u-
2Il 

sing a b r contour has been preferred to a contour at If! = Cte aroend i.-:he 

profile because more precise and less time consuming. Radial distribution 

circulation have been carried out for different tip plan-shapes (parabolic, 

tapered and swept) showing the· existence of two maxima in the distribution 

of circulation. Comparison to a free wake calculation code and to direct mea-
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surements of traction has indicated that the contour method was more 

operative than the use of Kutta-Joukowski formula associated to the 2-D 

aerodynamics coefficients of blade airfoils. 

The results have also shown that the L.V. was a powerful tool for desi

gning tip plan-form shapes with reference to tip distribution circulation. 
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