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THE NORMAL COMPONENT OF THE INDUCED VELOCITY IN
THE VICINITY OF A LII?ITNG ROTOR AND SOME

EXAMPLES OF ITS APPLICATION 1

BY WALTER CASTLES,JR., m JACOB HENRI Dn Lmmnv

SUMMARY

This paper presents a practical methodfor computing the
approxiti values of ti normal component of the induced
velocity at poinis in thefiw~ld of a lifting rotor. Tald@ and
graplu of the relutwe mugntiuda of the normal component of
the induced m.?oc+yare given for sekzted ptint.s in the longi-
tudinal pike of syrnmetqi of the rob?’ and on the tia~ Totor
m“s.

A methodis also pwsentedfor uii.hkingthe tab and graphs
to determine i!lwinterferemx induced velookies am%ingfrom the
second rolor of a Wub?n.- or side-b&&&-Toikwhdiwpti and
the induced ilow aqle at a Iwizmld tail plm.

INTRODUCTION

This work, conducted at the Georgia Institute of Tech-
nology State Engineering Experiment Station under the
spoIIsor&ip and with the financial assistance of the National
Advisory Committee for Aeronautics, was undertaken in an
attempt to obtain n better understsmling of the induced
flow in the vicini~ of a lifting rotor.

Previous investigations, such as those of references 1 and 2,
domonetrated that the solution of the integral for the normal
component of the induced velocity @ the center of the rotor
could be obtained in an elementary form provided certain
npprosimations were made m to the distribution of vorticity
in the wake. However, the value of the integral for the
induced-velocity component at an arbitrmy point in the
rotor flow field cannot, in general, be expressed in terms of
elementary functions. Its numericil evaluation for a
specific case presents ecmsiderabledifficulty.

De Leeuw, in reference 3, investigated the feasibility of
calculating the induced velocity at arbitrary points in the
vicinity of the rotor by an alternative method which con-
sisted of (1)numerically integrating the increments induced
by the votex ring wake elements within a given distance of
the point and (2) summing up the effect of the remainder of
the wake by an approximate integral. This approach is
quite general in that it can be applied tc any wake which
cun be approximated by an assembly of vortex rings. It
was found that the method aflorded satisfactory accuraoy
with the expenditure of a reasonable amount of effort, since
the valuea of the normrd induced-velocity component for
the isolated rings may be precomputed and tabulated for
repeated use.

The scope of the present paper is limited principally to a
consideration of the values of the normal component of the

induced velocity at points in the longitudinal plane of sym-
metry and within the region likely to be occupied by the
seeond rotor of a tandem-rotor helicopter. k addition, the
values of the “normalcomponent of the induced velocity were
calculated for points on the lateral axis of the tip-path
plane over the distance of interest for the case of a heli-
copter with laterally disposed rotors.

In view of the present lack of experimental evidence as
to the actual wake distribution of vorticity, the calculations
for” the present paper were based on the same assumption
for the wake shape as those found in references 1 and 2.

These assumption were that the wake vortex distribution
consists of a straight elliptic cylindar formed by a uniform,
continuous distribution of vortex rings of infinitesimal
strergth, lying in planes parallel to the tip-path plane and
extending downstream to idnity.
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constant term in Fourier seriesfor blade flapping
angle fl

coefficient of cosine term of Fourier series for
blade flapping angle Bwhere

P= fh-al Cos i–h sin 4+ . . .

coefficient of sine component of flapping angle
thrust coefficient, T/pTQ2R4
drag of fuselage
nondimensional shortest distance from a point P

to a vortex ring, ~~ (fig. 1)
nondimensional largwt distance from a point P

to a vortex ring, j~i (fig. 1) -
complete elliptic integral of seeond kind
complete d.iptic integral of first kind- .
radius of vortex ring; also radius of rotor
radial distance of a point P from axis of a vortex

ring (fig. 1)
nondimemional radius vector in rotor XT-plane
rotor thrust
velocity of helicopter along flight path
normal component of velocity induead at a point

P by whole wake
increment of normal component of velocity

induced at a point P by that portion of wake
which is beyond the range of table I

normal component of induced velocity at center
of rotor
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radial component of velocity induced at a point
P by a vortex ring

axial component of velocity induced at a point P
by a vortex ring

gross weight of helicopter
slope of longitudinal variation of nondimensional

induced veloci~ in plane of rotor
rotor axes (fig. 3)
nondimensional radial distanm of a point P from

axis of a vortm ring, RJR (fig. 1)
nondinmusional coordinates of a point P with

respect to rotor frees (fig. 2)
slope of lateral variation of nondimensional

induced velocity in plane of rotor
distance of a point P from plane of a vortex ring
nondimensional distance of a point P from plane

of a vortex ring, positive in direction of v=,
Zp/R (fig. 1)

angle of attack of plane of zero feathering
induced angle of attack
fuselage angle of attack
angle of attack of tip-path plane
angle between radius vector from center of rotor

to a point P lying in XZ-plane and positive
X-axis, positive above rotor (fig. 3)

vortex strength
A= (V sin a–v)/$2R -
x,=(V sin G–v)/QR
p= V cos a/QR
~,= V cos agjQR
P density of air

drd,
‘–da+d,
& angle between frightpath and horizontal, positive

below horizontal
x angle between axis of the wake and normal to

tip-path plane (fig. 3)
$ azimuth angle measured in .XF-plane bdxveen

radius vector to a point and positive X-axis,
positive in going from positive X-a& to
positive Y-axis

!2 angular velocity of rotor, radians/see
Subscripts: ,
B values of back rotor of two jotors in tandem
F values of front rotor of two rotors in tandem
v value9 taken with respect to virtual axis of

rotation or to tip-path plane

ANALYSIS

VELOCITY INDUCEU BY A VORTEX Rll?G

It is shown in reference 4 (ch. VII, sec. 161,p. 237) that
the stream function at a point P (Q. 1)inthe flow field of a

vortex ringof strength r and radius R may be expreaseclas

#=–~(dl+d-J[W)–E(dl (1)

where R is the radius of the vortex rhg, dlR and &R aro the

least and greateat distances of the point P to the vortex ring,

Vck-rpg Oxis

I
,

~—rlw’-{ P
t

z

I?mum I.—Coordinates for vortm ring and tablo I,

(i&d,
‘di+d,

(2)

and .K(~) and l?(r) me the complete elliptic integrals of t,ho
first and second kinds, respectively.

The flow field of a vortex ring iz axially symmetric and
thus the axial and radial velocity components Uzand w, at n
point P, having an axial distance Zr ‘from the plane of tho
vortex ring and a radial distance 3P from the axis of sym-
metry, are given by

and
1 d+——

“=Rp dz.

It is shown in reference 3 that equations
by expressed as

-J-- (AB+-avq
‘‘Z=2TXR

and

where
A=K(T)–E(T)

O=d,+&

(3)

(4)

(3)and (4) may

(0

(6)

(7)

(8)

(9)
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(lo)

~= Jl+l++&a-dld_(l+z )dl’- (1–@i!.?
2X4LO?’

(11)

()

11
B’=z ~Z

(
F’=: l-1+::~

x

(12)

(13)

4= ,/2’+(2– 1)’ (14)

d’=,lz’+(z+l)’ (15)

and
x nondimmsiomd radial distance of P from axis of vortex

ring, Rp/R
z nondimensionrd distance of P from plane of vortex ring,

taken positive in direction of v, on ring axis, Zp/R
Tlm values of V. and o, given by equations (5) and (6)

become indeterminate for points on the vortex-ring axis
where x=O. In this cnse it follows from the symmetry of
tlm flow that the radial component of induced veloci~ is
zero, and the axial component of induced velocity is shown
in reference 5 to be

(16)

Numerical vrdues of v.R/I’, which is a nondimensional
factor expressing the normal component of the induced
velocity o. in the vicinity of a vortex ring, are given in table
I. The table includes a range of nondimensional axial dis-
tances of –4.2S ZS 4.2 and of nondimensional radial dis-
tances of Os xs 5.0. The increments of z at which the
vfdues of v.R/I’ are given are suitable for numerical integra-
tion by Simpson’s rule. The tabukted values were obtained
by calculation or by interpolation as indicated in the table.
With the exception of those points which are close to the
circumference of the vortex ring, the calculated values are
accurate to four plwea.

NORMAL COMPONENT OF INDUCED VELOCITY IN
VICINITY OIT A LIFTING ROTOR

It is assumed in this report, as in references 1 and 2, that
the rotor wake vortex distribution consists of a straight eUip-
tic cylinder formed by a uniform distribution of an infinite
number of vortex rings of infinitesimal stiength, lying in
planes pdel to the tip-path plane ad extending down-
stream ta infinity. The abovedescribed vortex distribution
is equivalent to a vortex sheet of uniform finite strength per
unit length dr/dZ measured in the Zdirection. This sheet
forms a straight elliptic cylinder coinciding with the boundary
of the wake.

3osLlGG-5~1

Within the limitations of the initial assumption% it may
be shown from the results of references 1 and 2 that

where the subscript o denotes &lues with respect “b tip-path-
plane coordinate.
I The increment of the normal component of velocity at a

point P in the vicinity of the rotor, induced by the wake
vortex rings within the distance horn P covered by table 1,
may thus be found by graphical or numerical integration.
This increment constitutes about 95 percent of the total
value of the normal component at the center of the rotor
and a huge part of the total value for most points within
the region considered in this paper.

The contribution of the vortex rings beyond the range of
table I to the induced velocity at P may thus be summed,
with small error in the final result, by an approximate expres-
sion which is integrable.

The value of the velocity potential A@p at P due to n
closed vortex element of strength r is shown & reference 4
(ch. VII, sec. 150, p. 212) to be

(18)

where u is the solid angle subtended at P by the closed
vori%x elemant.

It is a good approximation for those wake vortex rings
at distancw from P beyond the range of table I that the
subtended solid angle at P is equal to three times that volume
cut off the cone, determined by P and the ring, by a plane
which is parallel to the plane of the ring and which is located
a unit distance from P. It follows that

(19)

Consequently, the increment to the normal component of
velocity induced at P by that portion of tie wake extending
from the limit of table I, at z=%, to z= m may be obtained
horn the integral

[s
1 a~p a “ 1 dr zz’dz

1
AVi=~ ~= ~ . j ~ -i (20)

1

It is shown in reference 3 that equation (20) maybe inte-
grated to obtain the value of AVi at a point P having co-
ordinates x’, y’, and z’ from the center of the rotor (seem. 2)
and that the result is

(21)
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where
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a= (3/—2’ tan x)*+ (?/y (22)

b=–2z’ tan x . (23)

c= 1+ tan*x (24)

o q=d~—b~ (25)

K=a+bzz+c~z (26)
and

a=zl—z’ (27)

For the point P(O,O,O)the value of AVi given by equation
(21)becomes indeterminate. It is possiblej however, to
substitute the zero coordinates in the equation before inte-
grating. Doing so yields

1 dI’
fAvt)o,o,o=—~ ~ codX(3cOS*X—1) (28)

‘I’be normal component of the induced velocity at any
point P(x’, y’, z’) may thus be found in terms of dI’/dZ by
adding the increment obtained from the numerieal integra-
tion of the values induced by the wake vortex rings within
the range covered by table I to AVi,obtained from equation
(21)or (28).

_ Unit _

Y

Fmmm 2.—Nondhnen.9ionSl rotor m“ordinates

In the prewnt analysis where the rotor wake vortex dis-
tribution is approximated by a straight elliptic cylinder there
arises the question as to whether the wake angle should be
taken as &at at the rotor or that in the ultimate wake. As
the induced v-eloci~ distributions in the vicinity of the
rotor are more sensitive to changes in position of the adjacent
vortex elbments than to changes in position of the vortex
elements at the greater distancw, the wake rmglo at the
rotor will be used in the present snalysis.

/“ ,-Plom3 d Zem feoharkq

—- —— —

r
z

him’ 3.—Geometry of wake.

It follows from figure 3 that, for x<90”, or X,=X cos al+
P Sb %<0,

‘=tin-’(%’)=-m+”l
and, for x>90°, or h,=h cos al-i--~sin aI>O,

‘=cOt-1(=9=c0t-1(7)-a’

(29)

(30)

In the above equations al is the coefficient of the cosine term
of the Fourier series for the blade flapping angle

tf=ara, cos #–b, sin +– . .

where B is measured from the plane of zero feathering.
For x=90”, equation (21) is indeterminant. However, by

()
replacing dI’k?Z in equation (20) by its equivalent $: tan

x after perforr@g the indicated differentiation with respmt
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to z, it ean be shown that for this wake mgle

(31)

where the integral now covers the region from Z=zl to
z= cu and

‘-”(%”2)”-’(3’2)

RESULTS

The results are presented in the form of tables and graphs
of tho ratio of the normal component of the induced veloci~
Vi at any point P@p,XIR or @p,Y/R), as in figure 3, b the

normal component of the induced velocity v at the center of
the rotor. It is shown in reference 2 that

: mc. ; Q.I?C.

Consequently, the value of V, at P may be easily computed
from the valu~ of V,/o in the tables and graphs.

Table H gives the valuea of VJV for –3.25 XIRS 3.2 and
tan ~.=–~, –%, 0, % ~d %. Table III gives the
values of V~tJalong the lateral axis of the tip-path plane.
Figures 4(a) to 4(i) show the lines of constant values of
V@ in the longitudinal plane of symmetry for wake angles
having tangents of O,Z,~,1,2,4, 0, –4, and –2. I?igures

5 and 6 show-the variation of V,/Owith x for points on the
longitudinal and lateral axes of the tip-path plane.

(a) X=o”=tan:l o.

lhffum 4.—Lines of constant values of induced velocity ratio ~@ in longitudinal plane of symmetry.
,
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Figure 4.—Continued.
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(M x= lo4.03°=tan-’ –4. (i) X= 116.57°=tan-l –2,
Figure 4.—Concluded.
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FIQURE 5.—Induced velocity distriiutiona along X-a*.

,.. .

APPLICATION OF RES~TS

DETERMINATION OF MEAN VALUE OF NORMAL COMPONENT OF INDUCW
VELOCITY OVER FRONT AND BACK ROTORS OF A TANDEM-ROTOR
HELICOPTER

Mi.king the approximation that the mean values of the
induced velocity me the values at the centeraof the rwpective
rotors, and being given the iligh~path velocity, climb angle,
grow weight, fuselage drag, fuselage angle of attack, thrust
and tip speed of the front and rear rotors, and the geometry
of the helicopter, the mean values of the induced velocities
may be found as follows:

The rmgles of attack cr. of the tip-path planes of the
front and rear rotors am very nearly

.—. -

I

~

7

0

-1

0 I 2 3
Y/R

FIGUEE 6.—Induced valocity distributions tdong Y-mh

(33)

where
~. angle between flight path and horizontal, positive bdow

horizontal
Df drag of fuselage
W gross weight
Denote values of the parameters of the front rotor by tho
subscript F and of the back rotor by the subscript 1?. Then

and

v
I+r= ()im. cm a,

v()AB= ~ = cos a,

(34)

(36)

As a first approximation, the interference induced velocity
at the front rotor due to the thrust of the back rotor may bo
neglected. Then

where the value of OFis given by equation (32) or, far P,r>
0.15,

(37)

The value of x. may then be obtained from equation (29) or
(30). When X, a., a,, v., and the geometry of tho helicopter
are lmown, the position of the center of the rear rotor with

— .. ==:.
,.—.
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respect to the ‘front rotor can be determined. Then the
nondimcmsional velocity T~f/uinduced at the center of the
rem rotor, because of the thrust of the front rotor, may be
obtained by interpolation from one of figures 4(a) to 4(i) for
tho appmprinto vfdue of XF. The apwmimate Vflue of
~q@ is th~n

o.m~=wf~v)%+ml (38)

whore ZIBcan bo obtained from equation (32) or (37). The
appro.ximato wdues of APB,XB, and, thus, the interference
induced velocity at the front rotor may be found to evaluate
tJ~W. In general, it will be necessary to itemte OBtilfor
an accurate result, because of the rapid variation of the
interference induced velocity at the reim rotor with change
in the wake angle of the front rotor and with position of the
rear rotor with respect to the tip-path plane of the front
rotor.

I?’or a tandem-rotor helicopter, having appumimately
equally loaded rotors of equal size spaced n.pproximately 1
rotor diameter apart with small verticil offset and operating
in the high-speed flight rnnge, it is seen from figures 4(f)
nnd 4(g) thnt

flFw~ 0.47CT

‘W-%)’
and

(39)

(40)

D&TEltMINATION OF LONGITUDINAL VARIATION OF NORMAL COMPO-
NENT OF INDUCED VELOCITY OVER FRONT AND BACK ROTOIWOF A
TANDEM-ROTOR HELICOPTER

If the normal component T~~of the induced velocity at
P(r,t) on the rotor disk is approximated by the evr~sion

JZ=-&+y sin#+wr cos # (41)

.,.
it may be shown from the results given in reference 2 that,
for rLsingle rotor,

‘=-:[(1-’08~’J1+(:Y-JHl*’42)
The increments in w inking horn the second rotor” of” a
tnndem-rotor helicopter, to be added to the values given by
equation (42) for the front and rear rotors, may be obtained
in the general cnse from the wdues of T~i/ofrom the figures
at r=o.75 and #= O and T on the respective rotors. Thus,

For high-speed flight and small bveflaps betwe& the rotor
disks - .

‘-ii - w
and, with 109saccuracy, .

(45)

DETERMINATION OF INDUCED FLOW ANGLE
AT A HORIZONTAL TAIL PLANE

When the values of a,, @JR, x, and ar for the rotor or rotors
in question have been determhed and when the helicopter
flight condition under consideration is known, the geometxic
position, and thus the vnhms of Z/R and X/R, of the hori-
zontal tail plane may be calculated and the volue or values
of Vi/v, found from the figures. Then the induced tingle
ai~oil at the-tail phme is approximately

“ ~O)F+&)B
~ifnil=—

v Cos q
(46)

COnClUding ‘lhSCUSSIOY

The nssu&ption that the &mes of the -wakevortex rings
remain parallel to the tip-path plane is the only one of the
various initial assumptions w to the wake distribution of
vorticity which appears likely to a%ect the enetieering
nccunwy of these rem.dtsat the highnr flight speeds. It is
the opinion of the senior author that the present investiga-
tion- and that of reference 1 indicate that the planes of the
wake vortex rings must be tilted to the rear ns they leave
the rotor, possibly approaching a tilt angle in tie ultimate
wake of half the wake angle x. The quantitative tiects of
such a tilting of the wake vortex rings may not be large, as
the increments of the radial components of the induced
veloci~ introduced because of the tilt of the wake vortax
rings will tend to compensate for the decrease in the nornml
component.

For the lower speed flight conditions the initird nsmmp-
tions as to the wake distribution of vorticity are compatible
only w-id the assumption that the generating rotor is lightly
loaded and has blades with constant circulation along the
radii. Caution should therefore be exercised in rLpplying
the re9ults of this analysis to points on or close to the disk
of a spectic rotor which is operating at the lower flight-path
velocities.

At the center of the rotor, where the values of the induced
velocity calculated by the method presented in this report
could be compared with the values obtained tiom’ the exact
integmd, the error was in every cnse less than 1 percent.
However, for those points in the flow field that lie close to
the wake vortex sheet, there are irregularitiesin the tabulated

smLm-ci~2
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values of Vi/v caused by difEcdties with the interpolations

in the table of the values of the normal component of the
induced velocity for the vortex rings.

It should be noted that the present analysis neglects the
effects of the lateral dissymmetry of the blade-bound vortices
and the consequent lateral dissymmetry of the wake vortex
elements which occur in forward flight. NumericaJ cal-
culation show that the effects of these lateral dissymmetries
on the induced velocity distributions are small at points
of interest outside the boundaries of the rotor disk or wake
but should be taken into account in computing the longi-
tudinal and lateral distributions across the rotor disk. The
first-order effects of the lateral’ variation in the strength
of the blade-bound vortices are accounted for by equation
(42) and the fnw%-ordereffects of the lateral variation in the
strength of the wake vortices may be taken into account
by use of a value of

“iii equation (41).
In order to construct figures 4 to 6 it was necessary to

compute a large number of values of Vi/v in addition to
those listed in table If. However, as these additional points
were at scattered locations, and consequently of littIe use
for any other purpose, they have been omitted from this
report.

Since the wake angles of the rotors of helicopters oper-
ating in the upper half of their speed range fall in a narrow
band between 80° and 85°, it would be useful to have the
induced velocity distribution for a wake angle of, say, 82°.
However, investigation showed that in order to obtain
sufficiently accurate values for this wake angle it would
first be necessary to compute a large number of additional
values of the induced velocity of the vortex ring for the
region within two-tenths of a ring radius from the periphery
of the ring. The computations for the 82° wake angle were
therefore too lengthy for the results to be included in the
present report.

It appems from the results of this investigation that the
interference induced velocity at the rear rotor of a tandem-
rotor helicopter in high-speed flight, due to the thrust of
the front rotor, is of the same order of magnitude and of the
game sign as the self-induced velocity.” Comequentiy, the
interference induced velocity should be taken into account
in longitudinal stability calculations and in computing the

equilibrium values of the mean blade angle and torque
coefficients. The interference induced velocity at the front
rotor of a tandem-rotor helicopter in high-speed flight is
of the order of 7 percent of the self-induced velocity and
is opposite in sign.

The longitudinal gradient of the interference induced
velocities at both rotors of a tandem-rotor helicopter in
high-speed flight is of opposite sign to the longitudinal
gradients of the se~-induced velocities and, consequently,
will have the effect of reducing the required equilibrium
vahm of 61, the coefficient of the sine component of the
flapping mgle.

For side-by~ide-rotor helicopters in high-speed flight tlm
mean values of the interference induced velocities are of tho
order of 15 percant of the self-induced velocities and aro
opposite in sigm The lateral gradients of the mutual intm-
ference induced velocities are large for the adjacent portions
of the rotore. These large gradients may cause early tip
stall if the rotor rotation is such that the retreating blades
are in this adjacent rotor position.

The normal component of the induced velocity insido tho
wake of a helicop tar rotor in high-speed flight Qppears to
reach its maximum and final wdue of about twice tlm valuo
at the center of the rotor at a distance of about 1 rotor radius
downstream from the center of the rotor. For hovering and
the lower forward speeds the induced velocity insido the
wake reaches its lid value of about twice that at tho ccmtm
of the rotor at a distance of about 2 rotor radii downstream.
GkORGM INSTITUTEI OF TECHNOLOGY,

ATLANTA, GA., Augtut 11, 1952.
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INDUCED FLOW IN THEl VIC~ OF A LDFI!JNG ROTOR

TABLE I

NONDIMENSIONAL VALUES OF NORMAL COMPONENT OF INDUCED VELOCITY IN VICINITY OF A

Ml. ..

VORTEX RING
[Z-RPIR Z-&zPIRl.

v*R/I’

z
r=o
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(a)

%=0.1
(n)

Z-O.2
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. !zuM
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.W
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.m
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z= 0.5
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aom
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.4m3
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%-0.6
@

0.7053
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. 6%1
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.sK45
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.ma
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z- 0.9
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o
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,4
,0
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L 3
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z
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.mm
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.0112
.0022

q.a&
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.2370
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. U27
;&o

.0231
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o.51f8
.m70
.4s27
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.3m
.2s39
. 17%
. llW
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.0391
.022%
.0111
.0m2
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.4074
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.22m
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.1073

:x
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.0110
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1.mm
.W97
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.2335
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. lom
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.6W2
.013s
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.mm
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.ml
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. lm

:=
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.msl
.Oli$
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–L 2d27
–. m
–. 1W4

.0574
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. 01s6
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-_: g
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%&
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.(W37
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–. 0215
–. o122
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.Oom

.owo

.m

.0067

.mK1

.m35
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–. Uw
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–. 01’xl
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.ow
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.W32

.00s9
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-_:~
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–. 01S3
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.m@l
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–. m
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s Vnlucs obtolncd by mlmhtkm. b Vnlnm obtalmd by intar@ath.

TABLE I.-Concluded

NONDIMENSIONAL VALUES OF NORMAL COMPONENT OF INDUCED VELOCITY IN VICINITY OF A VORTEX RING

~ T r
v,Rm

z
Z=26 Z-29 1-30

m) (w
$=3,1 Z-3.2

m) m)
2+3.3 Z-3.4

(a)
2-3.5 z-3.6 2=3.7

m) (Q
Z=3,8

(w (b)
Z=3.9

(w m) (b)

o -0. olm -Q. o121
.1

–O. olml -o. m97
–. Olm : (II

-; ~ -o. m -o. ano
–. mw –. m

-0. w -claws
–. mm

-o. W -o. cw9 -o. cn45

.2 –. owl –. 01C6 –. m
–. mm –. m

–. m
–. 0M3

–. 0376
–. m –. W9

–. m
–. mls

.4 –. 0119 -.0107 –. C#a –. m
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>. ~7

–. m
–. c052 –. 0M3
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–. mn

–. m –. m
–. aw –. mm –. cmo –. m12 –. mlo
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–. m
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.allo .0303 .0m7 .Wm .m .m .ml o
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.m319
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.Cum
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Z-4.O Z-4.1

(a)

T

Z4.2 3=4.3 Z-4.4 2=4.6 z+.6 z-4,7 z-4.8
(w (b) (b) (b) (m (b)
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(b) @) (b) (a)

o -. m4& -o. 0m9
.1

-0.0337 -:- ~ -o. am
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–. 0?S7
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–. mm –. am
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–. W24

–. m
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–. m
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–. ml -: ~ –. m –. 0334 -. m
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–. m
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o
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. V81uMobkdnal by dculntion. bValnes obhfned by Inh@8tion.
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TABLE II.-ContinuedTABLE II

NONDIMENSIONAL VALUES OF NOItMti” COMPONENT OF
INDUCED VELOCITY IN LONGITUDINAL PLANE OF
SYMMETRY OF A LIFTING ROTOR FOR X~90°

NONDIMENSIONAL VALUES OF NORMAL COMPONENT OF
INDUCED ~LOCITY IN LONGITUDIN~ pLANE OF

SY~fMETRY OF A .L~ING ROTOR FOR XS90°

[For R4ght mndltlom for whlr3 >9)” ond a dewkpxl wake _ WJImar of Vib for (x,
X/& f%-) ore the sme m thrm for (IS3”-X X/& +p)l I

I

I
I

I

,,

.

VL/oforrohm of t8nL9POf—

XIR

+4 –% 0 K x ~=m.w (ton x-m
(o)

L x-o”
(a) –3. !2)

–2 m
–1. 60
–1. m
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0
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1:%
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3.m

0:~

i%!
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i!%
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.cEa
.036,

-o.Cu4
–. W3
–. 016

.(US
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i%?
1.211
1.6s2

. . . . . . . .
.126
.a34
.fm

-0.016
–. 044
–. 073
-. ml

.73.9

1:E
1.101
L ml
.323
.167
.10-5
.041

-a 024
-.037
-. lm
–. 261

-0.026
-.W6
-. m
–. la9o

.46

.ta

.W
1.al
1.10
Lm

k:
3.20

L m 1.m
L220 1.112
L 656 1.3?9
L643 L w

L~
L~
1.m
l.m
.ccll

LID3 1. m
.s8s .7SU
.&a .445
.K13 .Wi
.363 .232
.m .22’4
. la . lm

.@a
:% .a53
. 0K4 .019

....... .
1.040
1.m
.W7
.fum

:%
.116
.044

........
1.12n
1.m
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,W4
.24M
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.040

-------- --------
-.224 –. 2.52
–. lwl –. 180
–. 0s3 –. 067
>. ~ -. m

–. 011

0
0
0
0
0

XIR

—
VJJ for vrduw of tan L9POf—Trip for valrros of tan J?r of-

–% –M 0 M 34

X/R

–54 -% 0 ‘lM
X.1434” (tan x-m

0)

–O. m
-. (M3
–. 10.5
–. m
1.403
1.170
L m
.fris
.s28
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c!~=45.al” tnrrx-l)
(),

-0.623
-. w
-.624
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-,142
1.040
L m
.947
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.422
.247
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.cw

-0.019 ~g
–. Wo
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–. m -.249

.ms . . ..ti.

1:% L m
L lm 1.m
1.466 1:Cl&
.m
.410 .m

.215
:% .M7

o.au -a 010
.012 -.0.27
.026 –. 046
.Q36 –. lm
.S21 .880
.s3s

i%
:; %!? L022
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–. m . lW
-----—- -. —-. —

.fw .0i9
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.m4 .016

–_:~
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L 24S
Low
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.Wo
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.m
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-L @l
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—.m
—.40
0
.40

i%
L40
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.fEa
.W7
. m
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-------
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-.---—
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–3. m
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–1. m
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—.m)
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0
.40
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&m

-_: g
.aM
.fm
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1.m
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--------
.m7

-0.010
–. m
–. m
–. m9
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1.m
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. 16s

-.—----
%
.Uis

--.—---
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.a34

1“f/rfor V131uwof ton p? Of—

X/R I
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(e)

-L 2) -o.m
–2 m –. 016
–1. m –. m
–1. 20 –. o12
—.so .X44
—.40
0 1:%
.441 L46U

1:E ;E
2030

;% 2oa3
3.m 2017

-a 021
–. 043
–. cm
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.140

i%
1.W3
1.2.49
26W
20E3

-a 022
–. 064
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-. Z?et

.3m

.746
1.m
1.264
1.674
1.240
.678
.6s3
.278

-o. m
-. w
–. 116
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-. ml

1:E
1.144
1.m
.fm
.bm
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. 1s1

-. g
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-.140
-.144

. .......
l.m
1:~

.rm
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.m2
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--------

.77’0

4.Valueof V P ohongm 1.7S9 nrdts fn IXIWW throogh Murdory Of vi’nko.
d Vafm of is clmn@ 1.414unltahr wtsfng through houndnry of wake.
. Valne of V## ehanga 0.894unfw fn fm.!sfngthrough honndroy of woke.
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RVDUCED FLOW IN TEE VICDTITY OF A LLFTING ROTOR

TABLE IL—Concluded “

NONDIMEATSIONAL VALUES OF NORMAL COMPONENT OF
INDUCED VELOCITY IN LONGITUDINAL PLANE OF
SYMMETRY OF A LIFTING ROTOR FOR X~90°

Vip for Ve.lum of tan BP of—

X/R
–% –?d 0 % %

–3,m -o.Ou
–2 m –. au
–L 60 –. 035
–Lm –. 043
—.Ml .M2
—.40 .485
0
.40 ?!$’

i% w
L2Y3

i%’ .937
&m .723

I

-0.019
–. 0a2
–. a%
–. 139

.064

i%
L427

k!%
2as6
2W9
Zoza

—

-0.0!23
-.072
–.124
–: ~

.676
1.m

kg
.. . . . . . .. . .

LS34
1:~

-am
–.06s
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-. X3
–. m

---------
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L lM
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%
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0
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----------- ---------- .
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.U4 .619
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-.621
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1:%%
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–.W7 –. 0.52
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.619 .414
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1. m k%
L 354 .s04
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f VahIO of V o rhm~ 0A&51&:lht W?NJW through boundary of wake.
d

S72w%Nfh’k%x Iatx+. V%w$rg%wif.%iay!i%%sog-

TABLE III

NONDIMENSIONAL VALUES OF NORMAL COMPONENT OF
INDUCED VELOCITY ON LATERAL AXCS OF A LIFTINQ ~
ROTOR

Vi/v for vdriw oftanx of—
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–. w
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-.114
–. w
-.026
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1 1
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1.m
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–1: %
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