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I. SYMBOLS

veetor distance from P o vortex element (see fig. 1), feet.

%(x cos ¥ + y sin V).
R
%(z cos % - x sin X).

b o : a s
g(y cos ¥ - % sin Y)cos ¥ - z gin % sin V.

Fourier sine-cosine series (normalized with respect to the con-
stant term) describing the azimuthwise variation of vorticity
in the outer wake. The negative derivative of f£(¥) describes
the corresponding vorticity in the imner wake.

unit vectors aloug x, y, and z axes, respectively.

distance slong wake, measured from tip-path plane,

(see fig. 1), feet.

arbitrary point in space.

vector induced wvelocity at P, feet per sec.

radius of vortex element, measured parallel to tip-path plane
from wake axis (see fig. 1), feet.

rotor radius, fect.

distance between P and edge of rctor disk at i
(see fig. 1), feet, J%é + x2}¥'§2.;»22“Q 2RA.

distance from P <to center of rotor, feet, Jxé + y2 + 22,
veetor length of vortex element, feet.

coordinates of P (ses fig. 1), feat.

induced~velocity components along %, y, and z axes,

regpectlively, feet per sec.
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velocity of blade element, feet per sec.

forward speed of rotor, fest per mec.

norpal component of induced velociity atlt center of symmetric,
uniformly loaded rotor, positive upwerd, feet per sec.

angle of attack of rotor tip-path plane, radisng.

circulation, square feet per sec.

A" 511'1 [+ J Wo
QR )

rotor Inflow ratio,

V cos o
QR

rotor tip-gspeed-ratio,
mess density of eir, slugs per cubic foot.
weke skew angle, measured positively from the negetive z-axis

to the axis of rotor wake (gee fig. 1), degrees.

azimuth engle, measured in direction of rotetion from downwind

position; radians or degrees.

rotor rotationsl epeed, radlans per sec.

Primes indicate nondimensionzlization with respect to R.
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II. INTRODUCTION

The widespresd use of the helicopter today is a result primarily of
its hovering and vertical flight capsbilities. The penalty for vertical
flight capability is high, since the relatively low speed of the r?treating
Plade requires high angles of attack resulting in blade stall vhieh
gseverely limits the maximumm forward speed of the helicopter. Attempts to
achieve a wmore reasonsble combiration of hovering and forvard-flight char-
geteristvice have le&.to a steggering number and variety of designs,
ranging from "unloaded-rotor" convertiplanes to VIOL fighters. Excluding
jet-powered VIOL designs, these hybrid alrcraft usually have at least one
important feature in common - that is,.the pregence of & wing operating in
the wske of lifting rotors. The performanca and stability of the entire
aircraft is therefore intimately related to the muiual interfervence
between the wing and the rotors.

The flow-fizld in the vieinity of a conventlional wing hes been
studied extensively for years snd a great deal of information is readily
avallable. Unfortunately, the counterpart doas not exigt for a 1lifting
rotor. This is peartially the result of the mathematical complexity of
rotor-wake calculations. However, the maln reason is that even the sim-
nlest estimate of the induced flow disiributlon yields adequate results
when computing only the overall performance of an isolated rotor. (See,
for example, references 1 and 2, where a uniform induced-velocity dis-
tribution is shown to yield aslmost the same results a8 @ linearly verying

induced velocity.)
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The advent of the practical helicopter focused coneiderable atten-
tion on the high rotor-blazde vibration levels encouniered during certain
flight conditicne. An attempt to explain these vibrations led Coleman,
Feingold, and Stempin (ref. 3) tc investigate the diétribution of
induced velocity in the plane of the rotor. This pioneer analysis was
based upon a conecept of the rotor wake originzlly propesed years before
by CGlavert (vef. &), and which still forms the basis of almoet all rotor
induced-flow theory. The investigatlion of reference 3 succeeded in
establishing the general nature of the varistion of induced velocity
along the longitudinal ceniter line of a uwniformly loaded rotor.

A few years later Drees (ref. 5) examined the flow at several points
in the rotor disk., The most notable result of this investigation was an
estimate of the leteral asymmetry of the induced veloeities which was
obtained by o means of a crude gpproximation to the wake. This is the
only available paper which has considered lateral asymmetry of the vortex
wake. The wethod, however, can not be extended to an arbitrary point in
space.

At ebout the same time, Mangler and Squire (ref. 6) published the
results of their own investigation which was unique in that it considered
the rotor flow problem from the viewpoint of eireuwlar wing theory. This
investigation showed clearly the large effect on the flow which results
from nonuniformity of loading. Unfortunately, this result was generally
overlooked due to the laek Qf reliable experimentgl verification.

More reecently, Castles and Deleeuw (ref. 7) succeeded in obtaining

the induced veloeities throughout the longitudinal plane of symmetry of
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8 votor with uniform disk loading by numerically integraiting the effects
of the series of vertex rings comprising the weke. This investigation
provided, for the first time, induced velocities at locations of interest
for interference problems and formed a bagig for meny succeeding invesgti-
gations. (See, also, refs. 8 and O where Castles and others have extended
this work to other loeations by means of automatle digital computers and
a magnetie analog.)

The usefulness of the preceding papers was severely limited by en
almost total lack of reliable experimental inforwetion. This was due in
large part to the very practical difficulties of measuring the flow
engles and velocities either in flight or in small-scale wind-tunnels.
The need for such information led to an extensive flow-gurvey program in
the NACA's Langley full-segle tunnel. Reference 10 presents a few pre-
Liminary results from this investigation, arnd the bulk of the work was
presented later in reference 11. The salient point of this‘investigation
was that, in the forward reglons of the flow which are not materially
‘affected by the roll-up of the rotor wake, the theoretically calculated
flows were in reasonable agreenent with the nmeasured flow, provided that
the disk-logd distribution assumed was reasonsbly close to that which
actually exists oa the rotor. In addition, a method of superposition was
given, by which it is possible to'adjusﬁ the available wiformly loaded
rotor calculations to correspond to any arbitrary axisymmetric load
distribution.

One feature obsérved during the course of the investigation of

references 10 and 1l was a pronounced asymmetry of flow as a function of
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tip-speed ratio. Such an asymmetry would be expected becsuse the
advancing and retreating blades of the rotor operate at very different
velocities and angleés of attack. However, existing theory is not capa-
ble of couwputing this effect since the wake is generally assumed to be
symmetrical, This shortcoming of theory could be serious since the
gide-to-side differences in flow may result in chenges in the rotor-wing
interference causing large rolling moments on single rotor converti-
planes or even large pevformance changes on certain twin-rotor machineé.

The present investigation studies the effect of tip-speed-ratio and
the asgsociated wake asymmetry on the induced velocities near a lifting
rotor. The analysis is besed on an sssumed wake which is a logical
extension of that used in previous investigstions. Equations are
developed for all three induced-velocity componauts in terms of an
arbitrary azimuthwise variation of blade circulation. An autoanatic
digital computer was used to integrate the equation for the normal com-
vonent of induced velocity in the lateral plane of a rotor having a
sinusoidal variation of circulation. The numerical results are pre-
sented in both tabular and chart form. Compariscons are made both with
the limited results of Drees (ref. 5) and with the measurements of

reference 11.
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ITT. THEORY

Agsumed wake,- Rotary wing induced flows are generally calculated

in the same manner as the flows of wings, that is, by integrating the
effect of all the vortices shed behind the lifting surface. The present
analysis assumes the wake to be essentially the seme as that of refer-
ences 3-5 and T-11.

The major characteristics of the assumed wake and the agsumptions
made are ag follows:

1. The blade circulation is uniform along the radius but varies
with azimuth angle in some predetermined fashion.

2. The tip vortices are carried downward at a uniform rate of MR,
and rearward at a uniform rate of pOR, and thus lie as helices upon the

surface of an elliptic cylinder which is gkewed back from the tip-path-
plene axis st an engle ¥ = ten~t %?. (See fig. 1(a).)

3. 'The vortex spacing along the wake is sufficiently close that
the vorticity may be congidered uniformly distributed along the surfece
of the skewed c¢ylinder.

., The effects of the axial component of vorticity in the wake and
of the bound vortices on the bledes are negligibly smsll.

The effect of these assumptiong should not greatly limit the use-
fulness of the resulta. The first assumption is not a severe handicap
since reference 11 shows that these results may be converted by super-
position to correspond with other loadings. The second assumption

reguires that the vortices be carried off at the mean flow rate rather
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then with the loesl flow, and thus incurs considerable evror at very low
speeds where only the induced velocities are present (see ref. 11). At
higher speeds, this means that the roll-up of the wake is neglected.

However, this affects only the rearward portion of the flow (ref. 11). The

s

i asgurption restriets the snalysis to time-averaged mean velocitles
rather than the instantancous induced velocities responsible for the
loading variations shown in references 12 and 1%. This facet of The prob-
lem will be examined at grester length in & subgequent portion of this
thesis. Finally, such experimental resulis &8 are availlable give no
evidence that the axisl vortlcity is important, and the major portion of
the bound-vortex effects have been shovwn in references 5 and 10 to be
smell when time-gveraged.

In the present cage, the essential modification to the wake of pre-
vious analyses is that the strength of the voriticity 1s allowed to vary
with szimuth position. Thig cylindriecal wake with varying vortieity will
be referred to in the remainder of this thesis @8 the “outer wake." (See
fig. 1{a).)

Now if the vorticity in the outer wake varies with azimuth angle, the
theorem that vortieity cannot end in space requires the presence of addi-
tionel radial vorticity inside the outer wake. Thus an “luner weke,” &
golid skewed cylinder of radisl vorticity (fig. 1(bv)), is formed. The
gtrength of thia vortielty is equal to the negative of the rate of change
of the vortlelty of the outer weke.

In the succeedlng sections, the induced-velocity contributions of

the inner end outer wakes are developed seperately as a matter of
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convenience. The total induced veloecity is, of course, the sum of both

contributions.

Induced velocities of outer wake.- The induced velocities may be

found by integrating the Biot-Savart law over the wake. The Biot-Savart

law is

- L drds xa
dg = = T‘g]f’a aL,

where the following may be determined from figure 1(a) by inspection:
s =1i(Recos¥y + L sin %) + j(R sin ¥) + k(-L cos X)
as = [%(-R gin ¥) + J(R cos ¥) + Oﬁ]dw
Z-i(RecosVv + Lein¥X -x) + j(Rsin V¥ -y) + K(-L cos X - z).

Substitution of these values in equation (1) and integrating yields

1 3 k
. ~-gimy cosy 0
e
3'=.EL ; ar IR cosy+L sinX-x R ainy~y L cosR-zidL 4y
Ly g dn é’
o Jo Py : , ,12
(R cosy+L sinX-x)? + (R sinw-y)24-(~L cosX—z)EJ

from which the normal, or k, cowponent of induced velccity is

(2)



R (\gﬂhwdr xcos ¥ +ysiny -R - L sin X cos ¥ ‘
i av ay.  (3)

_lmJo.JodL[ ]

MO

R2+x2+y2+z2-2R(xcosqr+ysinw)+2L(zcosX-xsinX+Rsianos~y)+LJ

The integration with respect to L may be accomplished with the aid of items 162 and 170 of refer-

ence 1lh4, or

©

-

I}
H 2'(\1_1-\_ (x cosy+y siny-R)(L+z cosX-x sin¥X+R sinX cosy )+sinX cosy [(z cosX-x sinX+R sinX c'osw)L+R2+x2+y2+22-2R(x cosy+y siny)] ay (%)

R
w o= =
bt aL
JO 'R24x%+y%+22_2R(x cosy+y siny)-(z cosX-x sinX+R sinX cosv)2:| JR2+X2+y2+22—2R(x cosy+y siny)+2L(z cosX-x sin¥X+R sinX cosy)+L2 0

+X“+y“+2

After substituting limits and combining terms, equation (4) reduces to

1
.P2ﬂ [(xcosv+ysin\y-R)-sianosWJR2+x2+y2+22-2R(xcosw+ysinw)de (5)

5

daL
I}
[]R2+x2+y2+z2-2R(xcosw+ysin\y)+z‘cosX—xsinX+RsianosW‘[R2+x2+y2+22-2R(xcosw+ysinw)

Introducing nondimensional coordinates and noting that /R2+-x2+-y2+-224-2R(x cos ¥+ y sin 11;)=.Rc

results in

en 1 - (x"cos Vv +y'siny) + Re' sin X cos ¥ ay

[%c' + (cos ¥ - x'")sin X + z' cos X ch

Bl&

(6)



At the center of the rotor, x' =y' = z' = 0, so that equation (6) reduces to

1 [ ar
w=-mo o W (7)

Specifying now that ar may be expressed as <QL> f(w), where (g£> is the constant part of
dL daL 0 \dL 0

the vorticity and f(¥) is a Fourier series in 1V, normalized with respect to the constant term, it
is evident that the only term which can produce a normal induced velocity at the center of the rotor

is the constant term. The induced velocity at the center will be

_ _ Lfmr -
WO - 2<DL>O} (8)

_gT_

so that, finally,

wo_ l.fen () l:l - (x' cos ¥ + y' sin ¥) + Rg' sin X cos ¥]ay (9)
Yo 2 Jo ERC' + (cos v - x'")sin X + z' cos X:]Rc' )

The longitudinal, or i, component of the induced velocity is, from equation (2)

(z+L cos X)cos ¥ dL ay

. (10)
2
[R2+x2+y2+22-2R(x cos Y +y sin ¥) + 2L(z cos X -x sin X+R sin X cos ¢)+L2:]2



The integration follows in exactly the same manner as for the normal component. The final
expression is found to be

u .1 an () (z' + Re' cos X)cos ¥ ay (11)
Yo en Jo (Pc' +z' cos X + (cos ¥ - x")sin X]Rc'.

From equation (2), the lateral, or 3, component is

.= R neﬂ}ﬁw ar (z+L cos X)sin y 4L ay . (2)
[+

P\

+ X2+ y2+ 22-2R(x cos V+y sin V) +2L(z cos X-x sin X+ R sin X cos \jr)+L2]

It is apparent that equation (12) differs from equation (lO) only by a factor tan ¥ which does
not enter into the integration with respect to L. Thus, the final expression for the lateral com-
ponent of induced velocity may be written immediately, on comparison with equation (ll), as

(z' + Rg' cos X)sin ¥ &y

2
v 1
T = - = £(¥) . 1
Yo 2n JL [?c' + 2' cos X + (cos ¥ - x'")sin i]Rc' (13)

Induced velocities of inner wake.- The induced velocities of the inner wake are found, as before,

by integrating the Biot-Savart law, where now, from figure 1(b),



§ =1i(r cos ¥ + L sin X) + j(r sin ¥) + k(-L cos X)
ds = ——E(cos V) + 3(sin v) + E(O)}dr

& =1i(r cos ¥ + L sin X - x) + 4(r sin ¥ - y) + k(-L cos X - z).

Substituting these expressions into equation (1) and integrating yields

i 3 k :
'—l
cos V¥ sin ¥ 0 T]
Mon /R oo-a;( ) (r cos ¥+ L sin X-x) (r siny-y) (-L cos X-z)|aL ar ay
J | , (1)
0 Vo 52
[(r cos ¥ +L sin X -x)2+ (r sin-¥- y)2+ (<L cos X -z)2 2

from which the normal, or k, component of induced velocity is

1 ["2n d\];(dL/[x sin y -y cos ¥ -L sin X sin ﬂ dL dr ay (15)

5

)'m JO OJO
T2+ x2+y2+ 22 -2r(x cos ¥ +y sin ¥)+ 2L(z cos X-x sin X+ r sin X cos ¥)+ L2]2
L



The integration of equation (14) with respect to L may be accomplished with the aid of

items 162 and 170 of reference 14, thus
v L f&t Ri(ﬂ) (x siny-y cos¥)(L+z cosX-x sin¥X+r sinX cosy )+ I_Zz cosX-x sinX+r sinX cosy )L+r2+x2+y24z2-2r(x cosy+y sin‘l')] sinX simy l ar av. (16)
b Jo o d¥AaL [ral-xa+y2+z2-2r(x cosy+y siny)-(z cosX-x sinX+r sinX cosw)z] Jr2rx24y2ez2-2r(x cosy+y siny)+2L(z cosX-x sinX+r sinX coav)+L2J o
Upon substituting limits, equation 16 reduces to
x siny-y cosy-sinX siny/r2+x2+y2+z2-2r(x cosv+y siny) ‘\ ar ay an

2x 'R {
wo= L 4 /dr
T ay \aL
0 U0 [!r2+x2+y2+z2-2r(x cosy+y siny)+z cosX-x sinX+r sinX cosy jr2+x2+y2+z2-2r(x cosy+y siny)

is somewhat involved, and is carried out

The integration of equation (17) with respect to r
in general terms in the appendix. Substituting into equations (A3) and (Al2), and noting the

identity
-2(sin X cos ¥ - 1)(x cos ¥ + y sin ¥)(z cos X - x sin X) - (x + y2 + 22) (sin X cos® ¥ - 1)

-:;(x cos ¥ + y sin ¥) - (2 cos X - x sin X)]2 = By‘cos ¥ - x sin ¥)cos X - z sin X sin f]z, (18)



2. 3 7
wo L b i/£> 2 cosX 4ol (L-sinX cosw)(\/r2+x2+y2+22-2r(x cosy+y siny)-r)+(x cosv+y siny)+(z cosX-x sinX)
b o @ \dL/ |1 _ginx cos?y (y cos¥-x siny)cosX-z sinX siny
. 2 .
m—)(—-—zir-l-‘l-f-—c--(fl.lnl‘/1§+x2+y2+22--2r(x cosV+y siny)+(z cosX-x sinX)+r sinX COS‘JII
1-sin“X coslef
R
4+ —SinX siny ,p er-(x cosy+y siny) - \"r2+x2+y2+22-2r(x cosy+y sin\y)l ay . (19)
1-sin®X cos
0
Upon substituting limits, this becomes
D N
wol T i(d__r__> 2 cosX tan-l f(l-sinx cosxlr)g-!R2+x2+y2+z2-2R(x cosy+y sin\lr)-R)+(x cosy+y siny)+(z cosX-x sinX)
bt Jo  @W\AL/ )y gin2x cosy (y cos¥-x siny)cosX-z sinX siny '
— -
- 2 cosX tan-1 [_(l-sinx COS\V)/—)(-2~+y2+22-+(x cosy+y siny)+(z cosX-x sinx)_l
1-sin®X cos?y (y cosy-x siny)cosX-z sinX siny |

N 5in®X siny cosy n VR2+x24y2422_2R(x cosy+y siny)+(z cosX-x sinX)+R sinX cosy

SN S —— p—
l-sin“X COSz\V Jx2+y2+22+(z cosX-x sinX)

sinX siny lnl (x cosy+y siny)+ ,.(R2+x2+y2+z2-2R(x cosy+y siny)-R l
2 —
1-sin®X cos?y ' fxan-yai-zaf(x cosy+y siny)

+

ay . (20)

..6'[..



which becomes, upon nondimensionalizing,

B]_ -1 [(L-sinX cosy)Ry'+A+E]

2
w -l T ar(y) 2 cosX _l[Yl-sinX cos¥ ) (Rp'-1)+A+
Yo 2n 0 av l-sin2X cosg\lf l_ ¢ L ¢
2 si '
sincX siny cos\‘r 1n RC +B+S::.nx cosy + sinX Sin‘lf anC '+A-1 d\lf. (21)
Ro'+B 1-s1in°X cosy l Ro'+A

1-sin®X coszw
terms of equation (21)

In general, it will be found convenient to combine the two inverse tangent

by means of item 648 of reference 14, yielding
C(Rg' - Rg' - 1)(1 - sin X cos ¥)

0'(Re' - 1)(1 - sin X cos ¥)? &+ (A+ B)(Re' + Ro'=1)(1 - sin X cos ¥) + (A + B)2 + C2

25
wo_ -1 ar(y) % 2 cos X tan-1
Vo 2 o ay I]_ - 5in2 X cos? ¥ R
t
2 ' + B+ sin X cos Re'+A-1
4 8in° X sin ¥ cos ¥ | Re : v sin X sin ¥ 1n|-S— av. (22)
Ro' + B 1 - sin® X cos® y Ro' + A

1 - sin2 X 0032 3

In certain cases, the argument of the inverse tangent term becomes indeterminate. The limiting
Limiting values for a

value, however, may be found by the repeated application of L'Hospital's rule.

few of the more important cases are given in table I.
The longitudinal, or E, component of induced velocity is, from equation (14),

—08-



(23)

4 (dr
on R ()z+LcosXsin aL dr a
_ -l ff” d\lde( Jsin ¥ v
b Jo Jo Jo
[1‘2+x2+ y2+22-2r(x cos ¥ +y sin ¥) +2L(z cos X-x sin X+ r sin X cos ¥)+ Lg]

2.
2

[+

Equation (23) may be integrated with respect to L to yield
(2k)

d%l' %) [sin ﬂ |3.+ cos X/r2+x2+ y2+ 22-2r(x cos ¥+ y sin \J!):]dr ay

’n&rfR
i\/r2+ x2+ y2+ z2-2r(x cos ¥+ y sin ¥)+ 2z cos X-x sin X+ r cos ¥ sin X]Jr2+x2+ y2+ 22 - 2r(x cos V+y sin y)

0
Integrating with respect to r, by means of equations (A3) and (Al2) of the appendix, results in

tan-1 (l—sinX cos¢)(&2+x2+y2+ze-2r(x cosy+y simV)-g)+(x cosy+y siny)+(z cosX-x sinX)
(y cosy-x siny)cosX-z sinX siny

u = ;];faﬂ _d_(g) 2 sinX sin2y
b o @\AL/ )1 gin2x cos?y

- 8inX cosX siny cosy,, fr&xakyabzzér(x cosy+y siny)+(z cosX-x sinX)+r sinX cosy

l-sin2X cosz\v

R
ay. (25)

cosX siny
1-sin®X coszqr

1n 2|r-(x cosy+y sin\y)-Faxzry&zzér(x cosy+y siny) l][»
J 10

Equation (25), after substituting limits and nondimensionalizing becomes



_l[(l-sinx cosW)(Rc'-l)+A+B} san-L [(l-sinx cosxlr)RO'+A+B}
B c

u _ 1 fe“ af(¥) ||2 sinX sin%y
Yo 20 do a 1-s1in®X cos9y c
Ro '+B+sinX cos R.'+A-1
_ sinX cosX siny cosy, |Re ' os¥|  cosX siny c ] av, (26)
Ro'+B 1-sin®X cosdy Ro'+A j

1l-s in2X cosEV

or when the inverse tangent terms are combined as before
2x df(\y)JE sinX siny tan-1 C(Re'-Rp'-1)(1-sinX cosy) 1
Ro' (Re'-1)(1-sinX cosy)2+(A+B) (R, '+Rg'-1)(1-sinX cos¢t)+(A+B)2+C2J

a1
Yo 2t Jo ay 1l-sin2x cosdy
: R.'+B+sinX cosy ' R.'+A-1
_ 8inX cosX siny cosy, |Tc : __cosX siny c ' ay. (27)
1-sin®X cos?y Ro'+B 1-sin®X cos?y Ro'+A
. ) 4
From equation (14), the lateral, or J, component of induced velocity is
b 2 2
]«2,( Q—<d£->(cos ¥)(z+L cos X)aL dr ay A
ay \dL (28)

V = —=— .
b Jo jo 0 3
[1‘2+ x2+y2+22-2r(x cos ¥+ sin ¥)+ 2L(z cos X-x sin X+r sin X cos ﬂr)+L2]2



Noting that equation (28) differs from equation (23) only by a factor of -cot ¥, which does not
enter into the first two integrations, the expressions for the lateral component of velocity ratio

can be written immediately from equations (26) and (27) as

v _ -1 Jpgﬂ ar(¥) | |2 sinX siny cosy !ta.n'l [(l—sinx cosW)(Rc'-l)+A+B] —tap-1 [(l-sinx cosVy )Ro'+A+§}
0]

Vo  2x v 1-s1in°X cos<y 1 ¢ ¢
_ sinX cosX cos3y 1n Re '+B+sinX cosy __cosX cosy Re'+A-1 ay (29)
1-sin®X cos2w Ro'+B 1-sin®X cosz'V | Ro'+A ’
or
v _a 2n ar(y) [2 sinX siny cosy . 1 C(Ry'-Rg'-1)(1-sinX cosy)
Yo 2n o av } 1-81in°X cos4y Rg' (R, '-1)(1-sinX cosy)2+(A+B)(R,'+Rqy'-1)(1-sinX cosur)+(A+B)2+C2_

|

[d‘lf- (30)

Re "+B+sinX cosy
Ro '+B

Re '+A-1
Ro'+A

_ sinX cosX cos‘?\kln cosX cos¥

1-sin2X cos2\|f

1-sin®X coszif

-ga-



- 24 -

Vumerical calculations.- The preceding sections of this thesis have

presented expressions for the induced velocities im terms of integrals.
Unfortunately, these integrals are not, in general, expressible in terms
of elementery functions (ref. 3). Therefore, numerical integration is
necessary to obtain usable resuiitg. The complexity of these expressions

(egs. (9), (1), (13), (22), (27), and (30)) makes manual computation

uneconomical; therefore, the equations were coded Lo

3

integration on
the IEM 70k sutomatic digltal computer located at the Lengley Laboratory
of the NACA.

Trial celculstions were made first in order to determine the
accuracy of the computing program. The location of the peint P was
confined to the lateral axis within the wrotor disk, and a unit vortex
jensity was chosen., For this case, Katzoff (ref. 11) has shown that
the induced-velocity ratio is slways unity. Simpsgon's rule with an
interval of three degrees, when used with eight significant figures
(floating decimal system), reproduced this value within 0.0002 except
when the point was less than three percent of the radius from the
edge of the rotor digk, This procedure wag selected for the ensuing
cagleulations on the assumption that it would yield reasonable sccuracy
at other locstions and for other vorticity distributions:

In order to hold the machine time tc a reasonable total, cnly the
normal component of induced veloclity was computed. This should not be
e severe restriction since the normal component 1s, in general, the

component of major interest.
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Three skew angles, X = tan™l 2, tan~l 4, and tan™t 10, were
selected. This renge of skew angles encompasses virtually all forwsrd-
flight conditions Tor the helicopter, and a large bortion of the transi-
tion speed renge for convertiplanes.

The cgpacity of the computing maechine was such that calculations
could be made simultansously for two different vorticity distributions.
These were chosen as f£(¥V) =1 and £(¥) = sin ¥. It will be shown in
a succeeding section thet these two vorticity distributions are suffi-
cient for & reasonable representation of the rotor.

Certéin locations in the vicinity of the rotor present more
interesting fields of research than others. One of these is the longi-
tundinel plane where the fuselege and tail are located. Symmetry (ref. 5)
shows, however, that possible tip-speed ratioc effects are small in this
plane so that available calculations (refs. 8 and 11) should be adequate
for most purposes. Rxperimentally (ref. 11), the lateral rotor plane
has been shown to experience large side-to-side agymmetries due to
forward speed. Sinece, in general, this will be the location of the
wings on a convertiplene, & knowledge of the flow in this region is of
interest for performance calculations. The calculations were therefore
confined to the lateral plane.

Since there appeared to be some possibility that the induced
velocity of the inner wake might be of smgll magaitude, the first cal-
culations were programmed to print out the individual contribution of
each part of the wake. The results of these calculatlons are presented
in figure 2, vhere it is evident that the induced velocity contribgtions

of both parts of the wake are of the same order of megnitude. For the



remainder of the calculations only the sum, the total induced veloelity,
was printed out.

The final computing program was such that the total induced
velocity for both vorticity distributions was calculated at a rate of
3 tb 4 seconds per point in space.

The celceulated velocities for the sin ¥ component of vorticlty
are presented in tables IT to IV, and also in the form of contour charis
in figureg 3 and 4. The calculated velocities for the constant vorticity
case check almost exactly those given in reference 8, and consequently
are not presented herein.

Vorticity distribution of the rotor.- The remaining task is to

relate the cireculation in the wake and on the rotor blades to the thrust
of the rotor. Consider a helicopter rotor in forward flight. The

velocity of any blade element is (vef. 2)

U = QR{§A+ p osin W). (31)

The 1ift duve to the blade element will then be
aL = psm(% + posin ﬂ/)l‘ ar, (32)

where 1t is understoed thet ' is a funciion both of radisl pogition
and of agimuth angle end the entire thrust is considered to be concen-
trated on a single representative blade. The rotor thrust is found by
integrating equation (32) along the blade and averaging with respect to

ezimath angle to give



2 PR ) _
T = %.B, { “’io (-I:- 4+ p 8in 11!)1" dr ay. (33)
& B0 BNV * s

In order to accomplish the integrations of equation (33) it is
necessary to know I° as a function of » and ¥. If the loading is
relatively comstant with azimuth position, it ig evident that the circu-
latiop must have a large sinugoidal component. Furthesmore, since the
losding must be zero at the center of the rotor, the circulation should
also be zevo at the center. For the present purpose, the circulation

is taken as

o) - u(E™ o

P

where T, and n are constants. The assumptlon that the sinusoidal

portion of the circulstion varies radially as 1/r times the constant
part of the circulstion is purely arbitrary. However, it will be shown
nov thét this assumption does meet additional requirements and that it
also entalls certaln simplifications in the analysis.

Substituting squation (34) into equation (32) yields
) , n+l 2y an-i 24\ Bl .
aL = NRI‘J({.\; - B (2) + £ (3})‘ cos ay% ar. (35)
L p ]

Thus the blade-element loading will have no first harmonic compo-
ment if the circulation is as assumed herein. Furthermore, the thrugt
momeht of the blade about the flapping pin will also have no first

harmonic. This vesvlt is in agreement with blade-element theory (for
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exomple, ref, 15) vwhich indlcates that the firast harmonis thrust
moment is indsed swall. The second harmonic component of the blade-
element thrustv as glven by ugaatLan (#5) has been checked nwnerically
for several flight conditions and is appreciably smaller than that indi-

ted by blade-clement thecry. Thus the rotor of the presgent analysis
may be congidered ag having nserly constant szimuthwise loading.

Now gubstitute equation (34) into equation (33) and integrate %o

obtain

2 .
T o pTARE| codie o B 34
po<n+2 on (36)

where 1n  is neither 0 nor -2,
Substitute for T from equation (35) in equation (34) %o deter-

mwine the value of the circulation over the rotor di sk vhich 1

¢}

T o (ﬂ I 2>K§>n Z “%»)n"l sin ’lf] . (317

Bguations {36) and (37) are sufficient %o relate the thrust to the
wake vortieity for an arbltrary radial dlstrivution of load. The analysis
is, hovever, much simplsr if restricted to a triengular logding (v =~ 1).
Since the sssumptions of an undeformed wake and an avproximately axizsym-
metric loading greatly resitrict the waximum accuracy of the analysis,
and since the setual rotor loading is not at present caleulables (ref. 16),
the asgumption of triangularc loading is probably satisfactory. For this

cage eguationsg (35) and (37) become
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T - e.ﬂ}:.o.ﬁ:?.(l - 32); (38)

i

. 2T £ oad

o= B in ¥i.

gy 2u2>[§ n sin Yj (39)
\ 2 ‘

Congider first the portioan of the circulation which ig consgtant
with respect to azimuth position. Thig part represents an axisym-
netric loading in the sense of reference 1l. For the triangularly

loaded rotor case of reference 11, where p ~ 0,

P ool L (40)

Thug the induced velocities ccuitributed by the constent part of
the vorticity may be oblained from the resulis of reference 11 merely

by multiplying the induced velocitles given therein by mwwﬁgnx. In
1 - §uc
order to facilitate the vork, charts similer to these of reference 11
have been computed for the laterzl plane from the results of refer-
ence 8. These charts are presented in figure 5.
The sinusoidal component of equation (39) is uniform along the
radive and its value for unit sitrength may be read directly from {ig-
ures 3 and 4 of this thesis. Since the loading is aésumed trignguler,

the constant of 5/2 Trog reference 11 nust be inserted in this portion

of the celculation as well. The values from figures 3 and 4 must
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_3,
therefore be multiplied by mw-ﬁ%m:. The total induced velocity at P
1 - ©
2
is then
2
S S . S Tl 5> v i (E fvom fig. 3). (41)
Yo 5,2 \¥o 5.2 \Wo
l--é-‘,,t 1-5-;5

It will be noted that figures 2 to 5 present induced velocity
contours for only the advancing side of the rotor. These values may
be inserted directly into egquation (41) when dealing with the advancing
side of the rotor. The flow-field possesses certain symmetries which
are noted on the figures. Thus the flow over the retreating half of the
disk is identical to that of the advancing half when the vorticity is
constent with regpect to azimuth angle. The sinusoidal vortiecitby,
however, results in an antisymmetric velocity field, and consequently,
the induced velocity ratios of Tigures 2 to 4 must be muliiplied by -1

when used for the retreating side of the disk.
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IV. DISCUSSION OF CALCULATED RESULIS

The most striking feature of the calculated flow (figs. 3 and 4) is
the extent to which the effect of sinusoidal vortielty is eoncentrated
near the tipg of the rotor. This is in marked contrast to the flow
generated by e uniform vorticity (ref. 8) where the induced velocity
gradient acrose the wake ie relatively mild. This result might have
beer antlcipated since in the present case the vorticity iz not only
greatest near the rotor btips, but it also changes sign from one side of
the rotor to the other.

It is also evident that the effect of sinuscidal vorticity dies oulb
rapidly with distance from the rotor. The reason for thig is apparent
from figure 2 which indicates that the effects of the laner and outer
wakes counteract cach other at locations greater than one rediuva from
the cewnter, whereas they tend to add at locations near the rotor.

The only previous abtempt to compute the asymmetry of Tlow due to
forward speed is thet of Drees {ref. 5). He assumed that the sinusoidal
portion of the vortex system could be represented by two smeller cyline
dricel voritex sheets similar to, but disposed laterslly within, the
original eylindrical sheet representing the ouber wake., The induced
velocity comtributlion at the three-gusrter radius point of the lateral

axis was found by mumerical integration to be %L = - %p (vesed, however,
o <

on & Wy which already includes the - 13 . factor found in the
1=y
e

e

previous section). It hos since become evident from Katzoff's symmetry
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theorems (ref. 11) that this system produces a wniform induced velocity
across each side of the rotor; however, at that time it was suggested that
this result indicated a linesy lateral distribution of induced veloeity
with & slope of ~2u.

Figuve 6 coupares the present resulits with those of referencelﬁ.
Surprisingly enough, the resulis are closely similer at the three-guarter
reding over a large range of tip-speed ratios (fig. 6(a)). When the
induced velocity distribution is comsidered, however, thé results may be
less setisfactory. . This is shown for a tip-speed ratic of 0.30 in fig-
ure 6{(b). The difference is even greater if the actuml induced velocity

of the vortex system of reference 5 is congidered.
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V. COMPARISON WITH SXPERIMENT

Although the induced-velocity equetions wers derived with no
restrictions as to location in space, a comparisor with experimeut is
regtricted to the lateral plane of the votor by the limited extent of
the numerical calculations. The only extensive experimentel luvestiga-
tion of this region is that of reference 1l. Before actually comparing
the calculated and messured induced velocities, certain shortcomings of
the investigsation of veference 11, and of the present thesis, should be
noted and borne in mind. First the accuracy of the flow surveys ranged
from 10 to 25 percent of the mean induced velocity depending upon the
particuler flight condition. Furthermore, the measurements indicate
that the flow in the lateral plane is particularly sensitive to the
actual detailed rotor load distribution. The present analysis, as
previougly noted, hags assumed a very nearly symmetric triangular
loading, which is not actually the case as has been shown by reference 16,
Thersfore, some discrepancy, particularly at the edges of the rotor, would
bé expected in the following compsrison.

Figure 7(a) compares calculated and mepgsured induced velocities for
8 low-speed level~flight (u = 0.095) helicopter cordition. Since the
forward speed is so low, there should be Little difference from side to
side on the rotor. Yhis is verified both by the theory snd by the
experimental meagurewents. In general, however, the correct trend is
indlested by the theory. (See particularly 2z' = -0.07.) The error is
fairly large near the outer part of the wake below the rotor (z' = ~0.1k

and -0.20). This discrepancy is paytially due to differences betvween
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the essumed and actual disk loadings (see fig. 10 of ref. 16). However,
the error is probably more directly chargeable to the rapid roll-up of
the lower part of the wake, which has already been carried beck a full
radiug from the leading edge of the rotor disk.

Figure 7(b) presents & similar comparison at a tip-gpeed ratioc of
0.140 which repregents a cruising flight condition for a helicopier. In
general., the new theory represents en improvement in accuracy over tha
older symuetrical voritlelty calculations. The effeet of variances from
the essumed trisngular load distribution is shown gt the vertieal loca-

tions closest to the rotor. The effects of weke roll-up are less in

o)

his cage bacause of the lower Lift coefficient, snd consequently the
calculated induced velocities are much cloger to the meassured velocities
gven neay the lover edge of the wake.

A noticeable departure from the trend of reasouable agreement is
shown outgside the retreating tip of the rotor. Here the uew theory
indicates & considerably increased upwash over that predicted by the
older theory. This is not borne out by the measurements, which indicate
the samg, or even leas, upwash here than on the sdvanecing side of the
rotor. The reaszons for this variance are notv understood at present, but
mey be a matter of some concern. Referenceg 10 and 17 indieate that the
mean induced veloclties may be used in estimating the ianterference
between rotors of multirctor coufigurstions. Sinee this ig o, it would
be expected theoretically that the performence of e side-by-slde rotor
system would be greatest when the blades vetreat on the adjacent sides

of the rotors. The experlmentsl Ilow measurements, however, indicate
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thet the differencesg due to divecuvlon of roitation should be minor, and
perhaps even in the opposite sense from that iwdicated by the theory.
Effects such as these provide a fertile field feor further investigation,
both theoretical and experimental.

Figure 7(e) comperes theory and experiment for a fairly high-speed
flight condition (M = 0.2%2). This perticuler set of nsasurements hes
the least accuracy of those given in reference 1l. On the other hand,
however, the effects of asymmetry are also the greastest heve, The
degree of improvement offered by the new theory is evident as well és
is the shortcoming of the theory at locations outside the retreating
tip.

Figure O compares the theoretical velocities with the ewtrapolated
data of reference 11 iﬁ_the plane of the rotor itgelf. Thils figure
surmarizes most of the previous discussion of figuve 7. It also viwvidly
denonstrates the extent to which the load distribution on the rotor
changes with tip-speed ratic. If the sctusl ingtentaneous induced
velocities were known it would, of course, be possible to obtain the
loading on the rotor. Unfortunately, present rotor blade-element-theory
does not yield adeguate results when used to ssleulate the blade load
distribution (ref. 16). Its failure in this regerd is primarily o
result of assuming that the inflow is uniform over the entive rotor.
Other sources of error, such as the usual small eangle assumptions and
sharply cut-off tip losses, are gppareat but are probebly of a smaller
moguitude. It might be thought, at first glance, that the insertion

of the local values of the meen induced veloecities in the gppropriate
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places in blede-clement-theory would greatly improve the accuracy of the

L

'3

aunalysis., In this regard it is well to sider some of the results of
1

refersuse 13.

o -

Reference 13 ig an experimental investigetion of the irduced veloc-
ities in the plane of & rotor. The induced velocitles were obtained by
meaguring the instantaneous presgure distribution on & rotor blede Uy
means of pressure cells, and then working backward through the blade-

lement theory to obtain the induced velocity regqulred to produce the meas-
ured lozading. The resulis, of course, include all the errors inherent in
the theory, but at least it mey be sald that thege induced velocities are
the velocities which will give the observed loading.

The date points shown on Tigure O correspond to one flight condition
of reference 1%, The solid curve represents the mean induced veloeity
caleulated on the basis of our present kuowledge. It is inmedlately
evident that there is no correlstion gt all between the measured and
caleulated results. Iven the trends of the curves are completel
reveraed over the front half of the longitudinel centerline. Similax
results way be obteined from the loadings of refevence 16 where the pres-
sure gages, having much faster response, may be considared more accurate.

Figure O is in direst contrast to the rzagonable agreemsnt shown
previously in figurcs 7 and 8, and mey be explained as follows: The
actugl wake vortices are approximgtely skewed gplrals emanating from the
rotor blade. Thus thelr location in space, and comnssquently the veloe-
ities induced by them, will be distinet Tunctions of the blade azimuth

position. This relationship between blade azimuth position and induced
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veloeity wag lost when the wake vorticity was agsumed to be uniformly
distributed. The nonpuniformity of vortieity has little or no effect on
the time-averaged resading of a survey wrobe (such as that of ref. 11)
fixed zt a point in apace, however, the rotating blade, being tied, so
to gpeak, to the vortex system, seces gome indueed velocity other than
the mean value. Thus, the induced velocities given by the present
report should not be used for detalled blede loading studies.

Two recent pepers (references 18 and 19) have indicated that the

blade losding problem is actually anslogous to the flutier problem of

fixed-wing aireraft. Using flutter theory, but modifyingz the wake
vortex pattera to more nearly correspound with that of a rotor; these

investigations have shown that the unsteady serodynamics of the blade
pleys & lavge part in determining the loading. It would seem likely,
therefore, that this epprcach is more appropriate to the blade load

provlem than are attempts to combine the present results with blade-

element theory.



VI. CONCLUSIONS

The Tollowing results have been obtained from this theoretical
study of the effect of tip-speed ratioc and the associated asymuetry of
flow on the induced velocities in the vicinity of a lifting roﬁor:

1. Equations, suliable for numerical integraition, have been
developed for the three components of induced velocity.

2. Numerical results, in the form of charts and tables; have been
presented for the normal induced velceity in the lateral plane of &
rotor having & asin ¥ vorbicity distribution.

5. Charts of the normal induced velccity in the latersal plane of &
rotor having a symmetrical triangular vorticity distribution have been
presented.

4. When compared with previously made wind-tumnel flow.measurements,
the present results appesr to be more accurste than previously avallable
theoretical results.

5. When compared with the induced velocities obtained by previous
rotor-blade pressure-distribution measurements, the present results

appear to be lugpplicable to the calculation of rotor blede loads.
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VII. GUMMARY

5 theoreticel investigation of the gsymmetry of induced flow in the
vicipity of a lLifting rotor in forward flight has been conducted. The
analysie is basged upon an agymmetric wake which is & logiecal extension
of that used for previous investigations. Fguations for the induced
velocities at an arbitrary point in space are presented in a form sult-
gble for numerical integration. Numerical resultsg for the normal
induced velocity in the lateral plene of the rotor are presented in the
form of tables snd charts. Corparison with previously available meas-
urements indicates an improvement in accuracy over older theories. The
results ghould be uSeful'in estimating the interference helween wing
and rotor of compound helieopters and convertiplanes. In addition the
results shguld be applicable to the problem of mutual interference

between rotors of mulii-rotor helicopters.

@
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XI. APPENDIX

EVALUATION OF CERTATIV INTEGRALS

OCCURRING IN THE ANATYSIS

The analysis of the inner wake involves integrals of the forms:

P‘- ox and
Jx + (cx + d)[}i

S ;
X+ ex+d

where X =8 + bx + xe.

Both forms may be evaluated by use of the substitution (item 235,

ref. 1h)

u= /X -x

The first form is the simpler of the two and will be evgluated

first. ‘The indicated substitution reduces this form to

ax 24y,

¥+ (ex + d.)ﬁ (¢ - 1)+ (b - 28)u + (db - & ~ &)

The right hand side of equation (Al) may be integrated by item 67

of reference 14 to yield

f &b gp-r|2(e s Lus b -2a) (a2)
X+ (ex+ a)x fq Ja

vhere q = bdb(e - 1) + ba(l - c2) - (b - 24)2,

The final expression is obtained by returning equation (A2) to the

originsl variable, x.
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f ax S, | 2(c - 1)(J— -~ %)+ Db - Ed._l (a3)
X+ (ex + d)[_ Ja Ja J

vhere q is a@s gilven above.
Evalustion of the second form 1s a more lengthy task, but proceeds

in the ssme menner. Malking the same substitution as before yields

Jﬁ dx ﬁ\[‘ 2(ou -~ a - u?)au , , , N (ak)
X+ecx+ d (v - Eu)l:n -1l + (b -2)u+ (@b -~ & - ac)]

Now seperate the right hend side of equation (A4) into partial

fractions to obtain

. ax = lj.E du
J:_};:+cx+d L4+ cyb - 2u

e F u_du
l+chl(¢..1)+u(b~9d)+(Ol'"a"ac)]

n
2 du (a5)

1+ctﬁe(c-1);u(b- a)+(db-a-a<,)]

The first term may be integrated by inspection, and the second temm

may be integrated by item 72 of refevence 14 to give



-1

= g in(b - 2u)

Q""?
&

A+ o+ 4

(a6)

cc o« 1L
_ e - ,Jaj ; du -
% - 1 i-uE(c = 1) + ulb -2d) + (db - & - 8‘(’)]

The remaining integrel may

refevence 14 to yileld

-1

N

ax
- 1T+ o
\/.,\T-s- cx+d4 ~*T°¢

b e ln[‘(c -

aln - 2u)

#

&)
cs - 1
- Bs = 2d g

2 -1 lq

where q

Now

. :. Mndd
l],/l; + oM+ 4 o

be evaluated by means of item 67 of

l)+u(b-2d)+(db-a-—as)]

wn‘li‘(“ - )u

has the same meaning as in

¢ return eguation (A7) o the

(a7)

. a“

».‘

J2 |
equations (42) and (23).

criginal variable x, resulting in

+ " - 'n[(f"- - %)%(c - 1)

+ (\;r: - }L)(b

Sbe =24 2 gan-l
c - 1 /tj_

Note that
(JX - x)=(e

= (b + #x -

w4

AJR)(VX +

50 that the logarithmic

- 22) + (éb - & - acﬂ

c,(‘, - T - %) + b - ,u_[ (a8)

= 1)+ (X - x)(o -

PR
Loah

terng of

T J

V4

24 + (db - & - ac)

ool
~—t
-

+

squation (A8) may be combined to yield
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L

— dx = ”c in [—[ + ox + 6:J + -—j-l—»--- :'.z:[o + ax - 2 ‘;{'
JK + cx + & - - 1 R

+ G ce - 1 ¢ - L

b o202 geutfe s DOX-x) s b - 2al (22)
e” -] \/q \!/(_3‘ J

The presence of the logarithmic terms in equation (49) occasions
imaginary values for the integral if either (X + ox + &) or
(b + 2x - 2/}?) is negative. Providsd that these terms are monotorically
negative, this rcesult may be avolded as fclilows:

Rewrite squaticn (43) as

n .
| ax O f? du
Y+ oex + d + CJ’“U‘ - b
Ze [ERRAY

1L+c [92(1 -e) + u(8d - b) - (80 - & - ac)]

= . .gu e o (120)
B lyd(c = 1)+ oulb - 2d) + (3 - = - &c)}

Integration, as before, of the first two terms resulis in

- = in(zu - b)
J}i+c*'+d L+ec

!

+ -2;9—-~ ln[:e(l -e)+ ul2d -b) - (db - a - aeﬂ
<

he - 2d A

22 - 1 J [u:-)(c - 1) +ulb -23)+ (ab - a - ac)]

(a11)
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Comparison of equaticns (46) and {Al1l) indicates that the only dif-
ference is & reversal in sign of the arguments of the logerithmic terms.
Therefore, as long as these arguments are monotonically either positive

or negative, the final expression may be written as

[ ax = S ln.f§.+ cx + d' T— ln'b + 2% - e[if
JJ§-+ ex + d e® - 1 e? .1
Jbe =23 2 4120 - 1)K - x) + b - 2a , (812)
¢? -1 Ja 2 Ja -

where, again, g = 4db(e -« 1) + 4a(l - c2) - (b = Ed)g.



TABLE I

LIMITING VALUES OF ARC TANGENT IN EQUATION 22

Azimuth angle, Arc tangent
Location of
degrees radians
0 + X
y:z:o 2
180 0
90 X -Z
X = 2 =
270 0




CALCULATED VALUES OF INDUCED=—-VELOCITY RATIO, w/wo, IN THE LATERAL PLANE

TABLE 1II.

OF A ROTOR WITH UNIT SINE ¥ VORTICITY, ¥ = TaN"! 2 = 63.43°,

<

Values of w/wo for 2! of =

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.85 0.9 0.95 1.0 1.05 1.1
0 0 0 0 0 0 0 0 0 0 0 0 0 o} 0 0
.1 271l 3027 L1732 | .1131| .o781| .0552| .039% | .0281| .0201 | .0169 | .olk2| .0119 | .0100| .0083 | .0069
.2 3651 | 4522 f L3014 | .2079| .1467| .1047| .0750| .0537| .0383 | .0322| .0271| .0227| .0190 | .0158 | .0130
3 ATk 3856 | .27781 .2002 | .14k2| .1037| .OT43| .0530 oss6 | .0375| .0313| .0261| .0217 | .0179
b 5688 | .5146 | 4390 | .3237| .2361| .1711| .1233| .0884| .0629 | .0529 | .Ok43| .0370 | .0308  .0254 | .0209
.5 6634 | .5556 | 4691 | .3uT4| .2538| .1838| .1323| .o9u6 | .0672 | .0%6k| .OWTL) .0392 | .0325 | .0267 | .0217
.6 .7319 | .5956 | .u765| .3483| .2520| .1814| .1300| .0927| .0655 | .054T| .O456( .0377 [ .0310| .0252 | .0202
T .7929| .6078| .4552 | .3226| .2293 | .1635| .1165| .0826| .0579 | .OMBL| .0397| .0326 | .0264 | .0210 | .0165
.8 L850k | .5953 | .3899 | .2643| .1845| .1307| .0929 | .0654| .oks2 | .0372| .0302| .02k2 | .0191| .0146 | .0107
85| .8000| .sh21| .3329| .2216( .15h4| .1097| .0779| .0SW7 | .O374 | .0304 | .02hhk | .0191 [ .OLL6 [ .0106 | .0072
.9 L9172 | .53 | .2557| .1704| .1203| .0863 | .0615| .ok29 | .0288 0230 [ .0179| .0135| .0096 | .0063 | .0033
95| .9409| .2760| .1598| .1131| .0835 | .061k | .04kl | .030L| .0196 0151 | .o110| .0075 | .ookk | .0016 |-.0008
1.0 .0324 | .0548 | .0540| .0460 | .0%361| .0264 | .0L76| .0LOL 0068 | .0039| .0012 | -.001l1 | -.0032 | -.0051
1.05 -.1855 | -.0428 | -.0023 | .0098 | .0113| .0088| .oOk7| .0005 |-.0015 | -.0034 | -.0052 | -.0068 | -.0082 | -.0096
1.1 | -.7436 | -.2990 | -.1190 | -.0513 | -.023k4 | -.0120 | -.0082 | -.0078 | -.0090 | -.0098 | -.0107 | -.0116 | -.0125 | -.0133 | -.0lL1l
1.15 | -.6183 | -.3374 | -.1703 | -.0907 | -.0522 | -.0333 | -.0240 | -.0198 | -.0182 | -.0179 | -.0178 | -.0LT9 | -.0181 | -.0183 | -.0186
1.2 | -.5298 | -.3407 | -.2006 | -.1203 | -.0762 | -.0519 | -.0384 | -.0310 | -.0269 | -.0257 [ -.0247 | ~.0241 | -.0236 | -.0232 | -.0230
1.3 | -.41%0 | -.3138 | -.2221 | -.1548 | -.1099 | -.0810 | -.0624 | -.050k | -.0426 | -.0398 | -.037k | -.0355 | -.0339 | -.0326 |-.0315
1.4 | -.3392| -.2797 | -.2189 | -.1675 | -.1283 | -.0999 | -.0798 | -.0656 | -.0556 | -.05L7 | -.0483 | -.0455 | -.0431 [ -.0410 | -.0391
1.6 | -.2513 | -.2239 | -.1938 | -.1645 | -.1384 | -.1165 | -.0986 | -.084k4 | -.0731 | -.0684 | -.0642 | -.0605 | -.0572 | ~.0542 | -.0515
1.8 | -.2008| -.1854 | -.1682 | -.1504 { -.1334 | -.1177 | -.1038 | -.0919 | -.0817 | -.07T2 | -.0731 | -.0693 | -.0658 | -.0627 | -.0597
2.0 | -.1679| -.1582 | -.1472 | -.1357 | -.1241 | -.1129 | -.1025 | -.0930 [ -.0845 | -.0806 | -.0769 | -.0T35 | -.0703 | -.0673 -.0645
2.5 | -.1204 | -.1162 | -.1116 | -.1065 | -.1013 | -.0959 | -.0906 | -.0854 | -.0803 | -.0779 | -.0755 | -.0732 | -.0710 | -.0688 | -.0667
3,0 | -.0047 | -:0924 | -.0899 | -.0871 | -.0842 | -.0812 | -.0781 | -.0750 | -.0720 | -.07O4 | ~.0689 | -.067k { -.0659 | ~.0645 | -.0630
3.5 | -.0784| -.0770 [ -.075% | -.0737 | -.0729 | -.0700 | ~.0680 | -.0660 | -.0640 | -.0630 | -.0619 | -.0609 | -.0599 | -.0589 | -.0579
4.0 | -.067L| -.0661 | -.0650 | -.0639 | -.0626 | -.0613 | -.0600 | -.0586 | -.0572 | -.0565 | -.0557 | -.0550 [ -.0543 | -.0536 | -.0529
4.5 | -.0588| -.0580 | -.0572 | -.056k | -.0555 | -.0545 | -.0536 | -.0526 | -.0515 | ~.0510 | -.0505 | -.0499 | -.04Ok | -.0489 | -.0483
5.0 | -.0523 | -.0518 | -.0511 | -.0505 | -.0498 | -.0491 | -.048Y | -.0476 | -.0468 | -.0U6L | ~.0460 | ~.0456 | -.0452 | -.04LB | -.OkLk
5.5 | -.0472 | -.0467 | -.0463 | -.0457 [ -.0452 | -.OLT | -.OLL | -.0435 | -.0429 | -.0425 | -.0422 | -.0419 | -.0L16 | -.0413 |-.0409
6.0 | -.0430 | ~.0426 | -.0422 | -.0418 | -.041k | -.0409 | -.0405 | -.0400 | -.0395 | -.0393 | -.0390 | -.0387 | -.0385 | -.0382 | -.0380

.,'[g..



TABLE 1II.

CONTINUED.

Values of w/wo for z! of =

<

o
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n

| I R T B R R I R |
e e e e e e s e ®

| I D D B U B R R |
o o e e o s e e

MHHKEHFHP P

DA
I T IR R B B
o e e e e

.O\\RU'I FFEFOUWND
.

1.2 1.3 1.4 1.6 1.8 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
0 0 0 0 0 0 0 0 0 0 0 0 (o]

0046 | .0029 | .0017 | .0002 | -.0006 | -.0010 | -.0012 | -.0011 | -.0010 | -.0008 | -.0007 | -.0006 | -.0005 | -.000k4
.0087 | .0055 | .00%32 | .0003 | -.0013 | -.0020 | -.0025.| -.0023 | -.0019 [ -.0016 | -.001k | -.0012 | -.0010 | -.0009
.0118 | .0O74 | .0042 [ O -.0021 | -.0032 | -.0038 | -.0034 | -.0029 | -.002k4 | -.0021 | -.001T | -.0015 | -.0013
.0136 | .008% | .004k | -.0006 | -.0031 | ~.00k4 | -.0051 | -.00L46 | -.0039 | -.0033 | -.0027 | -.0023 | -.0020 | -.0017
.0138 | .0080 | .0037 | -.0016 | -.00kk4 | -.0058 | -.006k | -.0057 [ -.0049 | -.0041 | -.003k | -.0029 | -.0025 | -.0021
0123 | .0065 | .0022 | -.0032 | -.0060 | -.0074 | -.0078 | -.0069 | -.0058 | -.0049 | -.00k1 | -.0035 | -.0029 | -.0025
.009L | .0037 | -.0003 | -.0053 | -.0079 | -.0091 | -.0092 | -.0080 | -.0068 | -.0057 | -.0048 | -.00L0 | -.003k | -.0030
004k | -.0002 | -.0036 | -.0079 | -.0101 | -.0110 | -.0106 | -.0092 | -.0077 | -.0065 | -.0054 | -.0046 [ -.0039 | -.003k
.0016 | -.0025 | -.0056 | -.009% | -.0113 | -.0120 | -.0114 | -.0098 | -.0082 | -.0068 | -.0057 | -.0049 | -.004L -.0036
.00L% | -.0050 | -.0077 | -.0110 | -.0125 | -.0130 | -.0121 | -.010k4 | -.0087 | -.0072 | -.0061 | -.0051 | -.00kk4 -.0038
.0047 | -.0077 | -.0099 | -.0126 | -.0138 | -.0140 | -.0129 | -.0110 | -.009L | -.0076 | -.006k | -.005k -.00L46 | -.0040
.0082 | -.0105 | -.0122 | -.0143 | -.0151 | -.0151 | -.0136 | -.0115 | -.0096 | -.0080 [ -.0067 | -.0057 | -.00k9 | -.00k2
0117 | -.0134 | -.0146 | -.0160 | -.016k | -.0162 | -.0Lkk [ -.0121 | -.0101 | -.0084 | -.0070 -.0060 | -.0051 | -.00k44
0154 | -.0164 | -.0171 | -.0178 | -.0178 | -.0173 | -.0151 | -.0127 | -.0105 -.0088 | -.00Tk | -.0062 | -.0053 | -.0046
0190 | -.0194 | -.0196 | -.0196 | -.0192 | -.0184 | -.0159 | -.0133 | -.0110 | -.0091 | -.007T | -.0065 | -.0055 -.0048
0226 | -.0224 | -.0221 | -.0215 | -.0206 | -.0196 | -.0166 | -.0138 | -.0114 | -.0095 | -.0080 | -.0068 | -.0058 | -.0050
0296 | -.0282 | -.0271 | -.0251 | -.0234 | -.0218 | -.0181 | -.0149 [ -.0123 | -.0103 | -.0086 | -.0073 -.0062 | -.0054
0361 | -.0337 | -.0318 | -.0286 | -.0262 | -.0240 | -.0196 | -.0160 | ~-.0132 | -.0110 [ -.0092 | -.0078 -.0067 | -.0058
0469 | -.0431 | -.0k0L | -.0351 | -.0313 | -.0282 | -.0224 | -.0182 | -.01L9 | -.0L2k | -.0104 | -.0088 | -.0075 -.0065
0546 | -.0502 | -.0465 | -.040k [ -.0357 | -.0320 | -.0250 | -.0201 | -.0165 | -.0137 [ -.0L15 -.0098 | -.0084 | -.0073
0594 | -.0549 | -.0510 | -.04l45 | -.0393 | -.0351 | -.0273 | -.0219 | -.0180 | -.0149 -.0126 | -.0107 | -.0092 | -.0080
0628 | -.0591 | -.0557 | -.049T | -.0445 | -.040L [ -.0317 | -.0256 | -.0211 | -.0L76 | -.0149 -.0128| -.0110 | -.0096
0602 | -.0575 | -.0549 | -.0501 | -.0458 | -.0420 | -.0340 | -.0280 | -.023k | -.0197 | -.0168 | -.0145 | -.0126 | -.0L10
0559 | -.0539 | -.0520 | -.0484 | -.0450 | -.0418 | -.03L49 | -.0293 -.0248 | -.0212 | -.0183 | -.0159 | -.0139 | -.0122
051k | -.0500 | -.0485 | -.0457 | -.0430 | -.0405 | -.034T | -.0298 | -.0256 | -.0222 | -.0193 { -.0170 -.0149 [ -.0132
o472 | -.0461 | -.0u51 | -.0429 | -.0408 [ -.0387 | -.0339 | -.0296 | -.0259 | -.0227 | -.0200 | -.OL7T | -.0157

o435 | -.0427 | -.0418 | -.0401 | -.038k4 | -.0368 | -.0328 | -.0291 [ -.0258 | -.0229 -.0204 | -.0182| -.0163

0403 | -.0396 | -.0389 | -.0375| -.0362 | -.0348 | -.0315| -.0283 | -.0255 | -.0229 | -.0205 -.0185| -.0167

L0374 | -.0369 | -.0363 | -.0352 | -.0341 | -.0329 | -.0301 | -.0274 | -.0249 -.0226 | -.0205 | -.0186 | -.0169




TABLE 1II.

CONTINUED.

values of w/wo for zt! of =
yl
-0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.85| -0.9 -0.95 | -1.0 -1.05| -1.1
0 o] 0 0 0 0 0 0 o] 0 0 0 0 0 0
.1 .2515 2682 | .3024% | .3817 | .4065 | .1022 | .0729 | .0520 | .0438 | .0368 | .0309 | .0258 | .0215| .0178
.2 koot L7kl | 05196 | L6756 | L5734 | .1881 | .1346 | .0960 | -.0809 | .0679 [ .0569 | .OLT5| .039% | .0325
.3 .5289 6446 | .7508 | .8489 | .6103 | .2u56 | .1761 | .1255| .1055| .0885|( .0739 | .0615| .0508 | .04l7
b .6808 7792 | .8936 | .9731 | .5436 | .2674 | .1914 | .1358 | .1139 | .0951 | .O791 L0654 | .0536 | .0L36
.5 .TT49 .8878 |1.0095 | 1.1237 | k726 | .2497 | .1775| .1249 | .102| .0864 | .0712 | .0581 .0k69 | .0372
.6 .8856 | 1.0345 [1.1631 | .7722 | .3263 | .1927 | .1355| .0937 | .O772 L0630 | .0507 | .0401 | .0309 | .0230
.7 .9900 | 1.1719 {1.2995| .3081 | .1461 | .1022 [ .0703 | .OM61 | .0363 | .0276 | .0200 | .0133 | .007k | .0022
.8 1.1419 | 1.3475| .9592 | -.0214 |-.0127 |-.0080 |-.0083 [-.0112 |-.0131 | -.0151 | -.0172 |~-.0192 | -.0211 | -.0229
85| 1.2471 | 1.4613 |-.2529 | -.1488 | -.0936 | -.0641 |-.0486 | -.0L09 | -.0388 | -.0375 -.0367 | -.036k | -.0362 | -.0363
.9 1.3918 | 1.4277 | -.4302 | -.2602 | -.1685 | -.1170 | -.0873 | -.0699 | -.0641 | -.0596 | -.0562 | -.0535 -.0514 | -.0498
.95 | 1.5736 | -1.0695 | -.5666 | -.3502 | -.2327 | -.1643 |-.1229 | -.0972 | -.0881 ~.0808 | -.0749 | -.0702 | -.0663 | -.0631
1.0 | -1.7285 | -1.0493 | -.6372 | -.k131 [ -.2833 | -.2043 | -.15kk | -.1220 | -.1102 | -.1006 -.0926 | -.0860 | -.0805 | -.0759
1.05 | -1.3487 | -.9712 | -.6536 | -.4489 [-.3194 | -.2359 |-.1809 | -.1439 | -.1300 | -.1185 -.1088 | -.1007 | -.0938 | -.0880
1.1 | -1.0108 | -.8508 | -.6331 | -.4618 |-.3417 | -.2592 | -.2022 | -.1624 | -.1471 | -.13k2 | -.1233 | -.1140 | -.1060 | -.0991
1.15| -.7951 | -.7368 | -.5932 | -.4579 | -.3523 | -.2746 | -.2183 | -.1775 | -.1615 | =.14TT | -.1359 | -.1257 -.1169 | -.1092
1.2 -.6528 | -.6375 | -.5463 | -. 4431 | -.3539 | -.2834 | -.2297 | -.1893 | -.1T730 -.1588 | -.1465 | -.1358 | -.1264 | -.1182
1.3 ~.4807 | -.491k |-.4558 | -.3990 | -.330k | -.2856 | -.240k | -.20%8 | -.1883 | -.17uk -.1621 | -.1511 | -.1413 | -.1325
1.4 -.3815 | -.3954 |-.3824 | -.3519 [-.3138 | -.2752 | -.2397 -.2086 | -.1949 | -.1824 | -.1709 | -.160k | -.1509 | -.1423
1.6 2719 | -.2827 | -.28%1 | -.274k | -.2594 | -.2407 | -.2207 | -.2010 | -.1915 | -.1824 | -.1737 -.1655 | -.1577 | -. 1504
1.8 ~.2128 | -.2203 | -.2230 | ~.2211 |-.2151 | -.2062 | -.1954 | -.1836 | ~.1776 | -.1715 | -.1656 | -.1597 | -.1539 -. 1484
2.0 -.1757 | -.1811 |-.1840 | -.1842 | -.1820 | -.1777 | -.1719 | -.1649 | -.1611 | -.1573 | -.1533 -.1493 | -.1452 | -.1412
2.5 -.1239 | -.1267 | -.1287 | -.1299 |-.1302 | -.1297 | -.128k4 | -.1266 |-.1254 | -.12k1 | -.1227 | -.1212 -.1196 | -.1180
3.0 -.0967 | ~-.098%4 | -.0998 | -.1007 | -.1013 | -.1016 | -.1015 | -.1010 | -.1007 | -.1002 | -.0997 | -.0992 -.0985 [ -.0979
3.5 -.0797 | -.0809 |-.0818 | -.0826 |-.0832 | -.0836 | -.0837 | ~.0837 | -.0837 | -.0835 | -.083k4 -.0832 | -.0829 | -.0826
k.0 ~.0680 | -.0689 | -.0696 | -.0702 | -.0707 | -.0711 [ -.0713 | -.0715 | -.0715 | -.0715 | -.0715 | -.071k | -.0713 | -.0712
k.5 -.0595 | -.060L | -.0606 | -.0611 |-.0615 | -.0619 | -.0621 | -.0623 | -.062k4 -.062h | -.0625 | -.0625 | -.0625 | -.0624
5.0 -.0529 | -.0534 | -.0538 | -.0542 | -.0545 | -.0548 | -.0551 | -.0553 | =.0553 -.0554 | -.0555 | -.0555 | -.0555 | -.0555
5.5 -.0476 | -.0480 | -.0uBY | -.048T [ -.0490 | -.0493 | -.0k95 | -.049T | -.0L9T -.0498 | -.0499 | -.0499 | -.0500 | -.0500
6.0 ~.0L34 | -.0437 | -.0LkO | -.0uk3 [ -.0445 | -.OLLT | -.0kkg | - 051 | -. 0452 [ -.0453 | ~.0453 -.045k [ -.045k | -.0L55

\J

o



TABLE 1II.

CONCLUDED .

Values of w/wy for z! of =

yl
-1.15| -1l.2 -1.3 1.k -1.6 -1.8 -2.0 -2.5 -3.0 -3.5 -k.0 4.5 -5.0 -5.5 -6.0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
.1 L0146 | .0119| .0076| .00MS| .0005 |-.0016 | -.0026 | -.0033 | -.0030 | -.0025 | -.0021 | -.0018 | -.0015 | -.0013 | -.0011
.2 .0266 | .0216( .0136 | .0078| .000k | -.0035 | -.0054 | -.0066 | -.0060 | -.0051 | -.00L43 | -.0036 | -.0030 | -.0026 | -.0022
.3 .0339 | .0273| .0167| .0089 |-.0009 |~.0061 | -.0086 | -.0100 | -.0090 -.006k4 | -.0054 | -.0045 | -.0039 | -.0033
i L0349 | .0275| .0158 | .0071|-.0038 | ~.0095 | -.0123 | -.0135 | -.0120 | -.0102 | -.0085 | -.0071 | -.0060 | -.0052 | -.00kk
.5 .0289 | .0218| .010% | .0021 |-.0085 |-.0140 | -.0165 | -.0171 | -.0150 | -.0127 | -.0106 | -.0089 | -.0075 | -.0064 | -.0055
.6 .0162 | .0103| .0008 | -.0062 | -.0151 |-.0195 | -.0213 | -.0209 | -.0181 | -.0152 | -.0127 | -.0106 | -.0090 | -.007T | -.0066
.7 | -.0023 | -.0062 | -.0126 | -.0173 | -.0232 | -.0259 | -.0267 | -.02LT | -.0211 | -.0177 | -.0147 | -.0124 | -.0105 | -.0089 | -.0077
.8 | -.0246 | -.0261 | -.0286 | -.0%0k | -.0326 | -.0331 | -.0325 | -.0287 | -.0242 | -.0201 | -.0168 | -.0141 | -.0119 | -.0L02 | -.0088
.85 -.0365{ -.0367 | -.0372 { -.0375 | -.0376 | -.0368 | -.0355 | -.0307 | -.0257 | =.021% | -.0177 | -.0149 | -.0126 | -.0108 | -.0093
.9 | -.0485 | -.0k75| ~.0k59 | -.0kLT | -.0k2T | -.0kOT | -.0385 | -.0327 | -.0272 | -.0225 | -.0187 | -.0157 | -.0133 | -.0114 | -.0098
.95| -.060k | -.0582 | -.0547 | -.0520 | -.0479 | -.0bL6 | -.O416 | -.03LT | -.0287 | -.0237 | -.0197 | -.0165 | -.0140 | -.0120 | -.0103
1.0 | -.0720 | -.0687 | -.0633 | -.0592 | -.0531 | -.0485 | -.0ukT [ -.0367 | -.0302 | =.0249 | ~.0207 | -.0173 | -.OL4T | -.0126 | -.0108
1.05| -.0830 | -.0787 | -.0716 | -.0662 | -.0582 | -.0524 | -.0L78 | -.0387 | -.0316 | -.0260 | -.0216 | -.0181 | -.015%4 | -.0131 [ -.0113
1.1 | -.0932 | -.0881 | ~.0796 | -.0729 | -.0632 | -.0562 | -.0508 | -.0406 | -.0331 | -.0272 | -.0226 | -.0189 | -.0160 | -.0137 | -.0118
1.15| -.1026 | -.0967 | -.0870 | -.0793 | -.0680 | -.0600 | -.0538 | -.0426 | -.0345 | -.0283 | -.0235 | -.0197 | -.0167 | -.01k3 | -.0123
1.2 | -.1109 | -.1046 | -.0939 | -.0853 | -.0726 | -.0636 | -.0567 | -.Oukk | -.0359 | -.029L | -.024L | ~.0205 | -.0LTh | -.01L49 | -.0128
1.3 | -.1247 | -.1176 | -.1056 | -.0958 | -.0810 | -.0703 | -.0622 | -.0481 | -.0386 | -.0316 | -.0262 | -.0220 | -.0186 | -.0160 | -.0138
1.4 | -.1343 | -.1272 | -.1147 | -.1043 | -.0881 | -.0763 | -.0672 | =.0515 | -.0L12 | -.0336 | -.0279 | -.0234 | -.0199 | -.0171 | -.0148
1.6 | -.1435 | =.1371| -.1254 | -.1152 | -.0985 |-.0856 | -.0754 | -.0576 | -.0459 | -.0375 | -.0311 | ~.0262 | -.0223 | -.0191 | -.0166
1.8 | -.1430 | -.1378 | -.1281 | -.1192 | -.1039 | -.091k4 | -.0811 | -.0625 | -.0L99 | -.0408 | -.0340 | -.0287 | -.0245 | -.0211 | -.0183
2.0 | -.1372 | -.1333 | -.1257 | -.1185 | -.1054 | -.0041 | -.0845 | -.0660 | -.0531 | -.0437 | -.0366 | -.0310 | -.0265 | -.0229 | -.0199
2.5 | -.1162 | -.1145 | -.1108 | -.1070 | -.099%4 | -.0920 | -.0851 | -.0700 | -.0581 | -.0u88 | -.0k1k | ~.0355 | -.0307 | -.0268 | -.0235
3.0 | -.0971 | -.0963 | -.0946 | -.0927 | -.088 |-.0842 | -.0797 | -.0689 | -.0592 | -.0510 | -.0kk2 | -.0385 | -.0337 | -.0297 | -.0263
3.5 | -.0823 | -.0820 | -.0811 | -.0802 | -.0780 | -.0754 | -.0726 | -.0652 | -.0579 | -.0512 | -.0k52 | -.0LOO | -.0355 | -.0316 | -.0283
4.0 | -.0o711 | -.0709 | -.0705 | -.0700 | -.0688 |-.0673 | -.0656 | -.0606 | -.0553 | -.0500 | -.0450 | -.0405 | -.0364 | -.0328 | -.0296
4.5 | -.0624 | -.0623 | -.0622 | -.0619 | - 0613 |-.060k | -.0593 | -.0560 |~.0521 | -.04BO | -.0L4O | -.0402 [ -.0366 | -.033h4 | -.030L
5.0 | -.0555 | =.0555 | =.0555 | -.055k | -.0550 | -.0545 | -.0538 | -.0516 | -.04B8 | -.0L57 | -.0k25 | -.0393 | =.0362 | -.0334 | -.0307
5.5 | -.0500 | -.0500 | -.0500 | -.0500 | -.0498 |-.0495 | -.0k9L | -.OLTE | -.0k56 | -.0432 [ -.04OT | ~.038L | -.0355 | -.0330 -.0306
6.0 | -.0u55| -.0455| -.0456 | -.0456 | -.0455 | -.0453 [ -.0L5L [ -.0kk1 | -.0k26 | ~.0408 | -.0388 | -.0366 | -.0345 | -.032k | -.0303




CALCULATED VALUES

OF INDUCED—VELOCITY RATIO,

TABLE 1III,

w/wo N

IN THE LATERAL PLANE

OF A ROTOR WITH UNIT SINE ¥ VORTICITY, x = TAN‘l 4 = 75,97°,
Values of w/wg for z! of -

yl

o] 0.05 0.1 0.15| 0.2 0.25 0.3 0.k 0.5 0.6 0.7 0.8 0.85 0.9 0.95 1.00
0 0 o} 0 0 0 0 0 0 0 0 0 0 0 0 0 0
.1 ot | .2913| .3486| .2587| .2009| .1609| .1314| .0908 L0642 | .o458| .0%27| .0234| .0196| .0166| .0139| .0116
.2 4589 | .4203| .hozg| .u213 | .3470| :2879| .2kok| .1699| .1214| .0870| .0622| .Ohk3) .037h| .031h4 L0263 | .0220
.3 5932 | .5335| .4866| 4657 | .hho7| .3752| .3190( .2305| .1661) .1195 .0857| .0611| .051k | .ok32| .0%361| .030L
A .6055| .6305| .5746| .5192 | .4o84| .h2g7| .3689| .2696]| .1955| .1409| .1010( .0719 L0604 | .0506| .0423| .0352
.5 .7780| .7029| .6197| .5571| .5286| .us6h| .3921| .2865| .2075| .1493 .1068| .o758] .0636| .0531| .osk1| .0365
.6 .8u82| .7560| .6599| .5907 | .5317| .4548) .3876 2799 | .2011| .1440) .1026| .0723| .060k| .0502]| .Ok15| .0340
T L9216 .79%2| .6769| .5772| .4986] .h1T7| .3502 24751 .1935| .1251] .0885] .0619| .0513| .ok23| .0344| .0278
.8 .9788| .79%0| .6281| .5109 | .k0OB7T| .3313| .2720 1883 | .1330] .o9k3| .0662| .ok55| .0372| .0%00| .0238| .0183
.85| 1.0054 | .7546| .s602| .4283 | .3320| .2649( .2159 k95| .1060| .o752| .0526| .0355| .0286| .0225| .0173| .0127
.9 | 1.0330| .6648| .4336| .3037| .2910| .1825| .1k99 1062 .o766| .osh7| .0378| 62u8) .0193| .0lL5| .0102| .0065
.95| 1.0600| .4015| .1966( .1315 1041| .0886| .O777 0604k | .ok59| .0333| .0225| .0134| .0095| .0060| .0028| .0001
1.0 ~.2800| -.1340| -.0659 | -.0289| -.0076 | .00k6 ows6| .o151| .o117| .0068| .0018] -.0006 | -.0027 | ~.0048 | -.0067
1.05{-1.5380 | -.7640 | -.3987 [ -.2334 [ -.1456 | -.09k2 | -.0622 | -.0284 | -.0LkY | .00k -.0087 | -.0098 | -.0106 | -.0116 | -.0125 | -.0135
1.1 f-1.0631 | -.7591 | -.4999 | -.3331 | -.2289 | -.1620 | -.107T | -.0666 | -.0416 | -.0293 [ -.0235 | -.0210 -.0204 | -.0202 | -.0203 | -.0203
1.15| -.8191| -.6663 | -.504k4 | -.3731 | -.2770| -.2084 | -.1504 -.0986 | -.0657 | -.0476 | -.03Tk | -.0318 | -.0300 | -.0287 | -.027T | -.0270
1.2 | -.6683 ] -.5788] -.h7u7| -.3782 | -.2984 | -.2359 | -.1880 | -.1237 -.0861 | -.0637| -.0501 | -.0419 | -.0390 | -.0367 | -.0349 | -.0335
1.3 | -.4905 -.4008 -.2981 -.2149 | -.1559 | -.1161 | -.0895 | -.0717 | -.0596 | -.0550 | -.0512 [ -.04kBO | -.0k53
1.4 | -.3886 -.3388 -.2763 ~.2176 | -.1697] -.1335 | -.1069 | -.0876 | -.0735 | -.0680 | -.0632 | -.0592 | -.0556
1.6 | -.2761 -.2554 -.2278 -.1979 | -.1692| -.1439 | -.1226 | -.1052 | -.0910 | -.0850 | -.0797 | -.0749 | -.0706
1.8 | -.2154 -.2045 -.1899 -.1730 | -.1557 | -.1390 | -.1236 | -.1099 | -.0980 | -.0926 | -.0877 | -.0831 | -.0790
2.0 | -.1774 -.1708 -.1620 -.1516 | -.1406 | -.129% | -.1180| -.1081 | -.0986 | -.0942 | -.0901 | -.0862 | -.0824
2.5 | -.1246 -.1219 -.1185 .14 | -.1099 | -.1050 | -.0999 | -.0949 | -.0898 | -.0873 | -.0849{ -.0825 | -.0801
3.0 | -.0969 -.0955 -.0938 -.0917 | -.089% | ~.0868 | -.0841} -.0813 | -.0784 | -.0770 | -.0755 | -.0T40 | -.0726
3.5 | -.0798 -.0789 -.0778 -.0766 | -.0752 | -.0737 | -.0720 | -.0704 | -.0686 | -.0676 | -.0667 | -.0658 | .-.0648
4.0 | -.0680 -.0674 -.0667 -.0659 | -.0649 | -.0640 | -.0629 | -.0618 | -.0605 | -.0599 | -.0594 | -.0586 | -.0580
4.5 | -.0593 -.0590 -.0584 -.0579 | -.0573 | -.0565 | -.0557 | -.0550 | -.0541 | -.0536 | -.0532 | -.0527 | -.0523
5.0 { -.0527 -.052k4 -.0520 -.0516 | -.0511 | -.0506 | -.0501 | -.0kok | -.0488 | -.0u85 [ -.0u82 | -.0LT8 | -.0LT5
5.5 | -.0475 -.04T72 -.0k70 ~.0467 | -.0463 | -.0459 | -.0u54 | ~.0L50 | —.OLL5 | -.OLL3 | - .OLLO | -.0437 | -.0435
6.0 | -.0432 ~.0430 -.0428 -.0426 | -.0u23 | -.0420 | -.0416 | -.0412 | -.0409 | ~.0kO6 | -.0LO5 | -.0403 | -.04O0L




TABLE III.

CONTINUED.

values of W/WO for z' of =

yl
1.05 1.1 | 1.15 1.2 1.3 1.4 1.6 1.8 2.0 2.5 3.0 3.5 4.0 k.5 5.0 5.5 6.0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
.1 .0096| .0080| .0065| .0054| .0034 | .0020| .0003| -.0007 |-.0012| -.0014| -.0013| -.0011| -.0010} -.0008| -.0007 [ -.0005| -.0005
.2 .0182] .0151| .0123| .0100| .0064 | .0038| .0003 | -.0015|-.0024 | -.0029| -.0027| -.0023 | -.0019| -.0016{ -.0013 | -.0012| -.0010
.3 .0250| .0206| .0168| .0136| .0085| .0O4T -.0025 | -.0037 | -.004k4 | -.0040| -.003k4 [ -.0028| -.0024 | -.0020 | -.0017| -.001k
R .0290| .0238| .0193| .0155| .0094 | .00L9| -.0008 | -.0037 | -.0052 [ -.0060| -.0053 | -.00L45 | -.0038| -.0032| -.0027 | -.0023| -.0020
.5+ .0299| .o2k3| .0195| .0154| .0088| .0039| -.0021} -.0053 | -.0068 | -.0075| -.0067 | -.0057 | -.004T| -.0039| -.0033 | -.0028 | ~.0024
.6 .0276] .0220| .o173| .0132| .0067| .0019| -.0041| -.0072 | -.0087 | -.0092| -.0081| -.0068 | -.0057| -.0048| -.0040 | -.003k | -.0030
7 .0220| .or7o| .o127) .o0091| .0032|-.0012| -.0067| -.0095 | -.0107 | -.0107| -.0093 | -.0079 | ~.0066| -.0056 | -.0Ck7 | -.0039 | -.0035
.8 .0137| .0096| .0061| .0031| -.0017|-.0053| -.0099 | -.0121 | -.0130 | -.0124 | -.0108 | -.0090 | -.0075| -.0063 | -.0054 [ -.0045] -.0039
.85| .0087| .0052| .0022| -.0004| -.0047 | -.0077| -.0116| -.0135 [ -.0141 | -.0133| -.011k | -.0096 [ -.0080| -.0067 | -.0057 | -.0048| -.00k2
.9 .0033| .000k4 | -.0020| -.00k2| -.0078 | -.0104 [ -.0136 | -.0150 | -.0154 | -.0142{ -.0121| -.0101 | -.0084 [ -.007L| -.0059 [ -.0051| -.00L3
.95| -.002k4 | -.0046 | -.0066 | -.0083| -.0110 | -.0131| ~.0155| -.0165 | -.0166 | -.0150| -.0127 | -.0106 | -.0089| -.007h4 | -.0063 | -.0054 [ -.0046
1.0 | -.0083| -.0100| -.0113| -.0125( -.014k | -.0159 | -.0176 | -.0181 | -.0L79 | -.0159 | -.013k4 [ -.0112 | -.009k4 | -.0078 | -.0066 | -.0057| -.0049
1.05| -.0145]| -.0153 | -.0161| -.0168| -.0179 [ -.0188| -.0197 | -.0197 | -.0191 | -.0168| -.0141 | -.0117 | -.0097 | -.0082 | -.0069 | -.0059 | -.0051
1.1 | -.020k| -.0207| -.0209| -.0212} -.0216 | -.0217| -.0218 | -.0213 | -.0205 | -.0L76| -.0148 | -.0123 | -.0102| -.0085| -.0072| -.0062| -.0054
1.15| -.0265| -.0261| -.0258 | -.0273| -.0252 | -.0247| -.0240 | -.0230 | -.0218 | -.0186| -.015k4 | -.0128 | -.0106 | -.0089 | -.0075| -.0065| -.0055
1.2 | -.0%23| -.0313| -.0304 | -.0298| -.0287 | -.0277 | -.0262| -.0247 | -.0232 | -.0195| -.0161 | -.013k4 | -.0110| -.0093 | -.0079 | -.0067 | -.0058
1.3 | -.0431| -.0k11| -.0394 | -.0380| -.0355 | -.0336| -.0304 | -.0280 | -.0258 | -.0212{ -.017h | -.0143 | -.0120 | -.0100 | -.0084 [ -.0072 | -.0063
1.k | -.0525] -.0u98 | -.0h7h | -.0L54| -.0418 | -.0390 | -.0345 | -.0311 | -.028Y | -.0229| -.0187 | -.015%4 | -.0127| -.0107 | -.0091 | -.0078 | -.0067
1.6 | -.0668] -.0632| -.0601| -.0573| -.0524 | -.0483 | -.0k19 | -.0371 | -.0332 | -.0262| -.0211 | -.0173 | -.014k | -.0121| -.0102| -.0088 | -.0075
1.8 | -.0751| -.0715| -.0682] -.0653| -.0599 | -.0552 | -.0477 [ -.0k20 | -.0374 | -.0291] -.0233 | -.0191 | -.0158 ) -.0133 | -.0113 | -.0098 | -.008k4
2.0 | -.0790| -.0757| -.0726 | -.0697| -.064k4 [ -.0598 | -.0520 | -.0458 | -.0409 | -.0316| -.0254 | -.0208 | -.0173| -.0146| -.0124 | -.0107 | -.0092
2.5 | -.o778] -.0756| -.0734 | -.0712{ -.0673 | -.0635| -.0568 | -.0510 | -.0460 | -.036k | -.0295 | -.0243 | -.0203| -.0172] -.0148] -.0128] -.0111
3.0 | -.0711] -.0696| -.0681 | -.0668| -.0640 | -.0614 | -.0563 | -.0516 | -.Ok7h | -.0387| -.0319 | -.0268 | -.0226| -.0194 | -.0167 | -.01L45| -.0127
3.5 | -.0639| -.0629| -.0619 | -.0609| -.0590 | -.0572 | -.0534 | -.0499 | -.0466 | -.0392| -.0332 | -.0282 | -.02k2| -.0209 | -.0182| -.0160 | -.0141
4.0 | -.057h| -.0567| -.0560] -.0554| -.0540 | -.0527 | -.0499 | -.0kT2 | -.0446 | -.0386| -.033h | -.0289 [ -.0251] -.0220 | -.019% | -.0171] -.0151
4.5 | -.0519| -.0513| -.0509 | -.0504 | -.Ohgk | -.048L | -.0463 | -.0kk3 | -.0k23 | -.03Tk| -.0330| -.0290 | -.0256] -.0227 | -.0201| -.0179 | -.0160
5.0 | -.ok72| -.0468]| -.0k65| -.0u61] -.0u53 | -.0uk5 | -.0430 | -.0k1k | -.0398 | -.0358] -.0321| -.0287 | -.0257| -.0230( -.0205| -.0185| -.0167
5.5 | -.ou32) -.ou29| -.0u26| -.os2u| -.0418 | -.o412| -.0400 | -.0387 | -.037L | -.0343| -.0311] -.0282 | -.0254 | -.0230| -.0208| -.0188]| -.0170
6.0 | -.0%98| -.0396| -.0394 | -.0392] -.0387| -.0383 ] -.0372| -.0362 | -.0352 | -.0326| -.0299 | -.0274 | -.0250 -.0228 | -.0208 | -.0190 | -.0173




TABLE

IIT.

CONTINUED.

Values of w/wo for z! of =

y'

-0.05 -0.1 -0.15 | -0.2 -0.25| -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.85 | -0.9 -0.95| -1.0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
.1 .3032 4088 | L4586 | .5710 | .7267 | .2146| .1479 | .1047| .O7H8| .0534 | .0381| .0%321 | .0269| .0227 .0189
.2 .5508 5639 | .6566 | .80u7 | .826k | .5046| .2720 | .1949| .1398| .1001} .O714| .0601 | .0505}| .Ok23| .0353
.3 .6703 L7669 | .8535 | .9236 | .8172 | .6390 | .3591 | .2599  .1873| .1343| .0957| .0806 | .0676{ .0565| .OL70
o .T722 8625 | .9k6k [1.0157 | .8039 | .6673| .3999 [ .29k2 | .2122| .1520 | .1080f .0907 | .0759| .0632| .052h4
.5 .8618 .95k [1.0419 [1.1084 | .7665| .6438 | .b119 | .2872| .2115| .1509 | .1066| .0892 | .OTk3 L0615 | .0506
.6 .9557 | 1.0589 [1.1625| .8702 | .6923 | .5732 | .3649 | .2596 | .1786( .1308| .0915[ .0760 | .0627| .0513| .Oklk
N 1.0636 | 1.1685 |1.3131 | .62 | .5305| .k317| .2707| .1893| .1334 | .0882| .0641| .0523 | .ok2lf .0329| .0258
.8 1.167% | 1.3361 | 1.3000 | .3uk2 | .2622 | .1909 | .1274 | .0896 | .0633 | .O431 [ .0229{ .0208 [ .01k9| .0097 [ .0051
85| 1.2501 | 1.4304 | -.0074 | .1277 0816 | .0577| .0323 | .03%2| .02k2| .0153| .0070| -.0009 |=-.0003 | -.0035 | -.0065
.9 1.43%26 | 1.1604 | -.1726 | -.1512 1162 | -.0847 | -.0439 | -.0241 | -.0154 | -.0131 [ -.0139| -.0148 |-.0198 [ -.0173 | -.0185
.95] 1.7651|-1.0764 | -.6186 | -.4226 | -.3005 | -.2199 | -.1262 | -.0787 | -.0539 [ -.0410 [ -.0346] -.0329 | -.031T | -.0347 | -.0307
1.0 | -2.8807 [ -1.4741 [ -.9132 | -.6201 4446 | -.3307 | -.1977 | -.1283 | -.0896 | -.0676 | -.0547| -.050k |=-.0472 | -.OLLT [ -.0461
1.05 | -1.7850 | -1.3575 | -.9702 | ~.7063 | -.5285 | -.4055 | -.2539 | -.1703 | ~.1214 | -.0918 | -.0735] -.0671 | -.0619 | -.0577 | -.0543
1.1 |-1.193% | -1.0820 | -.8852 [ -.7022 | -.5560 | -.44LO | -.2933 | -.2036 | -.1484 | -.113h | -.0907 -.0825 |-.0757 | -.0701 | -.0655
1.15| -.8938 | -.8639 | -.7678 | -.6530 [ -.5454 | - 4534 | -.3169 | -.2281 | -.1702 | -.1319 -.1060| -.0963 [-.0882] -.0815 | -.0758
1.2 -.7160 | -.7099 | -.6612 | -.5907 | -.5152 | -.kbb1 | -.3274 | -.24kk [ -.1869 [ -.1470 | -.1192( -.1085 |-.099k | -.0915 -.0852
1.3 -.5186 =76k -.4003 | -.3228 | -.2576 | -.2067 | -.1681 | -.1392| -.1277 |-.1175| -.1089 | -.1012
1.k -.4075 -.3910 -.3505 | -.3013 | -.2538 | -.2127 | -.1788 | -.1515| -.1402 |-.1300 | -.1211 | -.1130
1.6 -.2861 -.2836 ~.2704 | -.2501 | -.2263 | -.2022 | -.179%4 | -.1590| -.1498 |-.1412 | -.1333 | -.1260
1.8 -.2214 -.2217 ~.2168 | -.2076 | -.195L | -.1817 | -.1675 | -.1535| -.1468 |-.140k | -.1341 | -.1283
2.0 -.1813 -.1823 -.180k | -.1759 | -.169% | -.1612 | -.152k4 | -.1431] -.1384 [-.1338 | -.1291 | -.1248
2.5 -.1263% -.127% -.1273 | -.1264 | -.1247 | -.1222 | -.1192 | -.1155] -.1137 |-.1117 | -.1097 | -.1076
3.0 -.0979 -.0986 -.0989 | -.0987 | -.0982 | -.0973 | -.0961 | -.0946| -.0938 [-.0928 | -.0919 | -.0908
3.5 -.0805 -.0809 -.0812 | -.0813 | -.0811 | -.0808 | -.0802 | -.0795| -.0791 |-.0787| -.0782 | -.O7T7T
4.0 ~.0684 -.0689 -.0691 | -.0692 | -.0692 | -.0691 | -.0688 | -.0685| -.0682 | -.0680 | -.0677 | -.06T4
k.5 -.0597 -.0600 -.0603 | -.0603 | -.060k4 | -.060k4 | -.0602 | -.0600| -.0599 [-.0598 [ -.0597 | -.0595
5.0 -.0530 -.0532 -.0535 | -.0536 | -.0536 | -.0537 | -.0536 | -.0535{ -.0535 |-.0533 | -.0533 [ -.0532
5.5 -.0477 -.0479 -.0480 | -.0482 | -.0L483 | -.0483 | -.0483 | -.0483| -.0L82 |-.0LB2 | -.0uBL [ -.048L
6.0 -.0L3Y -.0435 -.0437 | -.0438 | -.0439 | -.0439 | -.0439 | -.0439| -.0439 |-.0439 | -.0439 | -.0L38

\

=



TABLE 1III,

CONCLUDED .

Values of w/w, for z' of =

y'
-1.05] -1.1 - 1.15| -1.2 -1.3 -1.h4 -1.6 -1.8 -2.0 -2.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 -6.0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o] 0 0
.1 .0158 | .o1%0 | .0107 | .0087| .0056| .0032| .0004 | -.0011( -.0019| -.0024 | -.0021| -.0019| -.0016] -.001% | -.0011| -.0009 | -.0008
.2 ,0293 | .o02k2 | .0198 | .0162| .0102| .0059| .00OL | -.0025 -.00LO| -.0048| -.00LL | -.0037 | -.0031 | -.0026 | -.0022 | -.0018 | -.0016
.3 .0390 | .0320 | .0261 | .0211| .0130| .0072| -.0004 | -.00L3| -.0062] -.0073| -.0066 | -.0055| -.0046 | -.0039 | -.0033 | -.0029 | -.0025
R .0k31| .0353 | .0284 | .0226| .013:| .0065| -.0021 | -.0065| ~.0088] -.0098 | -.0088 | -.007k | -.0063 | -.0052 | -.00kLk | -.0038 | -.0033
.5 .oh12| .0331 | .0263 | .0203| .0108| .0038| -.0049 | ~.0095]| -.0116| -.0124 [ -.0110 | -.0093 | -.0077 | -.0065 | =.0055 | ~.00LT | -.00k1
.6 .0330 | .0257 | .oa9% | .o1s0| .0054| -.0010| -.0090 | -.0131| -.0149| -.0151 | -.01%2 | -.0111| -.009% | -.0078 | -.0066 | -.0057 | -.0048
7 .0192| .o13L | .008 | .ook2| -.0027| -.0078| -.0142 | -.0174 | -.0186] -.0L79 | -.0L5k | -.0129 [ -.0108 | -.0090 | -.0076| -.0066 | -.0056
.8 .0010 | -.0026 |-.0057 |-.0085| -.0129| -.0163| -.020k4 | -.0222 | -.0225| -.0208 | -.0176 | -.014T| -.0122 | -.010% | -.0087 | -.00T4 | -.006L
.85| -.0091 | -.0115 | -.0137 |-.0156 | -.0187| -.0210| -.0238 | -.0248 | ~.0247| -.0222 | -.0187 | -.0156 | -.0130 | -.0109 | -.0091 | -.0078 | ~.0068
.9 | -.0198 | -.0209 |-.0220 |-.0230| -.0247| -.0260| -.0273 | -.0275| -.0269| -.0236 | -.0199 | ~.0165| -.0137 | -.0115| -.0098 | -.0083 | -.0072
.95| -.0305] -.0304 | -.0306 [-.0306 | -.0309| -.0310{ -.0309 | -.0302 | -.0291| -.0251 -.0209 | -.OLT4 | -.0145| -.0121 | -.0103 | -.0088 | -.0076
1.0 | -.0ob12| -.0400 |-.0390 |-.0383 | -.0372| -.0362| -.0346 | -.0330| -.0312| -.0265]| -.0221 | -.018% | -.0152 | -.0127 | -.0108| -.0092 | -.0080
1.05| -.0549 | -.0493 | -.0475 |~.0459 | -.043k | ~.0k1L | -.0384 [ -.0359 | -.0335| -.0280| -.0232 | -.0191| -.0159 | -.013k | -.0113| -.0097 | -.008k4
1.1 | -.0616 | -.0615 |-.0556 |-.0533 | -.0495| -.0u66| -.0k21 | -.0387| -.0357| -.029L | ~.02k2| -.0199 | -.0166 | -.0139 | -.0118| -.0101 | -.0087
1.15| -.0710 | -.0669 |-.0664 |-.0603| -.0554| -.0515| -.0457 { -.0415] -.0380| -.0308 | -.0253 | -.0208  -.0173 | -.0145| -.0123 | -.0105 | -.0091
1.2 | -.0796| -.0748 | -.0706 |-.0700| -.0610| -.056k | -.0kgL | -.Okk2| -.0k02| -.0325| -.0263 | -.0217 | -.0180 | -.0151 | -.0128| -.0109 | ~.0095
1.3 | -.0946 | -.0887 | -.0835 |-.0790 | -.0741| -.0653 [ -.0561 | -.0495| -.O4kk| -.0351| -.0284 | -.0232| -.0193| -.0162 | -.0137| -.0118 | -.0102
1.k | -.1059 | -.0996 | -.0940 |-.0888 | -.0802| -.0756| -.0623 | -.0545| -.0485| -.0377| -.030k | -.0248| -.0206 [ -.0L73 | -.01L7| -.0126 | -.0109
1.6 | -.1192{ -.1130 |-.1073 |-.1020 | -.0927| -.0848| -.0T43 | -.0628] -.0555| -.0k27| -.0341] -.0279| -.0231| -.0195 | -.0165| -.01k2 | -.0122
1.8 | -.1227| -.1174 |-.1124 |-.2077| -.0991| -.0915| -.0790 | -.0708| -.0611| -.0469 | -.0374 | -.0305| -.0254 | -.021k | -.0182| -.0156 | -.0135
2.0 | -.1204 | -.1162 | -.1122 |-.1082| -.1009| -.0942| -.0826 | -.0729| -.0667| -.0503| -.0403| -.0330| -.0275| -.0232 | -.0198| -.01L71 | -.0148
2.5 | =.1055| -.1033 [ -.1012 |-.0991 | -.0948| -.0905| -.0826 | -.0753| -.0688 -.0567 | -.0452| -.0377| -.0318 -.0270 | -.0233{ -.0201 -.0176
3.0 | -.0898| -.0887 | -.0876 |-.0864 | -.0841| -.0816| -.0766| -.071T| -.0670| -.0563| -.0486 | -.0403 | -.03L45| -.0298 | -.0259 -.0226 | -.0200
3.5 | -.0771| -.0764 | -.0758 |-.0752| -.0738| -.0724| -.0693 | -.0661 -.0628] -.0548| -.0476| -.0k2k | -.0360| -.0315| -.0278| -.0245 | -.0217
4.0 | -.0671} -.0667 |-.0665 |-.0660| -.0655| -.064k | -.062k | -.0602| -.0580| -.0522| -.0465| -.0412| -.03Tk | -.0325| -.0289| -.0258 | -.0231
4.5 | -.0593 | -.0591 | -.0589 |-.0587| -.0581| -.0575| -.0563| -.0548| -.0532| -.0k90| -.04k6| -.0403 | -.0%63| -.0335| -.0295] -.0266 | -.0240
5.0 | -40530| -.0529 |-.0528 |-.0526 | -.0523| -.0520] -.0511| -.0501| -.0489| -.0459| -.0k25| -.0390 | -.0357 | -.0325 | -.0302 -.0270 | -.0246
5.5 | -40480 | -.0479 | -.0k79 [-.0h77 | -.0k75| -.0473| -.0L66 | -.0460| -.0451| -.0429| -.0401| -.037h | -.0346 | -.0319 [ -.0294 | -.0276 | -.0249
6.0 | -:0438| -.0438 |-.0437 |-.0u36 | -.0435] -.0u2%| -.0429 | -.0423| -.0418| -.0400 | -.0380| -.0358| -.0334| -.0311 | -.0289 -.0268 | -.0253
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TABLE 1IV.

CALCULATED VALUES OF INDUCED—VELOCITY RATIO, w/wo, IN THE LATERAL PLANE
OF A ROTOR WITH UNIT SINE ¥ VORTICITY, x = 'I‘AN'1 10 = 84.29°.
values of w/wo for 21 of =
yl
0 0.02 0.0k 0.06 0.08 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.85 0.9 0.95 1.00
0 o] o] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
.1 4928 .3919 4005 3539 | .33u2| L3253 | .2063| .1u84| .1025| .o725| .0517| .0369| .026k| .0222| .0186 .0156| .0131
.2 .6388 .6148 . 5601 .5517( .5023| .h723| .3880| .2699| .1911| .1366| .0978| .0701| .O499 | .Ok2L| .0354 .0296| .0248
.3 . 7605 . 7326 .6895 J6hri| .6297| .5899| .u6kz| .3560| .2577| .1860| .1338| .0960| .0684| .0576| .O48L | .OhOL .0336
R L8455 .81kk LTS 7350 | L6964 | .6728| .5277| .4089| .2993| .2171| .1565| .1153| .0799| .0671| .0562 .ok69 | .0389
.5 .9205 .8788 .837h 7964 | L7561 .7263| .5587| .4307| .31h7| .2279| .1640| .1172| .0831| .0697| .0581 | .0483| .0399
.6 .9802 .9320 .8845 .8377| .7985| .7sk0| .5634] .k199| .3024| .2170| .1552| .110k .0778| .0649| .0539 | .Ok5| .036k4
T 1.0348 .9782 L0177 .8585| .8012| .7485| .5251] .3699| .2598| .18k2| .1307| .0923 L06LL | .0533| .0437 | .0355| .028k
.8 1.0897 .99Th .9083 8221 | .7w19| .671k| .his51| .2707| .1859| .1309| .0926| .0648| .Ohk2| .0359| .0297 | .022k] .OLTO0
.85] 1.1152 .9886 .8661 1552 | .6s62| .5732| .3168| .2011| .1385| .0983| .0697| .04BM| .0321| .0255| .0197 | .0l46| .0101
.9 1.1403 .9365 .7510 5089 .4Bo2| .3919| .1869| .1204 | .0864| .0632| .okS2| .0309{ .0193| .OLkL| .0101 L0062 .0028
.95 1.1725 . 7050 L3877 2131 | .1233| .o76k| .0315| .0335| .0321| .o274| .0200| .0128| .0060( .0030| .0O0OL |-.002k | -.0048
1.0 -1.246 -.8006 | -.5779| -.4402| -.3459 | -.1268 | -.0516 | -.0208| -.0087 | -.0050 | -.005k | -.007h | -.0087| -.0101 ~-.011k4 | -.0127
1.05| -1.996 |-1.67% |-1.303 |[-1.006 | -.7885| -.6307 | -.2563 -.1263 | -.0693 | -.0u22 | -.0290 | -.0230| -.0207 | -.0202| -.0202 | -.0203| -.0206
1.1 | -1.2458 |-1.164 | -1.048 -.9204 | -.7972] -.6869 | -.3380 | -.1849 | -.1108} -.0722 | -.0513 | -.0397] -.0335 -.0316| -.0301 | -.0292 | -.0284
1.15| -.9243 | -.8848 | -.8342 | -.7731| -.7072| -.6L1L | -.375k -.2256 | -.1441| -.0980 | -.0712 | -.0552] -.0L55 | -.0k22| -.0397 | -.0376 -.0360
1.2 -.7323 | -.7137 | -.6866 | -.6529| -.6149| -.5743 | -.3827 | -.2502 | -.1688] -.1191 -.0885| -.0691} -.0568] -.0522| -.0L87 [ -.0457 [ -.0k32
1.3 -.5233 45T | -.3570 | -.2656 | -.1968| -.1483 | -.1148 | -.0918| -.0758 | -.0697 | -.06LL -.0601| -.0563
1.4 -.4085 374k | -.3175 | -.2572 | -.2045] -.1629 | -.1312 | -.1077| -.0903 | -.0833| -.0772 | -.0720 -.067h
1.6 -.2856 ~.2726 | -.2498 | -.2218 | -.1930 | -.1662 | -.1428 | -.1230| -.1068 | -.0998 | -.0936 | -.0879 -.0828
1.8 -.2208 ~.2144 | -.2030 | -.188) | -.1720| -.1554 | -.1394 | -.1247]| -.1117 | -.1058 -.1003 | -.0952 | -.0905
2.0 -.1809 1771 -.1707 | -.1621 | -.1521 | -.1k2k | -.1306 | -.1200| -.1101 | -.1055| -.1011 | -.0967 | -.0927
2.5 -.1260 ~.1246 | -.1223 | -.1193 | -.1156 | -.1113 | -.1067 | -.1019| -.0970 | -.0946 [ -.0921 | -.0896 | -.0873
3.0 ~.0977 -.0970 | -.0958 | -.094k | -.0926 | -.0905 | -.0883 | -.0857| -.0831} -.0817| -.080k | -.0789 -.0776
3.5 -.0802 -.0797| -.0791 | -.078% | -.0774 | -.0762 | -.O748 | -.0734 | -.0718 | -.0710| ~-.070L -.069% | -.0684
4.0 -.0683 ~.0680 | -.0675 | -.0671 | -.066L | -.0657 | -.06L49 | -.0639| -.0629 | -.062k [ -.0619 | -.0613 | -.0608
4.5 -.0596 ~.059% | -.0591 | -.0587 | -.0583 | -.0578 | -.0572 | ~.0566| -.0559 | -.0556| -.0551 [ -.0548| -.05kk
5.0 -.0529 -.0528 | -.0525 | -.052% | -.0520 | -.0516 | -.0512 | -.0508| -.0503 | -.0500 -.0498 { -.0495] -.0k92
5.5 -.0k76 -.0b75| -.0473 | -.0k71L | -.0L69 | -.066 | -. 0463 | -.0460| -.0k56 | -.0455] ~.0452 | -.0450 | ~.Okk9
6.0 ~-.0433 —.0432| -.ou32 | -.0430 | -.0428 | -.0u26 )| -.0k2k | -.0421] -.0418| -.0416| -.0415 [ ~.0413 | -.0k11




TABLE 1IV.

CONTINUED,

Values of w/wo for 2zt of =

y'
1.05 1.1 1.15 1.2 1.3 1.4 1.6 1.8 2.0 2.5 3.0 3.5 k.0 4.5, 5.0 5.5 6.0
0 0 0 0 0 0 0 0 0 o] 0 0 0 0 0 0 0 0
.1 .0109 | .0090 | .00k | .0061 | .0038 | .0023| .0002 |-.0008 | -.0013 |-.0016 | -.0015 [~-.0013 | -.0011 | -.0009 | -.0008 | -.0007 | -.0006
.2 .0206 | .0169 | .o139| .o113| .0072 | .0042 | .0003 |-.0016 | -.0027 | -.00%3 | -.0030 | -.0026 | -.0021 | -.0018 | -.0015 | -.0013 | -.0011
.3 .0279 | .0231 | .0188] .0152 | .0094 [ .0053 | .0000 | -.0028 | -.0042 | -.0050 | -.00L5 | -.0039 | -.0032 | -.0027 | -.0023 | -.0020 | -.0017
R 0321 | .o264 | .0213| .0171 | .0103 | .0053 | -.0010 | -.0042 | -.0058 | -.0067 | -.0060 | -.0051 [ -.00k3 | -.0036 | -.0030 | -.0026 | -.0022
.5 03271 .0265 | .0213| .0167 | .009k | .00kl | -.0026 | -.0061 | -.0078 | -.0085 [ -.0075 | -.006k | -.0053 | -.0045 | -.0038 | -.0032 | -.0028
.6 .0293 | .0233 | .0182| .0138 | .0068 | .0016 | -.0050 | -.0083 | -.0099 | -.010% | =.0091 | -.0077 | -.0064 | -.005k4 | -.0046 | -.0039 | -.003L
.7 .0223 | .0o171 | .0126| .0087 | .002k |-.0023 | -.0081 [-.0110 | -.0123 | -.0122 | -.0106 | -.0089 | -.0075 | -.0062 | -.0053 | -.0046 | -.0039
.8 .0125| .0081 | .o046| .0015 |-.0035 |-.0072 | -.0118 | -.0140 | -.0149 | -.0141 | -.0121 { -.0102 | -.0085 | -.007L | -.0061 | -.0052 | ~.00L5
.85| .0063| .0029 |-.0001 |-.0028 |-.0069 |-.0100 | -.0139 |-.0156 | -.0162 | -.0151 | -.0129 [ -.0108 | -.0090 | -.0076 | -.0063 | -.005k | -.00kT
.9 | -.0002 | -.0028 |-.0052 | -.0073 | -.0106 | -.0130 | -.0161 | -.0L7h4 | =.0176 [ -.0161 | -.0136 | -.011k | -.0095 | -.0080 [ -.0067 | -.0058 | -.0050
.95| -.0070 | -.0089 |-.0106 | -.0120 |-.O1kk | -.016% | -.0183 | -.0192 | -.0190 | -.0171 | -.0145 | -.0120 | -.0100 | -.008Y4 | -.0071 | -.0061 | -.0053
1.0 | -.0139 | -.0150 |-.0160 | -.0169 | -.0185 | -.0196 | -.0208 | -.0210 | -.0205 [ -.0181 | -.0151 | -.0127 | -.0105 | -.0088 | -.0074 | -.006L | -.0055
1.05| -.0209 | -.0213 | -.0216 | -.0220 | -.0225 | -.0229 | -.0232 | -.0228 | -.0220 | -.0191 | -.0159 | -.0132 [ -.0110 | -.0092 | -.0078 | -.0067 | -.0058
1.1 | -.0278 | -.0275 | -.0272 | -.0270 | -.0266 | -.026k | -.0257 | -.0247 | -.0235 | -.0201 | -.0167 | -.0138 | -.0115 | -.0096 | -.0081 | -.0070 | -.0060
1.15| -.0347| -.0336 | -.0327 | -.0320 | -.0308 | -.0298 | -.0282 | -.0266 | -.0250 | -.0210 | -.017% | -.0145 | -.0120 | -.0101 | -.0085 | -.0073 -.0063
1.2 | -.0b12| -.0%95 |-.0380 | -.0368 | -.0348 | -.0331 | -.0%306 | -.0285 | -.0265 | -.0221 | -.0182 | -.0150 | -.0125 | -.0105 | -.0088 | -.0075 | -.0065
1.3 | -.0532 | -.050k |-.0480 | -.0459 | -.0k25 | -.0398 | -.0355 | -.0322 | -.0295 | -.0240 [ -.0197 | -.0162 | -.013k [ -.0115 | -.0096 | -.0082 | -.0071
1.5 | -.0634 | -.0599 |-.0568 [ =.0541 | -.0495 | -.0k58 | -.0LOL | -.0358 | -.032h | -.0259 | -.0210 | -.0173 | -.01kk4 | -.0121 | -.0103 | -.0088 | -.0075
1.6 | -.0782| -.0740 | -.0703 | -.0668 | -.0609 | -.0560 | -.0482 | -.0k24 [ -.0378 | -.0296 | -.0238 | -.0195 | -.0162 | -.0136 | -.0115 | -.0098 -.0085
1.8 | -.0860 | -.0820 |-.0782 | -.0747 | -.0685 | -.0631 | -.0544 | -.0477 | -.0423 | -.0328 | -.0263 | -.0215 | -.0179 | -.0150| -.0127 | -.0109 | -.0095
2.0 | -.0889 | -.0853 |-.0819 | -.0787 | -.0728 | -.0675 | -.0587 | -.0517 | -.0460 | -.0356 | -.0285 [ -.023h4 | -.0195 [ -.016k | -.0139 | -.0119 | -.0103
2.5 | -.0850| -.0827 |-.0804 | -.0782 | -.07h1 | -.0701 | -.0629 | -.0566 | -.0511 | -.0L05 | -.0328 | -.0271 | -.0228 | -.0192 | -.0165 | -.0143 | ~.012k
3.0 | -.0762| -.0747 |-.0733 | -.0720 } -.0692 | -.0665 | -.0612 | -.0565 | -.0521 | -.0427 | -.035k | -.0297 | -.0252 | -.0215 -.0187 | -.0162 | -.0143
3.5 | -.0676 | -.0667 | -.0658 | -.0648 | -.0630 | -.0611 {-.0575 | -.0540 | -.0505 | -.0k29 [ -.0365 | -.0312 | -.0268 | -.0232 | -.0203 | -.0178 | -.0157
4.0 | -.0602| -.0595 |-.0590 | -.058% | -.0654 | -.0558 | -.0532 | -.050k | -.0480 [ -.0419 | -.036k | -.0318 | -.027T [ -.0243 | -.0214 | -.0190 -.0169
k.5 | -.0540] -.0535 [ -.0532 | -.0527 | -.0518 | -.0509 |-.0490 | -.0k71 | -.0k51 [ -.04O3 [ -.0358 | -.0316 | -.0281 | -.0249 | -.0222 | -.0198 | -.0L77
5.0 | -.0489 | -.0486 | -.0lB2 | -.0k80 | -.0k73 | -.0L6T | -.0b52 | -.0437 | -.0k22 | -. 038k | -.0346 | -.0312 | -.0280 | -.0251 -.0226 | -.0204 | -.0184
5.5 | -.04L7 | -.0u4%3 | -.0bk1 | -.0439 | -.0k34 | -.0429 [ -.0419 [-.04OT | -.0395 | -.036k4 | -.0334 | -.030L ~.0276 | -.0251 | -.0228 | -.0207 | -.0188
6.0 | -.on10] -.0408 | -.0407 | ~.0u0k | -.0u01 | -.0397 | -.0388 [ -.0379 | -.0370 | -.0345 [ -.0320 | -.0295 | -.0271 | -.0248 | -.0227 | -.0208 | -.0191




TABLE

Iv.

CONTINUED.

Values of w/w:O for z! of =

y'
-0.02 -0.0k -0.06 -0.08 -0.1 -0.2 -0.3 -0.k4 -0.5 -0.6 -0.7 -0.8 -0.85| -0.9 -0.95| -1.0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
.1 .5100 .6013 .6780 LTH1L L7979 | .o7hlk | .180k | .1248 | .0883| .0630 | .O451| .0321| .0270 | .0227 | .0191 | .0159
.2 .6948 . 7489 .7993 .8ko1 .9056 | .5417 | .%2s4| .2311| .1653| .1185| .0849| .0605| .0510| .0429 | .0359 | .0300
.3 . 8040 .8463 .8863 .9365 L9648 | 654k | ook | .3083 | .2229 | .1605| .1151| .0820| .0690| .0579 | .04B5 | .OLOL
b .8855 .9243 .9613 | 1.040 .99k5 | .6973 | .5021| .3451| .2563| .1848 | .1325| .09k2 | .O791| .0663 | .0552 | .0459
.5 .9566 9980 | 1.036 1.095 .9305 | .7084k | .5172| .3638 | .2569 | .1892 | .1351| .0956| .0801| .0664 | .0554 | .0L57
.6 1.030 1.086 1.132 L9111 Joukh | 6819 | .4821| .3381 | .2u17| .1673 | .1224| .0860| .O716| .0593 | .OWBT | .0396
.7 1.098 1.177 1.571 .9181 | .5043 | .%929| .2725| .1919 | .1357 | .0911| .0660 | .OShhk | .Okkh | .0356 | .0281
.8 1.177 1.242 1.509 .T768 L7112 | .Lo39 | .2u6h | L1666 | .1169 | .0826 | .0573| .0343| .0304 | .0235| .OL75 | .0123
.85 | 1.223 1.112 .218L .6097 .sh29 | .ehg2 | .1k72| L1014 | .0727| .0517 | .0%53| .0220( .0129| .0115| .0071| .0032
.9 1.299 .3990 .3223 2249 | .oskl| .0361| .0%18 | .0265| .0196 | .0l22| .0052| .0020 | -.00Lk4 | -.0039 | -.006k
.95| 1.620 -.3094 | -.3282 | -.3133 | -.1621 | -.0775| -.0377 | -.0196 | -.0125 | -.0109 | -.0119 [ -.0129 | -.0139 -.0184 | -.0163
1.0 | -4.264 | -2.290 |[-1.545 |-1.14k -.801k | -.3578 | -.1810 | -.1023 | -.0633 | -.0435 | -.0335 | -.0288 | ~.0275 | -.0268 | -.026k | -.0293
1.05| -2.055 | ~1.8516 | -1.562 |-1.294 |-1.0748 | -.4872 | -.2629 | -.1575 | -.1025 | -.0721 | -.0550 -.0451 | -.0419 | -.03%95 | -.0375 | -.0362
1.1 | -1.273 | -1.243 | -1.169 |[-1.071 ~.9642 | =.5401 | =.3179 | -.2011 | -.1358 | ~.0977 | =.0T46 | -.0604 | -.0555 | =.0515 | -.0Lk83 | -.0L457
1.15| -.9341| -.9276| -.9019 | -.8613 | -.8109 | -.5390 | -.3477 | -.2323 -.1627 | -.1194 | -.0922 | -.0745 | -.0680 | -.0627 | -.0584 | -.0549
1.2 -.7h13| -.qu01| -.7292 | -.7099 | -.6837 | -.5110 | -.3579 | -.2522 |-.1829 | -.137h4 | -.1073 -.0870 | -.0794 | -.0731 | -.0677 | -.0633
1.3 -.5108 | -.4354 | -.34L6 | -.2633 | -.2061 | -.1621 | -.1303 | -.107k | -.0983 | -.0906 | -.0839 | -.0782
1.4 -.4050 | -.3676 | -.3141 | -.2598 | -.2126 | -. 174k | -.14L5 | -.1215 | ~.1120 | -.1038 | -.0966 | -.0901
1.6 -.2859 | -.2739 | -.2529 | -.2272 | -.2006 | -.1757 | -.1534 | -.134k | -.1260 | -.118L4 | -.1113 | -.1049
1.8 -.2216 | -.2167 | -.2070 | -.1939 | -.1790 | -.1636 | -.1485 [ -.1345 | -.1279 | -.1218 | -.1159 | -.110k
2.0 -.1816 | -.1793 | -.1742 | -.2670 | -.1582 | -. 1484 | -.1384 | -.1284 | -.1236 | -.1190 | -.1143 | -.1100
2.5 -.1265 | -.1261 | -.1246 | -.1225 | -.1195 | -.1159 | -.1120 | -.1077 | -.105k4 | -.10%2 | -.1009 | -.0986
3.0 -.0980 | -.0979 | -.097k | -.0966 | -.0953 | ~.0937 | -.0919 | -.0898 | -.0887 | -.0876 | -.0863 | -.0851
3.5 ~.0804 | -.080k4 | -.0802 | -.0798 | ~.0792 | -.0785 | -.07T4 | -.OT6k | -.075T | -.0T51 | -.0T4k | -.OT37
4.0 ~.0685 | -.0685 | -.0684 | -.0682 | -.0679 | -.0675 | -.0669 | -.0662 | -.0659 | -.065k | -.065L | -.0646
4.5 -.0597 | -.0598 | -.0597 | -.0596 | -.059k | -.0592 | -.0588 | -.0584 | -.0581 | -.0579 | -.0576 | -.057h
5.0 -.053L | -.0530 | =.0530 | -.0530 |-.0528 | -.0527 [ -.0524 | -.0522 | -.0520 | -.0519 [ -.0517 | -.0515
5.5 -.0478 | -.0kT7 | -.04TT7 | -.O78 | -.0hTT | -.O4T76 | -.OLT4 | ~.OkT2 | -.OLTL | -.0LT0 | -.0LEB | -.0k6T
6.0 ~.043k | -.043k | -.043k | -.0k34 [ -.0L3L | -.0433 | -.0432 | -.0430 [ -.0430 | -.0430 | -.0k28 | -.0k27
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TABLE 1V,

CONCLUDED .

Values of vr/w0 for 2zt of =

yl
-1.05| -1.1 -1.15| -1.2 -1.3 -1.4 -1.6 -1.8 -2.0 -2.5 -3.0 -3.5 -k.0 -k.5 -5.0 -5.5 -6.0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
.1 .01%3| .0110 | .0090 | .00T4 | .0O48 | .0028 | .0003 |-.0009 |-.0016 |~-.0020 | -.0018 | -.0016 | -.0013 | -.0011 | -.0009 | -.0008 | -.0006
.2 .0248 | .0205 | .0169 | .0137 | .0087 0050 | .0003 | -.0021 |-.0033 | -.00L0 | -.0037 | -.0032 | -.0026 | -.0022 | -.0019 | -.0016 | -.001k
.3 L0334 | .0275 | .0225| .0181| .ow12 0062 | -.0001 | ~.0035 | -.0051 | -.0060 | -.0055 | -.0047 | -.0039 | -.0033 | -.0028 | -.002k4 | -.0020
b .0378 | .0309 | .0250 | .0200| .0119| .0060 | -.0015 |-.0053 |-.0072 | -.0082 | -.0074 | -.0062 | -.0052 | -.00kk | -.0037 | -.0032 | -.0028
.5 .0373| .0295 | .02ko| .0187| .0103| .00h2 | -.0036 |-.0077 |=-.0096 | -.010L |-.0092 | -.0078 | -.0065 | -.0055 | -.0047 | -.004O | -.003k
.6 .0318| .0251 | .0193 | .o1kk | .006k | .0006 | -.0068 |-.0106 |-.0123 |-.0126 | -.0111 | -.0094 | -.0078 | -.0065 | -.0055 | -.00LT | -.00k1
.7 .0217| .0160 | .0112| .0070| .0003 | -.0047 | -.0109 | -.0140 |-.0154 | -.0150 [-.0130 | -.0109 |-.0091 | -.0076 | -.0065 | -.0055 | -.0047
.8 .0077| .0038 | .0003 | -.0027 | -.0073 | -.011k | -.0159 | -.0179 | -.0186 | -.0173 | -.0149 | -.0124 | -.010k | -.0087 | -.0073 | -.0063 | -.0054
.85 -.0002 | -.0033 |-.0060 | -.008k | -.0122 | -.0150 | -.0185 | -.0200 | -.0203 | -.0185 | -.0157 | -.0152 | -.0109 | -.0092 | -.0078 | -.0066 | -.0057
.9 | -.0087| -.0108 |-.0126 | -.0143 | -.0170 | -.0189 | -.021k | -.0222 | -.0221 | -.0197 | -.0167 | -.0140 | -.0116 | -.0097 | -.0082 | -.0070 | ~.0061
.95 | -.0174 | -.0186 |-.0196 | -.0204 | -.0220 | -.0231 | -.0243 | -.024k | -.0239 | -.0210 | -.0177 | -.0147 | -.0121 | -.0102 | -.0086 | -.007k | -.0064
1.0 | -.0263 | -.026k |-.0265 | -.0268 | -.0270 | -.0274 | -.0273 |-.0267 | -.0257 | -.0222 | -.0186 | -.0154 | -.0128 | -.0107 | -.0090 | -.0078 | -.0067
1.05 | -.03%80 | ~.0342 |-.0336 | -.0330 | -.0323 | -.0316 | -.030k |-.0291 | -.0275 | -.023Lk | -.0195 -.0156 | -.0134 | -.0112 | -.0096 | -.0081 | -.0070
1.1 | -.037| -.04k7 |-.0405 | -.0%93 | ~.037k | =.0359 | -.0335 | -.031k | -.0294 | -.0246 | -.020k4 | -.0169 | -.0141 | -.0118 ~.0100 | -.0085 | -.007k
1.15| -.0518 | -.0493 |-.0498 | ~.0L5L | -.0k25 | -.0LOL | -.0366 |-.0338 |-.0313 | -.0259 |-.0213 | -.0176 | -.0146 | -.0122 | -.010k | -.0089 -.0076
1.2° | -.0506 | -.0564 |-.0536 | -.0537 | -.0k73 | -.0kk2 | -.0396 |-.0361 | -.0331 | -.0270 | -.0221 | ~.0183 | -.0152 | -.0128 | -.0107 | -.0092 -.0080
1.3 | -.0733 | -.0690 |-.0653 | -.0620 | -.0588 | -.0520 | -.0455 | -.0L06 | -.0367 | -.0295 | -.0239 | -.0197 | -.0163 | -.0137 | -.0116 | -.0099 -.0086
1.4 | -.0845| -.0795 |-.0751 | -.0712 | -.0646 | -.0612 | -.0509 | -.0kk9 | -.0403 | -.0317 | -.0257 | -.0210 | -.OL7k | -.0Lk7 | -.0125 | -.0107 | -.0092
1.6 | -.0991 | -.0939 |-.0890 | -.0845 | -.0768 | -.070k | -.0620 |-.0525 | -.0L65 | -.0361 | -.0289 | -.0236 | -.0196 | -.0164 | -.01L0 | -.0120 | -.0LO04
1.8 | -.1053 | -.1005 {-.0960 | -.0917 | -.0842 | -.0776 | -.0667 |-.0601 | -.0516 | -.0398 | -.0318 | -.0260 | -.0216 | -.0182 |-.0154 | -.0133 [ -.0115
2.0 |-.1058 | -.1018 |-.0979 | -.0942 | -.087k | -.0813 | -.0709 | -.0625 | -.0571 | -.0430 | -.034k4 | -.0282 | -.023L | -.0198 |-.0168 | -.0145 | -.0126
2.5 | -.0963| -.0941 |-.0918 | -.0895 | -.0852 | -.0811 | -.0733 | -.0663 | -.0602 | -.0492 | -.0391 | ~.032k | -.0272 | -.0231 | -.0199 | -.0172 | -.0150
3.0 | -.0839 | -.0826 |-.0813 | -.0800 | -.0774 | -.0748 | -.0695 (-.06L6 | -.0599 | -.0497 [ -.0426 | -.0351 | -.0299 | -.0257 | -.0223 | -.0195 | -.0171
3.5 | -.0730| -.0723 |-.0715 | =.0707 | -.0690 | -.0674 | -.0639 |-.0605 | -.0571 | -.0492 | -.0L23 | -.0373 | -.0315 | -.0275 | ~.0240 | -.0212 | -.0187
4.0 | -.0642 | -.0637 |-.0632 | -.0628 | -.0617 | -.0606 | -.0583 | -.0559 | -.0534 | -.O474 | -.0k1T | -.0367 | -.0330 | -.0285 | -.0252 | -.0224 | -.0200
4.5 | -.0571 | -.0567 |-.0565| -.0561 | -.055k | -=.0547 | -.0531 | -.051k | -.0k96 | -.0450 | -.0k05 | -.0363 | -.032k -.0296 | -.0259 | -.0232 | -.0209
5.0 | -.0513| -.0511 | -.0509 | -.0507 | -.0501 | -.0496 | -.04B5 | ~.0473 | ~.0460 | -.0k24 | -.0388 | ~.035k | -.0320 | -.0289 -.0268 | -.0237 | -.0216
5.5 | -.0466 | -.0b64 |-.0k62 | -.0861 | -.0k5T | ~.0453 [ -.0bs5 [-.0437 | -.0427 [ -.0400 { -.0357 | -.0341 | -.0313 | -.0287 | -.0262 | -.02k5 | -.0219
6.0 | -.0426 | -.0u26 |-.0u2h | -.0423 | -.0421 | -.0L18 [ -.0L11 |-.040k | -.0396 | -.0375 | -.0352 | -.0%29 | -.0305 | -.0282 | -.0260 [ -.0239 | -.0225
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(a) Outer wake.

Figure 1l.- Rotor wake system.
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(b) Inmer wake.

Figure 1.- Concluded.
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(a) Imner wake. (b) Outer wake.

Figure 2.- Contours of induced-velocity ratio, w/wo, shown as the individual contributions of

the inner and outer wakes in lateral plane of a rotor having a radially uniform unit sin y
vorticity distribution. Flow fields are antisymmetric about y' = O. Broken line represents
edge of wake. X = tan-l L = 75.970.
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(a) X = tan~l 2 = 63.430.

Figure 3.- Contours of induced-velocity ratio, w/wo, in the lateral
plane in the immediate vicinity of a rotor having a radially uniform
unit sin ¢ vorticity distribution. Flow field is antisymmetric
about y' = 0. Broken line represents edge of wake.
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(a) X = tan-l 2 = 63.430°,

Figure L.- Contours of induced-velocity ratio, w/wo, outside the wake

in the lateral plane of a rotor with a radially uniform unit sin v
vorticity distribution. Flow field is antisymmetric about y' = O.
Broken line represents edge of wake.
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(b) X = tan~l Lk = 75.97°.

Figure k4.- Continued.
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Figure L.- Concluded.

(¢) X = tan~l 10
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(a) X = tan~l 2 = 63.43°,

Figure 5.- Contours of induced-velocity ratio, w/wo, in the lateral

plane of a rotor having a triangular, circularly symmetrical vorticity
distribution. Flow field is symmetric about y' = 0. Broken line
represents edge of wake.
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(b) X = tan~l & = 75.970.

Figure 5.- Continued.



L

I

_f
H
I
T
|
]
1
|
T
B
i

I
N I—T

™~
4=

1

—) _*_._ —1.
|
|
|

WREENE

N

ARN

L

|
L

\l

| T
]
S
L
e

[
I

|
=T
BN
—
\
L /,|_ _
o
I
—

T
|
A
+/
/.
4
“—

Il
et

I

o

;
4 _] _‘.ﬁ_ _|_._ ;1_._1.,_. —t— i

< S R
|

|
|

I
|
L

|

1

EEN

I8 20 22 24 26 28 30

S N S __L _

|
MEs

BB

{,_
16

T

14

L
X = tan~t 10 = 84.29°.

\ ]
o LN

1T

05

12
Figure 5.- Concluded.
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Figure 6.- Comparison, with reference 5, of induced velocities due to
asymmetry, lateral axis.
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p = 0.30.
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Figure 9.- Comparison of calculated time-averaged induced velocities
with effective induced velocities as determined by pressure distribu-
tion measurements on a rotor blade (ref. 13). u = 0.30.
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