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By Welter Castles, Jr., Howard L. Durham, Jr.,
and Jirailr Kevorkian

SUMMARY

Values of the nondimensional normal component of induced velocilty
throughout the flow field of a uniformly loaded 1lifting rotor operating
in the upper half of the hellcopter speed range are presented in the
form of graphs and tables. The tabulated data are for rectangular grids
of points located in azimuth planes situated at 30° increments of azimuth
angle. The grids extend a distance of 4 rotor radii in both the vertical
and redisal directions. Values at points In the rotor plane were computed
by means of the Biot-Savart relation using the assumption that the wake
vortex distribution consisted of a uniform, semi-Infinite elliptic cylin-
der. Values at points not in the rotor plane were obtained experimen-
tally by measurements of the field strength about an electromagnetic-
analogy model of the wake vortex system.

Comparisons of computed and experimental analog values for the nor-
mal component of induced veloelty both in the plane of the rotor and in
the lateral plane perpendicular to the rotor plane are presented. The
agreement between the computed and experimental analog values indicates
that the latter are sufficiently accurate for engineering purposes.

The results should be useful for estimating the induced velocity
distribution about 1lifting rotors in general and for synthéesizing the
distributions over the rotor disk for the case of any specified non-
uniform loading.

INTRODUCTION

In order to determine the performance and air load distribution of
a lifting rotor, 1t is necessary to know the induced flow field in the
vicinity of the rotor, the component of velocity normal to the plane of
the rotor being of particular interest.
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To make rotor-flow-field computations mathematically tractable, it
is usual to approximaete the actual wake vortex system by one having regu-
lar geometric properties. In general, however, for even the simplest of
wake geometries the calculations are tedious and prohibitively lengthy
unless high-speed compubting facillties are available. Alternatively,
there is an spproach to the problem making use of the perfect analogy
between the induced flow field assoclated with a vortex filament in a
perfect fluilid and the magnetic fileld in space associated wilith a current-~
carrying wire. Thus it ie possible to construct an electromagnetic anal-
ogy in the form of a wire model of a glven vortex conflguration. Point
measurements of magnetic-field strength in the associated magnetic field
then afford a description of the analogous induced velocity in the fluid
velocity field, as shown in reference 1.

The principal obJjective of the present peper is to present in the
form of tables and graphs the experimental values for the nondimensional
normal component of induced veloclty which were obtained by means of an
electromagnetic-analogy model of the wake from & rotor operating in the
upper half of the flight speed range. The method employed was in meny
respects similar to the procedures described in references 1 and 2. Sur-
veys were made of the normal component of induced veloclty in several
azimuth planes perpendicular to the plane of the rotor beginning with
the longitudinsl plane of symmetry and proceding in 50 increments of
azimuth sngle. Anocther objective is to supplement and extend the results
of references 3 and 4 by presenting additional computed values of the.
normal component of induced velocity in the rotor plane which were
obtained by means of a digital computer. This program was carried out
along with the magnetic-anselogy measurements and afforded reliable check
points for comperison of results. The computed data furnished values
for the induced veloclty at space points located such that physical inter-
ference between the pickup coll end wake model prevented fleld measure-
ments and also at points near the model coils where the gradlent of the
local magnetic field was large.

The analysls presented herein concerns the flow field associated
with a uniformly loasded lifting rotor and uses the assumption that the
wake vortex system has the form of a uniform, semi-infinite elliptic
cylinder composed of a very large number of circular vortex ring ele-
ments arranged in such & way that the clrculetion per unit length of
the vortex sheet is constant. This assumption implies that the induced
flow associated with the vortex system is a potential flow and, as such,
has a perfect magnetic analogy as pointed out by equations (2) and (3)
of reference 1.

This investigation was conducted at the Georgia Institute of
Technology under the sponsorship and with the financisl assistance of
the Nationel Advisory Committee for Aeronautics.



NACA TN L4238

81

X,Y,Z

X.,Y

02 ¥os%

o’~o

TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

SYMBOLS

coefficient of cosine term in Fourler series for blade
flapping angle

output meter reading, db

tangent of wake angle X

eny point P(X,,Ys,%o) in rotor flow field
rotor radius

radius of polnt P from Z- or rotor axis

cylindrical coordinates of a point on the curve of inter-
section of plane V¥ = Constant with wake vortex cylinder

veloclty of hellcopter along flight path

normal component of induced veloclty at P

normal component of induced velocity at center of rotor plane

coordinates of a wake vortex sheet element as measured rela-
tive to the tip path plane axes

coordinates of point P in rotor flow field

angle of attack of plane of zero feathering

angle of attack of rotor plane

azimuth angle of wake vortex sheet element measured from
negative X~ or upwind direction

Ay = (V sin ay - v)/QR

Hy = V cos av/ﬂR
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%X wake angle measured between negative Z- or rotor axis and
wake axis

¥ azimith angle of point P measured from postilve X~ or down-

wind direction

4] angular velocity of rotor blades
Subscripts:
C refers to curve of intersectlon formed by plane

Y = Constant with wake vortex cylinder
N refers to search-coll normalizing point

P refers to point P
THEORETICAL ANAILYSIS

Under the assumption that the wake vortex distribution takes the
form of & uniform, semli-infinite elliptiec cylinder, it was shown in ref-
erence 4 that the ratio of the normal component of induced velocity at
any point P +to that at the center of the rotor is given by

Vi B )
('V_)ro’m, ZO)‘(’ ) EE ‘/;) \}—6 (VE - D) * (l)

where the wake geometry is glven in figure 1, and

A =1+ 1, cos(y - 9)

B=mcos 6 Vl + e

C =1+ roe + 202 + 2rg cos(y - 8)

D = (2o + mry cos ¥ + m COS 9)/VIj:ZEE

in which

ro = RO/R
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Rg radius of point P(Xy,Yo,Zo) from Z-axis

R rotor radius

Zo = ZofR

¥ azimuth angle of P from positive X- or downwind axis

o azimuth angle from negative X- or upwind direction to ele-
ment of wake vortex sheet having length d4S

X wake angle between negetive Z-axis and wake axis

M= tan X

The wake angle X 1is connected with the resultant veloecity components
at the center of the rotor by the relation

X = tan (-py /) (2)
in which
My = V cos ay /SR
Ay = (V 8in ay - v) /(R
\ velocity of helicopter along f£flight path
oy angle of attack of rotor plane where ay =o - ap
Q angular veloclity of rotor blades

In the present paper it was desired to compute the nondimensional
normal component of induced velocity in the rotor plane at poilnts P(ro,$)

for a wake geometry simulating the wake from a rotor operating in the
upper helf of the helicopter speed range. Since s wake angle

X = tan~t 10 (8&.299) closely spproximates the actual wake angle for
a helicopter operating in the higher speed range, the values Zg = O

and m = 10 were substituted into equation (1) which then became

(X;E) = -21; j;EﬂH ae (3)

Tos l0,0, ¥
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where H represents the integrand of equation (1) after the substitu~
tions were made in the quantities A, B, C, and D ebove.

Numericel spproximations to the integral of equation (3) were
obtained for combinations of values of r, and V¥ by means of a digital
computer programmed to use Simpson's rule with 120 equally speced lncre-
ments in 6. Except for a few points close to the wake boundary, this
procedure ylelded: results correct to within +1 in the third decimal place
as verifiled by check points previously computed by other methods.

EXPERIMENTAL, PROCEDURE

The electrical systems employed in references 1 and 2 were broadly
simlilar in that both lncluded four basic components:

The primary coll (wire model of vortex system)
The secondary coil (search coil)

The electronlc voltmeter

. The power supply

W -

The methods consisted essentially of measuriné the voltage lnduced in the
search coll by the magnetic field of the primsry-coil current and con-
verting the result into equlvalent velocity.

In light of informstion geined from the reports mentioned above,
certain fixed considerations emerge which affect the accuracy of the
method and must be taken into account when designing an electromagnetic-
analogy system. These include:

1. Extraneous magnetic fields

2. Tmpure weve forms in the primary-coll circuit

3. Induced effects in the primary-coil and search-coil leads
4. Search-coil dimensions and calibration

5. Primery-coil field distortion

An ettempt was made In the present work to minimize ineccuracies arising
from the above sources. The followlng sections describe each of the
baslc components of the magnetlc-analogy system used in this lnvestigation.

Primery field coil (wake model).- The difficulties involved in
attempting to construct a solid nonmegnetic cylinder in the shape of an
elliptic cylinder upon which to wind the primery coll made it expedient
to bulld up the wake model from a series of "lumped” colls wound on sepa-
rate Plexiglas rings. The rings were mounted upon a heavy fiber base
plate by means of individual Plexiglas beses so arranged that the line

1!
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of centers made an angle of 8’-}.29o (tan*l 10) with the rotor plesne axis.
To minimize the field distortion dve to lumped coils in the viecinity of
the rotor plane, the assembly was divided into two principal sections.
The first section (corresponding to the upper portion of the wake) con-
sisted of 27 rings each bearing 1 turn of No. 17, Brown and Shsrpe gage,
copper wire. The second sectlion was comprised of 18 rings each bearing
9 turns of wire and a final ring bearing two layers of 9 turns each.
The colls were connected in series in such a manner that the input and
return wires for each coll were Juxtaposed and could be twisted. This
arrangement, which for the multiturn coils involved e double winding,
was necessary in order to minimize the external magnetic field induced
by the current in the individual coil leads. The leads connecting the
wake model to the power supply issued from the final coll at the end of
the wake model and were also twisted. The weke coils had a mean diemeter
of 12 inches between wire centers and were so spaced that the average
number of turns per unit wake length was the same in each section. It
should be noted that the position of the rotor plane does not colncide
with the plane of the end coil but is located approximately half a coil
turn spacing farther up the wake axls. The relative positioning of the
coils conformed roughly to the actusl spacing of the rotor blade tip
vortlces in the wake of a three-bladed helicopter rotor operating at

Hy = 0.3. The overall length of the assembly was 12 feet. Under oper-

ating conditions the "equivalent vortex" strength of the field coil was
about 4t ampere turns per inch of wake length. The entire coil system
was mounted on a wooden table of such height and position that the wake
model was centered in its containing room. Figure 2 1s a photograph of
the model assenmbly. ' o

Search coil.- The nonlinearity of the primesry-coill fleld and the
fact that polnt measurements were desired made it necessary that the
search-coll dimensions be small compared with those of the wake model.

A mean dlameter. for the sesrch coll amounting to about 3 percent of that
for the fleld colls was adopted for the work of this report, since a
coil of such size could be buillt with little difficulty and would yileld
induced voliage measurements sufficlently accurate for engineering pur-
poses. -The search coll used had a diameter of about 0.35 inch to the
centers of the wire bundle which had a cross section in the form of a
square gpproximately 0.09 inch on a side. The coil consisted of

1,000 turns of No. 40, Brown and Sharpe gage, copper wire wound on &
Plexiglaes form. The coil form was mounted on & Plexiglas support. A
solid dielectric coaxlel cable was used to connect the search coil to
the amplifier in order to minimize the current induced in this sectlon
of the pickup circult. The entlre search-coil assembly together with
its coaxlal connector is shown iIn figure 2. The base of the search-coll
support and also the top of the field-toll supporting teble were scribed
wilth straight lines spaced at increments of convenient fractions of the
rotor radius in order to facilitate posltioning of the search coil. For
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surveys in the varlous azimuth planes, wooden ramps heving the shape of
30° or 60° triangles were used to position the search-coll assembly.
Scribed lines were also included on the faces of these supports. The
search-coll assembly is shown typlcally positioned relative to the wake
model in figure 2. Figure 3 shows the search coll in detall.

The necessity for obtaining a separate calibration of the search-
coll circuit wes eliminated in the work of thls report by normalizing
the fleld-strength measurements to those obtalned at several convenient
space locations in the primsry-coll fileld for which the values of the
induced velocity are gilven 1n reference L.

Amplifier and output meter.- In addition to the search coil, the
pickup circult used for the work of this report included a commercial
standing wave indicator having s maximum sensitivity of 0.l microvolt
for full-scale meter deflection. The assembly consisted of an indi-
cating meter, a high-gain 400-cycle fixed-frequency amplifier with a
calibrated gain control covering a range of 60 decibels, and a narrow
400-cycle band-pass-filter network having a sharp cutoff at 400 + 5 cycles
per second. The integrel electronically regulated internal power supply
operated on 115 volts. The input impedance of the amplifier was
200,000 ohms and consequently it was deslrable to test whether cali-
bration factors in terms of the search coll current were needed for the
indicetor readings. This was done by placéing the search coil at various
points of high and low field strength and teking meter readings with
only the normal 200,000-chm impedance in the amplifier input circuit.

A set of ratios of the equivalent induced velocities was computed from
these readings. The lnput impedance was then changed to approximately
5 megohms by meens of a noninductive series reslstor and the procedure
repeated. A comparison of the two sets of computed ratios showed no
measgurable differences. It was concluded that meter scale calibration
was unnecessary. Figure 4 shows the amplifier~indicator unit vwhich was
located in a hallway removed from the field coil.

Power supply.- The power supply used for the wake model under dis-
cussion consisted of a 400-cycle aircraft inverter driven by a rectifier,
the output voltage of which was stabllized by storaege batteries. The
inverter was connected to the primery megnet coil through a variable
series resistor and through series cepacitance. It was found that the
frequency stabllity of the system was improved by adjusting the capac-
itance so that the resonant frequency of the wake-model coil circuilt
was slightly ebove the 40O-cycle operating frequency. As monitoring
devices the circuit included an emmeter and an electrically driven reed
frequency meter which had been reworked so that the frequencies indicated
by successive reeds differed by only 1l cps. Rough frequency control was
obtained by means of inverter taps, and final frequency adjustment to the
desired 40O cps was made by varylng the load on the inverter through the
serles resistor. In order to use this frequency control system 1t was
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necessary to unbalance slightly the frequency-load-compensation circuit
ip the inverter. Figure 5 shows the power-supply essembly which was
located in a separate room from those of the wake-model coil and
amplifier.

Field-survey procedure.- In general, the wake-model coil circuit
was allowed to operate for sbout 30 minutes in order to reach thermal
equilibrium before any attempt was mede to take measurements. After
stable conditions were reached, the search coill was placed at a con-
venient normalizing point in ‘the magnetic field for which the induced
veloclty ratio was known from the digital compubter calculations of ref-
erence L and the meter reading recorded. The coil was then moved to
the successive survey positions and these readings recorded. The search-
coll elrcult was renormalized at frequent time intervals.

Reduction of data.- The meter readings recorded during the procedure
described in the preceding section were converted into equivalent velocity
ratlios by the formmla

(vi> ~ (vi) entilog 0.1(MR)p ()

v /p V /iy |entilog 0:1(MR)y

where

%} nondimensional normal component of induced veloelty

P subscript referring to space point at which meassurement was
mede

N subscript referring to normelizing point for which computed
veloclty ratio was known

MR meter reading, db

The sign (direction) assoclated with the left member of equation (4) was
determined from considerations embracing the flow-field geometry and the
trends of the experimental data belng reduced. The results, as described
in the next section, were obtalned from faired plots of the experimentally
determined induced velocity ratio Vi/v plotted ageinst RO/R for con-

stant values of ZO/R or, where necessary, agalnst ZO/R at constant
values of R,/[R.
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RESULTS

Tebles 1(a) to 1(g) give the values of Vi/v as experimentally

determined over the azimuth plenes ¥ = 0°, 30°, 60°, 90°, 120°, 1500°,
end 180°. Because of the symmetry of the flow, tables 1(b) to 1(£) also
hold for the azimuth planes ¥ = 330°, 300°, 270°, 240°, and 210°,
respectively. In table 1(d) the values of Vj/v at polnts for which

O SRo/R S2.8 and -2 £ Zof/R £ 2 were taken directly from the computed
results obtained in reference 4.

Table 2 lists the computed values for Vi/v in the rotor plane at
azimuth angles = 0%, 30°, 60°, 90°, 120°, 150°, and 180° extending
radlally to slx rotor radii. Although the table contains some duplica-
tion of values previously listed, it was thought convenlent in light of
possible future application to collect the in-plane components together.

Figures 6(a) to 6(3) are plots of constant values of V;/v in the

various azimuth planes as interpolated from tebles 1{a) to 1(g). In
particular, figure 6(a) supplements the collection of similar plots
given in reference 3, and figure 6(d) extends the ranges covered by its
corresponding plot in reference 4. The dashed lines in each figure
represent the curve of intersectlion formed by the azimith plane and the
wake vortex cylinder. Points on these dashed curves are given by the
relation

quy

2
- Rg Rg
_cotx.-—R—cos qr'.':l/ —(R sin\lr) (5)

where Rg, V¥, and 2Zg are the cylindrical coordinates of any point on

the intersection of & particular azimuth plene, V = Constant, with the
wake vortex cylinder, and only negative values of Zp are to be

considered.

Flgure 7 compares constant-value plots as obtained from the computed
values of “table 1(d) with those obtained from the experimental values in
the lateral plane, the table for which has not been included since the
more accurste computed values were available.

Figures 8(a) to 8(c¢c) represent plots of the computed data of table 2.
Experimentel analog values for the in-plane veloclty component are also
indicated in these flgures for comparison purposes.
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In connection with figures T and 8, which show comparisons between
computed and experimental analog results, it will be noted that no gross
differences exist except in regions near the wake boundary wherein nelther
the uniform mathematical model nor the magnetic anslogy wilth its arbitrary
finite coil spacing could be expected to yleld realistic approximations
to the true flow field.

CONCLUDING REMARKS

Inherent in the analog method which has been described are sources
of error such as (1) differences in geometry between the model, with
its finite arbitrary coll spacing, and the wake vortex system for a
particular rotor, (2) small variations in primary-coil current and fre-
quency, (3) search-coil positioning errors and associated meter-reading
errors, (4) inaccuracies in the meter and amplifier calibration, and
(5) small distortion in the portion of the model magnetic fileld of
interest arising from the laboratory structure. It is to be expected
that the process of fairing the reduced deta will average out some of
the inaccuracies due to the above causes; however, this need not always
be the case. Too, the falring process itself is subject to varying
degrees of inaccuracy depending upon the individual performing the
operation. In view of these facts it 1s difficult to give any figure
for the probable range of accuracy of the experimental measurements.
However, the comparisons between the calculated and analog results indi-
cate that the experimental values are sufficiently accurate for engi-
neering purposes.

It is anticipated that the computed data presented herein will be
useful in syntheslzing the distribution of normal component of induced
veloclty over the plane of any rotor having a specified loading by some
method employlng the principle of superposition such as that described
in NACA TN 3690. Also, 1t 1is expected that the data should be useful
for estlmating the interference-induced velocities of multirotor heli-
copters and the downwash velocitlies at wing and tail planes.

Inasmuch as the apparatus and techniques used in the present work
are subject to considerable refinement, it is thought that the
electromagnetic-analogy method should be useful for mspping induced
flow fields which are mathemetically intractable.

Georgia Institute of Technology,
Atlanta, Ga., February 21, 1957.
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TABLE 1.- NONDIMENSIGNAL VATUES CF FORMAL COMPOMERT OF INDUCED
VELOCITY Vsfv IN EACH 30° AZIMUTH PLAME FOR THE CASE CF
A WAEE ANGIE X = TAN"110 (84.20°)

(a) Vyfv over azfmth plane ¥ = 0°

Vilv for veluea of R /R of -

R
Zo, 0 0.2 0.h 0.6 0.8 1.0 1.2 1.k 1.6 1.8 2.0 3.0 4.0
4.0 | 0.0%0 | 0.033 | 0.03 | 0.038 | 0.041 | 0.043 0.04% 0.047 | o.0k8 | 0.050 | 0.051 | 0.055 | 0.058
3.0 051, .059 .066 072 078 083 .086 .088 .050 .01 .092 .0%5 .09
2.0 106 .1l2p 13T 151 16k T8 186 .154 200 203 .204 191 .18%
1.8 126 148 L1589 .87 « 204 216 .226 .23h 239 .2h0 239 222 212
1.6 182 178 204 206 245 261 2Th - 885 % .290 266 -2h9
1.k 186 222 254 .282 305 383 337 46 350 . L 314 .296
1.2 232 .275 316 354 386 Lk RN A 4o 438 .k .58 348
1.0 .93 355 L .66 508 .5k 559 .568 .564 Bly .5 176 L)
8 375 RITA) .5h0 .610 675 720 ) T35 % 695 6% 600 .540
b 486 610 15 .825 903 960 1] 935 . .860 835 .Ta5 685
A gﬁ .T90 G | 10 | 1195 | 1285 | 1255 | 1.205 | 1.165 | 1.125 | 1.00% 9T .905
2 . 2.020 | 1.250 | 1.5 | 1.555 | 1.6 | L8635 | 1570 | 1520 | LA | 1A% | o1.280 | L.80
0 | 1.000 | 2280 | 1.377T | 1.608 | 1.936 | ===== | 2.072 | 1.910 | 2.800 | 1.737 | 1.678 | l.h52 | 1l.270.
2 Hoh | 1.010 | 1280 | 1.500 | 1.900
-k 629 ggg L0 § 1.095 | 1.250 | 1.400 | 1.5%0 | 1.690 | 1.840 1.380 2,12 2,710 | ~-wem-
-6 gs . .T10 .825 9% | 1085 | 1.150 | 1.860 | 1.370 | 1470 | 1579 | 2.000 | 2.560
-8 375 s 520 % 665 .55 .810 .880 550 | 1020 | 1.090 | 1485 | 1L.7%5
«1.0 1295 355 420 . 540 .600 655 .T10 .T65 815 865 | 1.075 | 1.220
-1.2 .232 .280 .35 370 s 460 500 540 EEO 615 .650 .85 855
-1.4 .186 .200 .855 .290 380 .355 385 ks BT L70 hos .600 655
~1.6 152 175 . 205 230 255 275 300 325 45 365 390 L0 .an
-1.8 126 145 70 190 .210 .230 .250 270 290 -305 2320 .385 ]
-2.0 .106 .120 140 155 170 185 205 .220 230 25 260 305 385
=3.0 051 057 063 .069 015 .081 .086 092 097 »102 2106 .126 138
.0 030 053 055 .058 L0l .043 .Oh5 .048 050 .053 053 066 075

geecht NL VOVN

€T
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TARIE 1.- HOMMIMEMEICHAL VADUES GF WORMAL CCMPCHEMT OF INDUCED
VELOCXPY V,fv IN EACH 50° AZIMIFH PIANE FOR ¥E CASE (F
A WAKE ANGTE X - TAN"110 (8%.29°) ~ Continmed

(b} Vifv over asiwuth planes ¥ = 30° and 530°

Vi/v for walues of R,R of -

%o/t 0 0.2 0.4 0.6 0.8 1.0 1.2 1.k 1.6 1.8 2.0 2.k 2.8 3.2
ko | 0,030 | 0032 | 0.0 | 0.057 | 0.039 | 0.0% | 0.0k2 | 0.0k | O.044 | O.0b5 | 0.0R5 | O.08h | 0.08h | 0.0M0
5.6 JO35T R N 07 050 032 05k 056 058 038 058 087 053 .09
3.2 .0h5 .32 055 087 .050 062 .06t 065 066 .066 055 .062 .08 .053
2.8 058 . 3 .07h 078 081 .083 <085 .08k .083 .079 073 065 .058
2.k .g&( 087 . ,101 206 110 111 .1 .10 207 105 .090 . 058
2.0 . 119 .130 139 T A5 153 150 146 139 130 12 . .o
1.8 hl- k2 187 .68 17 a8 .182 178 10 LY Ly 118 0%k 07
1.6 152 AT 195 206 215 .218 .26 209 .97 .180 .16% %0 098 £
1.k 286 22 253 250 262 269 J261 T 0BT 206 .a8e gg . .
1.2 .23 2T 305 326 342 A3 328 303 268 255 198 . . 046
1.0 293 345 390, 4e8 455 418 .30k . 360 30k 264 2k o7 . .020
") ST Ass 505 NS 56T 561 507 JAho 211 292 2135 092 009 | -.o8hk
.6 486 506 687 P .-T88 g’blg .02 558 B 303 .189 030 -,058 09
b 629 180 805 | 1.008 | 1.086 | 1. g}o 0 460 270 A05 | -120 | -u159 195
2 B0k 960 | 1m0 | s | 130 | 1682 | 2420 | 1.080 600 25 | -0 | ~ko | -39 325
0 ) 1000 | La3T | 1358 | 1.9% 1.882 | wme— | 1.96+ | 1280 | 1.076 2o | -.689 | -.B80 | -.603 -.h26
-2 804 W50 | 1200 | 1.3%0 | 19e | 1080 | 1.870 | 1.8%0 | 1370 [ -.198 | -2.75 | -l.222 | -.T0 heh
-k 629 “Ths B9 1 2088 | L1k | 1,180 | 2,080 K] gge ~.0%0 | .36k | ~.736 | - % - b33
-5 186 ST .66k T3 % 807 T4 E . JAB5 | -.020 | =31k | - 303
8 375 kg Egg . . .608 5] . 358 226 gfh =209 | -2 | -.2h5
=1.0 «295 352 . . 50 bk LoT 560 302 228 kg | -.002 | -.085 | -.2B0
-l.g 32 270 303 52 P .30 -330 300 261 Mk 1% 052 | -.018 061 .
1.k .186 219 .2k8 272 282 282 275 -] 228 195 157 .0B6 SO26 | -0 .2
«1.6 252 176 .199 216 % Ry 220 07 A9 170 149 099 052 012 a7
-1.8 26 Jhk JAbp 176 . .150 .186 A8 JA6T Rb 2138 202 086 033 .00
-2.0 106 A 139 150 157 160 150 .156 150 ML L1351 204 O .0h8 .025
-2.4 07T .68 098 0% 109 113 21k R Y 112 .106 .10 086 OTL .36 .00
-2.8 . .05k 070 079 079 gga 085 086 .086 005 .08% 07 065 05 043
-3.2 &?3 go 05 3& .062 K 06T 068 069 069 .069 .06k 5T .050 43
:2.6 0357 Ol Okl 047 33 .osa g? 85 056 % % N5 ] 051 .okT 081
.0 .030 B3 B .058 . k2 Oh3 .Ohly OS5 . . 045 - L0450 038
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TARLE 1.~ FEDINERSIONAL VALURS OF NORMAL CCMPORERT OF INDUCED
VELOCIXY V,/v IK EACH 50° AZIMUTH PIANE PCR THE CASE OF
A VAKE ARGIZ % = TAN 110 (8%.29°) - Comtlmued

{c) Vy/r over aximuth flmnes § = 60° and 500°

g¢a NI VO

Vi/\r ror vainas of no/n of ~

%o/t o} 0.2 421 0.6 0.8 1.0 1.2 1.k 1.6 1.8 2.0 ak 2,8 3.2 5.6 4.0
Lo | o.0% | o.0m | 0,032 | 0.055 | 0,035 | ©.03% o.gﬁg p.o%L | 0.0% | 0.009 | o.027 | o.024 | o.020 | 0.016 | 0.012 | 0.010
5.6 (14 .0%8 gﬁg L0h0 N v} Al . .039 037 .036 052 027 .02l .016 .012 .009
5.2 085 0BT g g;_g % JOhg ONT NS -] gig 056 029 023 ,016 Nihl .008
2.8 .58 J061, 083 . . 062 009 06 052 OhT Oh2 .032 022 0Lk 007 003
2.k .gn'rb[ 081 084 085 .083 079 .o D69 062 054 06 031 .019 .009 002 | -.002
2.0 . 112 116 W36 J12 .106 097 083 072 59 N L .05 on .00l | -.006 | -.000
1.8 126 13 .1%8 23T S8 123 Ja0 093 OTT S50 k3 <020 008 | 007 | -.012 | -.019
1.6 152 159 67 153 L kL .12 100 019 .08 .039 .0 | -.006 | -.01% | ~.018 | -.0R0
1.k .186 197 206 . 86 .168 .1k0 .108 O 050 .08 | -.0ooL | -.007 { -.025 | -.028 | -.006
1.2 232 25k 260 . 2% - 151 AL OTL 038 o1 | -.020 | ~03 | -.058 | .03 | -.053
1.0 295 5.0 Eeg .318 288 2% .168 L10% 058 o2 | -.006 | -0k | -.0m2 | -.050 | -0OW6 | -.0RL

.8 375 406 420 . 562 278 276 080 owe | -.0%2 | -.060 | -076 | 072 | ~.088 | -.006 | -.0k0

.5 4B I32 S ) ST .58 AT oeh | -.08% | -8 | -.190 | -1 | -.096 | -.080 | -066 | -.006

& 629 696 139 . 682 S5 111 38 | -.ze8 | -.e2w | -o20k | 98 [ a2 ) o-.083 | -e077 | -082

2 B0k .881 966 | 1,080 | 1.085 .68 -.1688 -.;JEI. -.468 -.Eﬂ 205 | =195 | -0 | -.206 | .08 | -.083
o 1,000 | 1001 | 1.398 | 1.3%0 | 1.6 | --=eu | -2.4k2 | -1.1EB | -e6 b7 | -7 | -ml0 | -k6 | -0 | -.0B6 ) -,066
-2 +Bo% 95 | 1000 |2 gag 1.0%0 615 -.T76 -e | - - -39 | -.229 -.Jiag -.128 | -0 | -.088
. 629 «TOH 40 . 650 1)) -.103 -y | w3 | -3 | - - - -2 | -.08 | -.063
w6 .hB6 zg‘? e SaT 433 ) 020 - 207 | w222 | ~208 | <156 | -.10R | -.000 -.ggg ~.060
-8 I . 15 389 330 206 .0B6 ~-086 | ~.092 | - ~1%0 | -1 -'ﬁ -,080 | -. -.096
-1.0 2955 518 529 310 263 290 12 05 | - -.06% | -.085 | -.092 - -.gg 062 | -.051
~1. 25 2y 258 ?9& .20k 158 J16 062 015t - 038 | ~.060 | «.065 | .. ~.053 | -.0n6
~L.k 186 .200 203 . 178 .18 110 070 . o | -012 | -0 | -.ou6 | -.0M8 | -.OM: | -.OMO
-1.6 L 7] 163 167 160 .1h8 128 . OTT W5 026 008 | -7 | -.0%2 | -.0%6 [ -.036 | -.0%
-1.8 126 15% .138 155 - Jk g 07Tk .05k % 020 | -.00h | -.029 | -.027 | ~.089 | -.029
~2.0 106 Jun 116 115 .110 100 072 037 .029 g:lg -.009 | -.018 | -.022 | -.,023
w2k . 082 083 086 .08% .gg 070 068 054 oS 036 008 | -.008 | -,011 ] ~.0Lk
2,8 g .06 064 06k 062 . 056 32 JOhE N 03k Q23 012 .00% | -,002 [ -.008
~3.8 ] K ) 49 09 JOho T 0h6 045 T 036 032 023 015 .008 .00 | -,001
-3.6 057 059 JORL L0 . . 359 JO37 055 053 030 .02% .018 013 .007 003
-&,0 .0%0 ML "] 033 033 03% 032 051 029 .028 0ep 007 013 .009 0
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SWSIP 1.- BOMDIMENSTONAL VALIES OF MORMAL COMPOMENT (F LNDUCKD
VELOCITY ¥y /v IN BACH 307 AXIMUTH FIANE FOR TIE CASE OF
A VAKE AWGIE X = PAN™10 (8Y4.20°) - Comkimied

(o) V;/r aver azimuth plancs ¥ = 120° and 240°
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0.8 1.0 1.2 L.k 1.6 1.8 2.0
o022 | 0.020 | 0.007 | 0,015 | 0.023 | o.001 | 0.009
028 ] .0 .019 015 .012 .009
037 L0351 ook | .01 013 09 007
b5 036 4 019 012 007 003
053 039 o7 012 .008 .002 | -.003
039 JLOh2 087 Nl % .00k | -.o0h | -.008
065 Ok 023 008 | ~.003 | -.000 | ..01%
069 050 017 00 | =012 | -.019 | -.003
%6 037 % ~.010 -.g;ez ~030 | -.033
083 JL09 | - -.05. | -04% | -.0% | -.0m
080 007 | 038 | -.08L | ~.070 | -.069 | ~-.06%
Op | -.05 -.ggo ~206 | -.102 | -.090 | -.078
o6 | -5 | -85 | -9 | 20 | ~a131 | -.09%
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TABIE 1.- ROBDIMENSIONAL VALUES CF NORMAY COMPONENT OF INDUCED
VELOCITY Vy/v IN EACH 30° AZIMJTH PIANE FOR THE CASE OF
A VAKE ARGLE X = TAN"110 (84.26°) - Concluded

(g) Vi/v over astmuth plane ¥ = 180°

Vy/v for values of R, R of -

Z
o/t 0.2 0. 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 5.0
4.0 . 0.027 { 0.0e% | o.022 | 0.019 | 0.017 | 0.01% | 0.012 | 0.000 | 0.009 { 0.00T |.0.002
3.0 . .Olth .038 .032 026 022 .01 0Lk 011 .008 006 | =.002
2.0 T .088 070 055 Lol .0%0 .020 .012 005 | 0 -.003 | -.009
1.8 126 .102 .080 061 SOl 030 .019 .009 002 | -.035 | -.007T | -.011
1.6 . 120 .091 .067 .04& .029 .015 05 | =003 | -.008 | ~.001 | -.013
1.k .186 245 .109 .078 .051 .028 009 | ~.005 | -.010 | -.005 | -.0aB | -.016
1.2 852 .A76 .128 .086 050 021 | 0O -0l | -.021 | - -.025 | -.028
1.0 . 218 154 -098 050 012 | -.0a5 | -.0%0 | -037 | -.038 | ~ gar -.021
.8 . .268 .180 106 oy | -.008 | ~.040 | ~.030 | 050 | -.087 | - ~-.024
.6 .86 .556 23 206 028 | -.0%2 | -0+ | -.084% | -.076 | -.00% | -5k | -.025
o .629 4k8 .288 Jh0 008 | -.20% | <133 | 128 | -.096 | 075 | -.062 | -.026
.2 5. .620 428 219 | 030 | -270 | ~.215 | -85 | ~.220 ] -.000 | -.070 | -.027
0 . 819 623 .391 064 | e | 36 ] -.286 | -.188 | - % -0 -.030 -
-2 .80k 617 | *.385 Jhko | ~i095 | -219 | -.221 | -5 | -.1ah | - -.069 | ~.0%30 -
-k . 1;25 285 Jos | -o022 | -205 | 135 | -5 | -.005 | -.080 | -.065 | -.0%0 -
-6 486 300 -85 104 05 | -0k | -0 | -08 | =05 | -.066 | ~.052 | -.027 -
~.B . .28k 185 .100 0% | .02 | -.058 | -.0%0 | -.080 | -.0%9 | -.08k | -.025 -
-1.0 . 218 JA51 .092 ol .006 | -.017 | -.029 | -.0%% | -.036 | -.037 | -.022 -
-1.2 232 ) - 082 o5 017 | -.002 | ~-.03k -021 | -. -.028 | -.021 -
-l .186 L1 2110 072 JOUT 085 00 | -002 { -.001 | ~.017 | -.022 | -.007 -
-1.6 . 27 .089 3 0ls 027 .0l% 003 | -.005 | -.010 | -.00% | ~.015 -
-1.8 126 .10L .089 061, .Okh 030 LOLT 006 | -.001 | ~.006 | -. ~.012 -
-2.0 ﬂ 065 051 039 .028 .019 Q1L 005 | -.001 | -.005 | -.001 -.
«3.0 . 037 .032 026 .021 oL7 013 .010 ggg 005 | ~.003 -
~k.0 .027 02k .022 019 LOL7 012 .010 . 006 | ~-.001 -

géch NI VOVN

6T




uuuuuuuuuuuuuuuuuuu

20 NACA TN 4238

TABIE 2.~ NONDIMENSIONAL VALUES OF NORMAL COMPONENT CF
INDUCED VELOCITY Vi/v IN PLIANE OF A LIFTING

ROTOR FOR WHICH X = TAN-110 (8%.29°)

Vi/v for values of ¢ of -

Ro/R =
o° z0° 60° 90° 120° 150° 180°
o] 1.000 | 1.000 1.000 1.000 1.000 1.000 | 1.000
.2 1.181 | 1.157 1.091 1.000 .909 843 .819
A 1.377 | 1.332 1.198 1.000 .802 .668 .623
.6 1.609 | 1.550 1.349 1.000 651 450 .391
.8 1.936 | 1.882 1.635 1.000 .365 118 .06k4
.9 2.215 | 2.187 1.978 1.000 .023 -.187 | -.215
O | 2.402 | 2.398 2.264 1.000 -.264 ~-.398 | -.ko2
.98 | 2.774+ | 2.828 2.935 1.000 -.935 ~-.828 | -.TTL
1.02 | 2.725 | ===om | =mmeea -3.801 | -1.483 | -1.024+ | -.829
1.06 | 2.400 | 2.942 1.325 | -1.911 -.924 -.670 | -.608
1.1 2.262 | 2.366 Jd27 | -1.352 -.706 -.524 | -.478
1.2 2.0T2 | 1.964 | -2.h4k2 -.T90 -.451 -~ 344 | ~.316
1.k 1.910 | 1.580 | ~1.143 -.423 -.258 -.201 | -.186
1.6 1.810 | 1.076 -.67L -.278 -.175 -.138 | -.128
1.8 1.737 240 ~457 -.201 -.129 -.102 | -.095
2.0 1.678 | -.689 -.337 -.154 -.100 -.079 | -.0T4
2.2 1.626 | -.977 -.261 -.122 -.080 -.064 | -.059
2.4 1.578 | -.880 -.210 -.100 -.066 -.053 | -.049
2.6 1.533 | -.T30 -.173 -.083 -.055 -0k | ~.041
2.8 1.492 | -.603 -.146 -.07T1 - 047 -.038 | -.035
3.0 1.452 | -.504 -.12h -.061 -.040 -.033% | -.030
3.5 1.357 | =342 -.088 - .0k -.029 -.02k | ~-.022
4.0 1.270 | -.249 -.066 -.033 -.023 ~-.018 | ~.017
k.5 1.189 | -.190 -.052 -.026 -.018 -.014 | -.013
5.0 1.113 | -.150 -.0k2 -.021 -.014 -.012 | -.011
5.5 1.041 | -.122 -.034 -.018 -.012 -.010 | -.009
6.0 97 | -.102 -.029 -.015 -.010 -.008 | -.008
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Figure 1.- Geometry of weke vortex system.
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Figure 2.- Magnetic-anslogy model assembly simrlsting a wake angle of X = tan~l 10 (84%.299).
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Figure 3.~ Detaill of search coil.
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Figure b.- Fixed-frequency smplifier end indicator unit.
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L-58-9
Figure 5.- Power-supply ..assembly.

V¥.

gfch NI VOVN

¢e




TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

26 NACA TN 4238

N

[ — T

\

;

L]

= ! L
SN AN A

“

2

[

\% o
W
NAUA

. [ =
"L ; NS SN S,

INEESES INSESSS===
I BN J\\:\ —

e TN T
N NN

3 / L ]

- \ -
~. M S
ﬁ B 180° = gy = 0° . -
- 3 7 1 I — 1 z\ 3 4

x| P °

(a) Lines of constant values of Vi/v in longitudinal
plane V¥ = 0° and 180°.
Figure 6.- Lines of constant values of nondimensionsal normal component

of induced velocity Vj /v in each 30° azimuth plane for case of a

wake angle X = tan-1 10 (84.29°). Dashed lines represent curve of
intersection formed by azimuth plane and weke vortex cylinder.
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and ¥ = 150° and 330°.

= 30° and 210°

(b) Lines of constant values of Vifv in azimuth
planes ¥

Figure 6.- Continued.
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(¢) Lines of constent values of Vi/v in azimuth
planes ¥ = 60° end 240° and ¥ = 120° and 300°.

Figure 6.- Continued.
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Figure 6.- Concluded.
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Figure 7.- Lines of constent values of Vi[v in lateral plene obtained
from computed deta of table 1(d) compared with experimental snalog

values.
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(a) Vi/v in rotor plsne for ¥ = 09, 900, and 180°.

Figure 8.- Radial distributions of computed in-plsne nondimensional
normal component of induced velocity Vi /v at each 30° azimuth

position compared with experimental analog values for the case of a
weke angle X = tan-1l 10 (84.290). -
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(v) Vi/v in rotor plane for ¥ = 30° and 120°.

Figure 8.~ Continued.
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Figure 8.- Concluded.
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