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SUMMARY 

This report is the result of experiments conducted to 

determine the normal component of induced velocity of a uni

formly loaded lifting rotor with a swept wake and operating 

in ground effect. An electromagnetic analog in the form of 

a wire model was utilized and point measurements were made 

of the magnetic field strength at various points in the flow 

field about the rotor model and its image. 

The actual wake vortex system was approximated by a 

series of coils representing vortex rings. These coils were 

placed in juxtaposition so as to simulate the wake of a heli

copter operating in forward flight in the lower speed ranges. 

Measurements were made in the tip path plane of the wake mo

del and its image at points out to four rotor radii from the 

wake centerline. Image point coordinates were fixed by the 

rotor height above the ground plane and by the requirements 

of symmetry. 

The values obtained for the wake and its image were 

added by the principle of superposition to render a total 

nondimensional velocity ratio for the rotor in ground effect. 

These velocity ratios were normalized to the point in the ro

tor plane at the wake centerline. 

The results of this study should be useful for esti

mating the induced velocity distribution about lifting ro-
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tors operating at similar wake angles. In addition, the data 

may be of use in estimating the Interference induced veloci

ties of multirotor helicopters and flying platforms. Tables 

and graphs are presented along with a sample problem. 
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CHAPTER I 

INTRODUCTION 

In determining the performance of a lifting rotor, it 

is necessary to know the magnitude of the induced velocities 

in the vicinity of the rotor* These velocities are induced 

by the vortex systems of the rotors,, Thus for a multirotor 

helicopter consideration must be given to those velocities 

induced by the vortices shed from the other rotors. This 

study deals with the determination of the normal component 

of these induced velocities in the flow field as this is the 

only component which appreciably affects the rotor blade 

element angles of attack. 

The geometry of the wake can be approximated by a vor

tex system having regular geometric properties. Even for 

such a simple system, however, mathematical calculations are 

lengthy. Therefore, use was made in this study of the per

fect analogy as developed in Reference 1 between the Induced 

flow field associated with a vortex element immersed in a 

perfect fluid and that of a magnetic field In space associa

ted with a wire carrying an electric current. An electro

magnetic analogy in the form of a wire model was constructed 

— 1 
to simulate a wake with angle 'X ~ tan 2, measured between 

the lower normal to the rotor and the wake axis. The length 

of the wake model was determined by the height of the rotor 
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above the ground plane. Six non-dimensional ground heights 

Z/R equal to one-half, one, one and one-half, two, three and 

four rotor radii were chosen. Figure 1 reflects the general 

arrangement of the analog. 

Surveys were made in the plane of the rotor for the 

primary system or portion of the wake above the ground at 

azimuth angles ^y of zero, ninety, and one hundred and eighty 

degrees, measured from the downwind direction. The process 

was then repeated for the wake image to reproduce the ground 

effect. Velocity ratios were then added by the principle of 

superposition and normalized to the center of the rotor, 

This analysis assumes that the wake vortex system is 

a uniform, finite length, elliptic cylinder composed of a 

large number of circular vortex rings arranged so that the 

circulation strength per unit length of wake is constant. 

A sample problem is included in this paper to demon

strate the application of the experimental and calculated 

data contained herein, A typical single rotor helicopter 

at a reasonable ground height and operating in the lower 

speed range was chosen and the. ratio of induced power in 

ground effect was determined, 



3 

CHAPTER II 

APPARATUS AND EXPERIMENTAL PROCEDURE 

The equipment used for the experimental portion of 

this study consisted of the following four basic components: 

lo The primary coil (wire model of wake vortex 
system) „ 

2„ The secondary coil (search coil). 

3» The amplifier and output meter. 

I4.0 The power supply. 

This equipment was essentially the same as used for the ex

periments in Reference 2 with the exception that the alter

nator in the power supply was driven by a synchronous motor. 

The procedure used was to measure the voltage induced 

in the secondary coil by the magnetic field of the alternat

ing current in the primary or wake model coils. Surveys 

were made in the plane of the rotor of the primary wake sys

tem and for corresponding points in the image,, Measurements 

were normalized to the center of the rotor of the primary 

wake system, and converted to induced velocity ratios as 

shown in the appendix. These ratios were then added by the 

principle of superposition to reflect the effect of the ground 

plane„ 

The accuracy of the method depends on certain fixed 

considerations as listed in Reference 2. These include: 
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1. Extraneous magnetic fields. 

2. Impure wave forms in the primary coil circuit. 

3. Induced effects in the primary and search coil 
leads. 

1+. Search coil dimensions and calibration. 

£. Primary-coil field distortion. 

Attempts were made in the experimental portion of this 

study to minimize inaccuracies arising from the sources list

ed above, 

The following is a description of the components util

ized in this experiment: 

Primary coil (wake model)- The wake model was built up from 

a series of lumped coils, each wound on a separate Plexiglas 

ring. The number of rings used in the entire model depended 

on the wake length which was determined by the height of the 

rotor above the ground plane. The upper portion of the wake 

was composed of rings bearing nine turns of No. 17, Brown and 

Sharpe gage, copper wire. These rings were closely spaced to 

minimize the distortion in the field due to the lumping of 

wire turns. Farther down the wake, where the effect of wire 

turn lumping was negligible, the coils were comprised of rings 

bearing eighteen turns of wire spaced twice as far apart. All 

coils were series connected and the input and return wires 

for each were twisted to minimize the external magnetic fields 

in the coil leads themselves. The leads from the power sup

ply to the model were also twisted in this manner. All coils 

had a diameter of twelve inches between wire centers and were 
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spaced along the wake in such a manner as to render a con

stant number of ampere turns per unit length of wake. The 

current maintained in the model for all measurements was ap

proximately four amperes. The length of the wake model as

sembly depended on the nondimensiona1 ground height Z/R and 

varied from approximately seven inches to fifty-four inches. 

The coils were mounted on a heavy fiber base with nylon nuts 

and bolts and were positioned so that the line of coil cen-

_ i 

ters made an angle of 630Lj-5 degrees (tan 2) with the nega

tive Z axis. The wake model is as shown in Figures 2 (a) 

and 2 (b)o 

Search coi1- Due to the fact that the primary-coil field 

was nonlinear and because point measurements were desired, 

it was necessary that the search coil dimensions be small 

compared with the dimensions of the wake model rings. The 

search coil, which was the same as that used in Reference 1, 

had a diameter of approximately 0.35> inches to the center of 

the wire bundle,, This bundle had a cross section of square 

form approximately 0.09 inches on each side and consisted of 

19000 turns of No. 1̂0 Brown and Sharpe gage, copper wire 

wound on a Plexiglas form. The form itself was mounted on 

a Plexiglas support and a coaxial cable was used to connect 

the search coil to the amplifier to minimize any current in

duced in this portion of the pickup circuit. To facilitate 

measurements the base of the search coil support and the top 

of the supporting table were scribed with straight lines 

spaced at appropriate fractions of the rotor radius. For 
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s u r v e y s at t h e 90 deg ree a z i m u t h a s c r i b e d v e r t i c a l wooden 

ramp was used fo r m e a s u r e m e n t s . As t h e f i e l d s t r e n g t h mea

s u r e m e n t s were n o r m a l i z e d t o t he c e n t e r of t h e r o t o r t h e 

n e c e s s i t y for o b t a i n i n g a s e p a r a t e c a l i b r a t i o n of t h e s e a r c h 

c o i l c i r c u i t was e l i m i n a t e d . F i g u r e 3 shows t h e e n t i r e s e a r c h 

c o i l a s s e m b l y t o g e t h e r w i t h i t s c o a x i a l c o n n e c t o r . 

A m p l i f i e r and o u t p u t m e t e r - The e n t i r e p i c k u p c i r c u i t i n 

c l u d e d a commerc ia l s t a n d i n g wave i n d i c a t o r in a d d i t i o n t o 

t h e s e a r c h c o i l and c o a x i a l c a b l e men t ioned a b o v e . T h i s i n 

d i c a t o r , which had a maximum s e n s i t i v i t y of 0 . 1 m i c r o v o l t , 

c o n s i s t e d of an i n d i c a t i n g m e t e r , a h i g h - g a i n lj.00 c y c l e f i x e d -

f r e q u e n c y a m p l i f i e r w i t h a c a l i b r a t e d g a i n c o n t r o l c o v e r i n g 

a 60 d e c i b e l r a n g e , and a nar row I4.OO c y c l e b a n d - p a s s - f i l t e r 

ne twork which had a s h a r p c u t o f f at i|00 1 5> c y c l e s per s e 

cond . The inpu t impedance of t h e a m p l i f i e r was 2 0 0 , 0 0 0 ohms 

w h i c h , a s i n d i c a t e d i n R e f e r e n c e 2 , was s u f f i c i e n t t o e l i m 

i n a t e any c a l i b r a t i o n of t h e mete r s c a l e . The a m p l i f i e r was 

p l a c e d i n a s e p a r a t e room from t h e f i e l d c o i l s t o e l i m i n a t e 

any a p p r e c i a b l e m a g n e t i c c o u p l i n g from t h e s e c o i l s . F i g u r e 

I4. shows t h e s t a n d i n g wave i n d i c a t o r w i t h c o a x i a l c o n n e c t o r . 

Power s u p p l y - A s y n c h r o n o u s motor d rove a lj.00 c y c l e a i r 

c r a f t i n v e r t e r t o s u p p l y t h e power t o t h e f i e l d c o i l s . Be

tween t h e i n v e r t e r and t h e c o i l s were p l a c e d a v o l t m e t e r , 

ammeter , c a p a c i t o r s , and two v a r i a b l e r e s i s t o r s . The c a p a 

c i t o r s were chosen so a s t o p l a c e t h e e n t i r e c i r c u i t in r e 

sonance for each d i f f e r e n t l e n g t h wake and t h e r e s i s t o r s were 
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adjusted to provide approximately four amperes in the circuit. 

Figure 5 shows the power supply which was also located in a 

room separate from the field coils to reduce magnetic coupling. 

Field survey procedure- The primary coil circuit was given 

a warm-up period of thirty minutes prior to any surveys. Mea

surements were then made to the normalizing point at the cen

ter of the wake in the plane of the rotor for which the non-

dimensional normal component of induced velocity was calcula

ted using tables of vortex ring strength. The same normal

izing point was used throughout the survey. For each non-

dimensional ground height Z/R, the magnetic field strength 

was measured at points along a radial line extending from the 

axis of the wire model to a distance of four rotor radii out. 

This was accomplished for the angle ^J equal to 0°, 90°, and 

l8o°, measured from the downwind direction. Since the flow 

is symmetric about the longitudinal axis of the wake, the 

values obtained for ^iJ - 90° are the same as those for \$ -

270°o The measurements described above were made for each 

of six nondimensional rotor heights Z/R = 0.5, 1.0, 1.5, 2.0, 

3o0, and l+.Oo 

Reduction of data- The meter readings recorded in the field 

survey were measured in decibels and thus necessitated a con

version to a velocity ratio using the following formula; 

ant 1 log 0.1 (MR)p 
ant 1 log 0.1 (MR)M 

V 

v N 
v~/N 
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where 

V^ = nondimensiona1 normal component of induced 
t velocity 

v 

P = subscript referring the point in space at 
which measurements are taken 

N = subscript referring to the normalizing point 
for which computed values are known 

The method of determination of (V \ is shown in Appendix I 

VCT/N 

The sign of each value of fVj\ was determined by consider-

\ ~ / p 

ations of the flow field, the trends of the data, and obser

vance of the reversal of the trend of meter readings. The 

results are shown in Table 1 and in Figures 6 and 7. 

If it is desired to convert V, as given here to an 
v~~ 

actual dimensional velocity V. at a point, use can be made 

of the approximation from Reference 3 for v that 

£JTRCT 
v = _ _ , • _ — 

(1 " 3/2^y) \/Av + ^ 

where A v = V s i n ( X v ~ v 

JlR 

X| V = Vcoso<v 

SIR 

c^-y - angle of a t t a c k of the t i p pa th plane 
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CHAPTER III 

RESULTS 

Table 1 shows the experimental results where, for 

each table, Vj is recorded for various values of r/R and 
. v-" 

Z/Ro This table contains the superimposed values of V, 
v~ 

for the wake and its image„ Figures 6 and 7 give a graph

ical presentation of these results, Figure 6 plotting V. 
v-

vs r/R for each Z/R and Figure 7 plotting V^ vs Z/R for 
v~ 

each r/R and azimuth angle ^±J . 
Table 2 shows the experimental values of Vj which 

v~ 
are the result of the image only„ If the contribution of 

the primary wake only is desired the values from Tables 1 

and 2 can be combined. 

Figure 8 is a plot of the ratio of the induced power 

required in ground effect Pj, to that required out of ground 

effect PQO These values are plotted against Z/R for two 

values of the tip speed ratio ̂ - • Appendix II shows the 

method used in determining this power ratio and Chapter IV 

provides a sample problem to illustrate the use of this 

graphical data for the representative helicopter shown in 

Figure 9° 
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CHAPTER IV 

SAMPLE PROBLEM SHOWING THE DETERMINATION OF INDUCED 

POWER REQUIRED FOR A HELICOPTER FLYING IN GROUND EFFECT 

Given a helicopter of the configuration and dimen

sions shown in Figure 9. It is desired to find the induced 

power P required for this helicopter operating at various 
i 

values of the nondimensional ground height Z/R. 

Pertinent characteristics for this helicopter are as 

follows: 

Blade tip circle radius R = 28 feet 

Blade tip speed - O R = 600 feet per second 

Airspeed V = 1|0 miles per hour = 58.6 feet per 
second 

Assuming a tip speed ratio ^C(v of 0.1 and using the 

relationship that X- tan 2, we have 

# = tan"1 ^ y or y\,= iMv = .05 
Av 

and C ? = T = 12000  

£ 7T-Q-2 R ̂  (.002378) (Tf) (600)2 (28)2 

= .00568 

Therefore 
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= 15oLf-3 feet per second. 

and p , the induced power out of ground effect, can be ex

pressed as 

p = Tv_ = (12000)( lg.U3) 

o 5To ' SSo 
= 337 HP 

Figure 8 gives the variation of the induced power ratio 

with ground height and for the values of Z/R shown in the table 

below the ratio P^/P can be found from Figure 8 and the value 

of Pj, the induced power in ground effect, can be determined. 

These values are listed below. 

Z/R P i / P 0 Po Pi 
I 3 ^ 0 0 .970 337 HP 327 HP 

2 . 0 0.95U 3 37 HP 321 HP 
1.0 0 .850 337 HP 286 HP 

1 o.5 o . ^ 337 HP 197 HP 
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CHAPTER V 

CONCLUSIONS 

The accuracy of the experimental data contained in 

this report is not known. The electromagnetic analogy util

ized contains certain inherent inaccuracies and the assump

tion that the wake of the rotor is a skewed uniform elliptic 

cylinder of constant sheet strength i s an additional source 

of erroro Also, in the determination of the graph of Pj/P0, 

numerical integration was utilized, which by itself contains 

certain inaccuracies. 

It is anticipated that the data contained in Tables 

1 and 2 wi 11 be useful for estimating the interference in

duced velocities of multirotor helicopters and for determin

ing the approximate induced velocity on the longitudinal and 

lateral axis of single rotors in ground effect. Figure 8 

should be useful for estimating the induced power require

ments of helicopters in ground effect. 
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APPENDIX I 

CALCULATION OF NONDIMENSIGNAL NORMAL COMPONENT OF 

INDUCED VELOCITY AT THE NORMALIZING POINT 

In Chapter II of this report it was shown that the 

nondimensional normal component of induced velocity at a 

point P Is given by 

V V 

v v / N 

ant i log 0. 1(MR) 

antilog 0.1(MR) 
N _J 

The value of V. used in the above expression was 

\~k 
determined by the use of Table 1 in Reference l\. which listed 

numerical values of the nondimensional normal component of 

induced velocity in the vicinity of a vortex ring. A finite 

number of rings was selected for each ground height and the 

corresponding values of v R were added with T and R both 

""F 
t a k e n e q u a l t o one , T h i s r e s u l t e d i n t h e normal component 

of v e l o c i t y v„ a t t h e c e n t e r of t h e r o t o r . From t h e s e v a l u e s 

t h e v e l o c i t y r a t i o a t t h e n o r m a l i z i n g p o i n t can be found by 

use of , V , \ = i v z > N 

where i*L 
dL 

\ v /N id'/oX 

i s t h e shee t s t r e n g t h pe r u n i t l e n g t h a l o n g t h e 
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wake axiso As each ring had a circulation strength of one 

unit the value of 3C_ became a function of the wake angle ^ 
dL 

and was e a s i l y d e t e r m i n e d . The v a l u e s o f [V. \ a r e shown t o 

\v~/N 
four s i g n i f i c a n t f i g u r e s in t h e t a b l e below for Z/R = 0 . 5 , 

1 .0, 1 . ? , and 2 . 0 . 

Z/R ( V j / v ) 
N 

0.5 
1.0 
i .S 
2 .0 

0.9351+ 
.9603 
.9531 
. 9^97 

S i n c e t h e t a b l e s men t ioned above in R e f e r e n c e l\. ex t end . 

ed o n l y t o a v a l u e of Z/R = 2a\\$ i t was n e c e s s a r y t o make use 

of t h e r e l a t i o n s h i p from R e f e r e n c e 5 t h a t 

v z = 
r i 

2VT* fi? +(r+l)2 
= - j K ( k ) - 1 + ZLE - i) 

x 2 4- ( r 1) 

E(k) 

where r 3 = r a d i u s of v o r t e x r i n g 

x , r = p o i n t c o o r d i n a t e s 

K(k) = c o m p l e t e e l l i p t i c i n t e g r a l of t h e f i r s t k i n d 

E(k) = comple t e e l l i p t i c i n t e g r a l of t h e second k i n d 

V a l u e s of v were d e t e r m i n e d from t h i s e x p r e s s i o n and added 

t o t h o s e fo r v from t h e t a b l e s t o d e t e r m i n e ( V . / v ) N fo r Z/R 

of 3 and l\.o These v a l u e s a r e shown be low. 

Z/R (V j /v ) 
N 

3 . 0 
l+.O 

0.91+71 
.9U62 
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The magn i tude of t h e c o n t r i b u t i o n t o ( V . / v ) fo r v a l u e s of 
r N 

Z/R beyond „75> i s n e g a t i v e , r e s u l t i n g in s m a l l e r p o s i t i v e 

v a l u e s of ( V . / v ) a s Z/R i n c r e a s e s . T h i s o c c u r s t o a Z/R of 

a p p r o x i m a t e l y 5 , a t which p o i n t ( V . / v ) b e g i n s t o i n c r e a s e 

t o o n e , t h e v e l o c i t y r a t i o for a s e m i - i n f i n i t e wake. 
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APPENDIX II 

DETERMINATION OF INDUCED POWER RATIO ^i 
Po 

T h i s a p p e n d i x i s devo t ed t o a b r i e f e x p l a n a t i o n of t h e 

method employed in t h e d e t e r m i n a t i o n of F i g u r e 8 which shows 

t h e r a t i o of induced power in ground e f f e c t t o t h a t out of 

ground e f f e c t v_s n o n d i m e n s i o n a l ground h e i g h t Z/R. 

R e f e r e n c e 3 shows t h a t t h e c i r c u l a t i o n s t r e n g t h P for 

a b l a d e a t a n g l e ky can be e x p r e s s e d by t h e r e l a t i o n i 

r = 
2TTJm C-Y 

z b( 1 - 3/2fv) 
1 - 3 / 2 , ^ v s in^J (1 ) 

A l s o , an inc rement of t h r u s t on a b l a d e element can be r e p 

r e s e n t e d a s 

dT = (?ru c o s (py dr (2 ) 

where U I s t h e r e s u l t a n t v e l o c i t y at a n g l e 0 V w i t h t h e b l a d e 

e lement «, Then 

U c o s 0 v = p l R i r x + ^o s i n y H (3) 

where x = r/R„ However, 

dP£ = dT°Vi 

where dP^ is the induced power required by the blade element 
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located at radius r and azimuth angle [±J . Therefore 

2, 
dP . - 2^rrriR^cT 

1 b(i - 3 / 2 ^ ) 
1 - 3/2_^yvsin^ XLR X + X ^ s i n y Vidr (1̂ ) 

and since P , the induced power required for the whole rotor 

out of ground effect can be expressed as 

P0 = Tv o rrr\?R^cTv (5 ) 

then it follows that the induced power ra t io for a blade at 

a particular azimuth angle UJ is 

(l]\ = 2 ( 1 " 3/2^vsin4;) / ( r/fc + ^ v S i n y ) V i /v -dr ( 6) 

\Po/v R(l - 3 / ^ | ) ,b 

and since r/R = x, it follows that 

s*\ 

/PA ^ ( l - S / g ^ l n y ) / ( x ^ ^ . m ^ ^ ^ ( 7 ) 
V °fy 1 - 3/2^v ^ v 

Values of the nondimensional normal component of in

duced velocity V^/v for each U and x are as given in Table 

1 of th is report. The to ta l ra t io Pi/PQ was determined for 

each ground height and blade azimuth angles of 0, 90, l8o, 

270, and 36O degrees by integration of expression 7 above 

using Simpson's Rule for numerical integration with ten in

crements of radiuso The final ra t io for the entire 3&0 de

grees of blade travel was then determined by again using Simp

son's Rule with the four increments of azimuth angle Lp . These 

induced power ra t ios were computed for values of yt(v of O0OI4. 
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and OolO and are shown in Figure 8 as a plot against Z/R. 



r / R 
V j / v f o r v a l u e s of Z/R of -

r / R 
i I 1 t * 2 3 4 

0 0.1+77 ' O . 8 1 6 O . 8 8 3 0 . 9 1 2 0 . 9 3 0 0 . 9 3 7 

O n ? . 4 3 4 .81+9 . 9 6 5 . 9 9 8 1 . 0 1 9 1 . 0 0 6 

0 . 4 .1+30 . 9 5 3 1 .068 
2. 

1 .134 1 .147 1 .132 

o n 6 . 5 2 0 K 0 7 5 1.21+7 1 .303 1.31+1 1 .294 

n . 8 . 7 6 3 1 . 3 1 3 1 . 5 2 5 1 .590 1 .618 1 . 6 2 5 

0 . 9 1 . 0 6 6 1.621+ 1 .870 1 .922 1 .968 1 . 9 5 9 

1.1 . 0 5 0 . 5 1 0 . 8 3 2 . 9 0 1 . 9 7 0 . 9 5 2 

1.2 . 0 7 9 . 6 1 0 .81+9 .91+2 . 9 9 2 . 9 8 8 

1.6 - . 1 7 7 . 2 3 0 . 5 l 8 . 6 3 2 . 6 8 5 . 6 9 4 

2 . 0 - . 109 .031+ . 3 0 0 . 4 3 9 . 5 0 9 . 5 1 6 

2 . 4 - . 0 7 0 - . 0 5 7 o l l | 0 . 2 9 9 .381+ . 3 9 5 

2 . 8 - . 0 3 6 - . 0 7 9 .01+6 . 190 . 2 8 3 ^30^ 

3 . 2 - . 0 1 8 - . 0 5 6 - . 0 1 7 . 1 1 1 . 2 2 2 . 2 4 6 

l 3 0 6 - . 0 1 3 - . 0 3 9 -.01+0 -01+9 . 1 6 7 . 1 9 7 

^ J D _ - . 0 0 8 - . 0 1 2 
1 , 

- . 0 1 9 . 0 0 6 . 121 . 1 5 8 J 

Table 1 ( a ) - Nondimens iona 1 V a l u e s of Normal Com
ponent of I n d u c e d V e l o c i t y V . / v a t 
Azimuth Angle V = 0 ° In P l a n e of a 
L i f t i n g R o t o r For Which X = t a n " 1 2 
( 6 3 . 4 5 ° ) . 
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r /R 
V^/v for v a l u e s of Z/R of -

r /R 
2 1 H 2 3 h 

0 0.1+77 O.816 0 . 8 8 3 0 .912 0 .930 0 .937 

0 . 2 .1+96 .817 .881+ .912 .930 .937 

0.1+ .535 .828 .887 .913 .930 .937 

0 . 6 .620 .81+7 ,891 .915 .930 .937 

0 . 8 .716 .865 .897 .917 .931 • 937 

0 . 9 .766 .872 .900 .918 .931 .937 

l . 1 - o 8 6 0 - . 8 3 9 - . 7 5 4 - .7U7 - . 7 2 7 -.71+3 

1.2 -.535 -.556 - . 5 2 7 - 5 1 7 -.1+96 - . 5 0 5 

1.6 - . 1 3 8 - . 2 0 8 -.211+ - . 2 ll | - . 2 0 7 - . 2 0 6 

2 . 0 - . 01+7 - . 0 9 1 - . 1 1 8 - . 1 1 9 -.111+ - . 1 1 5 

2.1+ -.01.8 -^oSh - . 0 7 3 - . 0 7 9 - . 0 7 9 - . 0 7 9 

2 . 8 - . 0 0 9 - . 0 3 0 -.01+6 -.053 - . 0 5 6 - . 0 5 6 

3 .2 -.001+ - . 0 1 7 ~o030 - . 0 3 8 -.01+1 -.01+2 

^ 6 - . 0 0 2 - . 0 1 1 - . 0 2 0 - . 0 2 7 " . 0 3 2 \-*033 ! 

M - . 0 0 1 - . 0 0 7 -.011+ - . 0 2 0 - . 0 2 5 ! - . 0 2 7 

Tab l e 1 (b) - Nond imens iona l V a l u e s of Normal Com
ponent of Induced V e l o c i t y V . / v at 
Azimuth Angle ^ - 90° and 270° I n 
P l a n e of a L i f t i n g R o t o r For Which 
X - t a n " 1 2 (63.1+5°). 



r / R 
V j / v f o r v a l u e s of Z/R of -

r / R 
i 1 n 2 3 1+ 

0 0.1+77 I 0 . 8 1 6 0 .88.3 0 . 9 1 2 0 . 9 3 0 0 . 9 3 7 

0 . 2 .511+ .737 . 7 9 0 . 8 0 9 .824 .831+ 

\o.k .535 .61+6 , 6 8 2 .701+ . 7 2 1 . 7 1 8 

0 . 6 .1+86 . 5 1 7 .51+8 .51+8 .560 .556 

0 . 8 .377 .31+6 .31+8 . 3 6 3 .365 .365 

0 . 9 - . 6 . 3 0 - . I+89 - .507 -.1+75 -.1+1+6 - . 1 + 1 + 1 + 

1.1 - . 5 7 9 -.51+5 - .578 - . £68 - ^ 5 - . 563 

1.2 - . 3 2 0 - . 3 3 0 - 3 5 5 - .352 - . 3 3 8 -.31+6 

11. e - . 0 7 8 - . i l l * - . 126 - . 1 2 6 - .121+ - . 1 2 7 

2 . 0 - . 0 2 8 -*0$$ - . 0 6 8 - . 0 7 1 - . 0 7 2 - . 0 7 2 

2.1+ - . 0 1 2 - . 0 2 9 -.01+0 - . okk -.014.6 -.01+7 

2 . 8 - . 0 0 6 - . 0 1 7 - . 0 2 5 - . 0 3 0 - . 0 3 2 - . 0 3 2 

3 - 2 - . 0 0 3 - . 0 1 0 - . 0 1 6 - . 0 2 0 - . 0 2 3 - . 0 2 5 

3 . 6 -.002 - . 0 0 6 - . 0 1 1 - .Ollf. - . 0 1 8 - . 0 1 9 

I+.O 0 - . o o l + - . 0 0 8 - . 0 1 0 - . 0 1 3 -.011+ 
..,_ 

Tab le 1 ( c ) - Nondimens iona1 V a l u e s of Normal 
Component of Induced V e l o c i t y V^/v 
at Azimuth Angle ^ = l80° I n P l a n e 
of a L i f t i n g R o t o r For Which X = 

t a n " 1 2 (63.1+5°). 



j 

r / K 
V j / v f o r v a l u e s of Z/R of -

j 

r / K 
i 1 l i 2 3 h 

0 -.1+59 -.ll+5 - . 0 7 0 - . 0 3 8 - . 0 1 7 - . 0 0 9 

\on? - . 506 - . 1 8 1 - . 0 7 9 - . 01+3 - . 0 1 9 - . 0 1 0 1 

o.l+ -•517 - . 2 1 6 - . 0 9 1 -.01+9 - . 0 2 0 - . 0 1 1 

0 . 6 - . 506 - . 2 5 1 - . 100 -.051+ - . 0 2 2 - . 0 1 1 

0 . 8 -.1+70 - . 2 8 2 - . 1 1 2 - . 0 6 0 - . 0 2 3 - . 0 1 2 j 

0 . 9 -•14-52 - . 2 9 3 - . 1 2 1 - . O 6 3 -.021+ - . 0 1 2 

1.1 --U03 - . 3 0 7 - . 1 3 2 - . 0 7 0 - . 0 2 6 - . 0 1 3 

1.2 - . 369 - 3 0 7 - . 1 3 7 - . 0 7 3 - . 027 -.011+ 

1.6 - . 2 0 9 - . 2 9 8 - . 1 5 6 - . 0 8 7 - . 0 3 0 - . 0 1 5 

2 . 0 - . 0 0 9 -.21+0 - . 1 6 2 - . 0 9 6 - . 0 3 3 - . 0 1 7 

2.1+ . 0 0 6 - . 153 - .152 - . 1 0 7 - . 0 3 7 - . 0 1 9 

2 . 8 . 0 0 8 - . 075 I . . 1 2 ! ; - n l i -.01+1 - . 0 2 0 

3 . 2 . 0 0 9 - . 0 2 0 - o 0 9 3 -.111+ -.01+5 - . 0 2 2 

3 . 6 .001+ - . 0 0 2 - . 0 5 7 - . 1 0 5 -.01+8 -.021+ 

U.o .001+ , 0 0 9 - . 0 3 0 - . 0 9 1 -.01+9 - . 0 2 6 
- , i 

Table 2 (a) - Nondimensi onal Values of Normal 
Image Component of Induced Velocity 
Vj/v In Plane of a Lifting Rotor at 
Azimuth Angle y =0°. 
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-.— 

r / R 
V j / v f o r v a l u e s of l/R of -

-.— 

r / R 
-1 i 
2 *• 

It 2 3 1+ 

0 -.1+59 ! -.il+5 - . 0 7 0 l - . 0 3 8 - . 0 1 7 - . 0 0 9 

0 . 2 
i 

-.1+1+0 : - . II4.I4- - . 0 6 9 ; - . 0 3 8 - . 0 1 7 - . 0 0 9 

0.1+ -.1+01 - . 1 3 3 - . 0 6 6 , - . 0 3 7 - . 0 1 7 - . 0 0 9 

0 . 6 - . 3 1 6 - . 11U - .062 1 - . 0 3 5 - . 0 1 7 - . 0 0 9 

0 . 8 - . 2 2 0 - . 0 9 6 
! 

- . 0 5 6 1 - . 0 3 3 - . 0 1 6 - . 0 0 9 

0 . 9 - . 170 - . 0 8 9 ->0$3 ; - . 0 3 2 - . 0 1 6 - . 0 0 9 

1 . 1 - . 0 8 1 - . 0 6 6 - . 0I4.6 ; - . 0 3 0 
1 ,, , . -

- . 0 1 5 - . 0 0 9 

1.2 - . 049 - . 0 5 7 -.01+2 ; - . 0 2 8 
1 - „ . - , • 

- . 0 1 5 - . 0 0 9 

1.6 . 0 1 9 - . 0 2 5 - . 0 2 8 ! - . 0 2 2 - . 0 1 3 - . 0 0 8 

2 . 0 . 0 2 7 
.. . _ ^ 

. 0 0 6 - . 0 1 7 ! - . 0 1 6 - . 0 1 1 - . 0 0 8 

2.1* j . 0 2 2 .001+ 
! 

- . 0 0 9 ! - . 0 1 1 - . 0 1 0 - . 0 0 7 
| 

2 . 8 ( o 0 1 ? . 0 0 8 - . 0 0 3 : - . 0 0 7 1 - . 0 0 8 - . 0 0 6 | 

3 - 2 j . 0 1 2 . 0 1 0 
1 

~.00l+ . - .001+ - . 0 0 6 - . 0 0 5 

3*6 . 0 0 9 . 0 0 8 . 0 0 2 ! - . 0 0 1 - . 0 0 5 -.001+ 
— 1 
1+.0| . 0 0 7 . 0 0 7 

t 

.003 : „ooo 1 - .001+ -.001+ 

Tab le 2 (b) - Nond imens iona l V a l u e s of Normal 
Image Component of Induced V e l o c i t y 
V j / v I n P l a n e of a L i f t i n g R o t o r at 
Azimuth Angle \y = 90° and 2 7 0 ° . 



r / R 
V . / v f o r v a l u e s of Z/R of -

r / R 
i i 1 | H 2 3 k 

0 -459 - 4 5 - . 0 7 0 - . 0 3 8 - . 0 1 7 - . 0 0 9 

0 . 2 - . 3 7 0 , - 0 1 1 6 - .059 -.031+ - . 0 1 6 - . 0 0 9 

o.k - . 2 6 2 - . 0 9 2 -.0U9 - . 0 3 0 -.04 - . 0 0 8 

0 . 6 - . 1 6 2 - . 0 6 9 - . OI4.O - .021]. - . 0 1 3 - . 0 0 8 

0 . 8 - .087 - . 0 ^ 0 - . 0 3 2 - . 0 2 2 - . 0 1 2 - . 0 0 7 

0 . 9 - . 059 - . 0 l | 0 - . 0 2 9 - . 0 2 0 - . 0 1 1 - . 0 0 7 

1.1 - . 0 1 6 - . 0 2 9 - .021+ - . 0 1 7 - . 0 1 0 - . 0 0 6 

1.2 - . 0 0 3 - . 0 2 3 - . 0 2 1 - . 0 1 6 - . 0 1 0 - . 0 0 6 J 

1.6 . 0 2 0 - . 0 0 6 - . 0 1 2 - . 0 1 0 - . 0 0 8 - . 0 0 5 

2 . 0 . 0 2 1 . 0 0 2 - . 0 0 6 - . 0 0 7 - . 0 0 6 - , 0 0 [ | 

2 4 . 0 1 7 . 0 0 5 - . 0 0 2 - . 0 0 l | - . 0 0 ? - . 0 0 U 

2 . 8 . 0 1 2 . 0 0 6 - 0 0 1 - . 0 0 2 - . 0 0 3 - 0 O 0 3 

3 . 2 . 0 0 9 . 0 0 6 . 0 0 2 . 0 0 0 - . 0 0 2 - .002 1 

3.6 . 0 0 7 . 0 0 6 . 0 0 3 . 0 0 1 - . 0 0 2 - . 0 0 2 

14-.0 . 0 0 6 . 0 0 5 . 0 0 3 . 0 0 1 - . 0 0 1 1 - . 0 0 1 

Table 2 (c) - Nondimensiona1 Values of Normal 
Image Component of Induced Velocity 
Vj/v In Plane of a Lifting Rotor at 
Azimuth Angle y = l80°. 
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Image 

Rot gr_ FLane_JIma_gel_ 

Wake C e n t e r l i n e 

Wake C o i l s 

A _JiDioT_JUane_t-Wak£_)_ _ •_ 

V = 180° **• 

r /R -*• 

-> y = o' 

"*" r /R 

F i g u r e 1 Wake Model Arrangement 
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( a ) V i e w A 

F i g u r e ? - E l e c t r o m a g n e t l c - a n a logy Model 
Assembly . 
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View R 

F i c u r ^ ° - C o n t i n u e d 
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I 

J }̂ = 0° 

r / 

- 9 0 ° 
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\ : 1 
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: 

i 
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\ 
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^ 

180^ ; )7 
1 

| 

i / / 
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\ 

H 
1 

I 

! 

J 90° 
! 
| 
; 

_ _ , 

1 

0 0.5 1.0 1.5 2 -0 2 . 5 3 .0 3 . 5 
r /R 

(a ) For Nondimens iona 1 Ground D i s t a n c e Z/R = 0 . 5 

F i g u r e 6 - V a r i a t i o n of Nondimens iona1 Normal Com
ponent of Induced V e l o c i t y Along t h e 
R a d i u s . 

k.o 
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0 ! 1 L _ L 1 ^ ^ 1 
0 0.5 1.0 1.5 2.0 2.5 3.0 3«5 l+o0 

r/R 

(b) For Nondimensional Ground Distance Z/R = 1.0 

Figure 6 - Continued 
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- 1 . 0 
o 0 . 5 i . o 1.5 2 . 0 2 . 5 3 . 0 3-5 i+.o 

r /R 
( c ) For Nondimens iona1 Ground D i s t a n c e Z/R = 1.5 

F i g u r e 6 - C o n t i n u e d 
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V i / v 

- 1 . 0 
0 0.5 l.o 1.5 2.0 2.5 3.0 3.5 z+.o 

r /R 
(d) For Nond imens iona l Ground D i s t a n c e Z/R = 2 . 0 

F i g u r e 6 - C o n t i n u e d 
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o 0.5 " l . o 1.5 2.0 2 .5 3.0 3«5 UoO 
r/R 

(e) For Nondimensional Ground Distance Z/R = 3.0 
Figure 6 - Continued 
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1 l^ = 0° 
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isod 
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(f) For Nondimensional Ground Distance Z/R = I4..0 

Figure 6 - Continued 
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V i / v 

o 0 .5 i . o i.$ £«o 2 . 5 3 . 0 3 . 5 UoO 
2/R 

( a ) For Azimuth Angle <^ = 0° 

F i g u r e 7 - V a r i a t i o n of Nond imens iona1 Normal Com
ponent of Induced V e l o c i t y Wi th Ground 
Di s t a n c e . 
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V a r i a t i o n of I nduced Power R a t i o With 
D i s t a n c e Above Ground P l a n e . 



[|6 

\ \ \ \ "X ^ 
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