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SUMMARY

The tunnel-induced velocities for yawed and swept-back airfoils

in a closed circular wind tunnel were-determined. The calculations
were performed for elemental horseshoe vortices having one tip of
the bound vortex on the tunnel axis for a range of yaw angles and
bound-vortex lengths. From these results, the correction for com-
plete yawed and swept-back wings of arbitrary span locading may be
obtained by a superposition of solutions.

Charts and tables of the induced velocity normal to the plane
of the tunnel axis and bound vortex are presented. In addition,
formlas are given for obtaining the tummel-induced velocity normal
to any other plane containing the tunnel axis. These velocities
are needed for swept-back wings at high angles of attack, where the
tunnel axis and the two halves of the wing do not all lie in the
same plane. Curves are presented for ccnverting the tunnel-induced
velocities into corrections to the geometric angle of attack of
the wing.

For the case of the unyawed wing, comparison of the present
results for the induced velocities along the tunnel axis with those
obtained by Irmgard Lotz and by J. M. Burgers shows sgreement with
Burgers' results. Since the method of Lotz was used in the present
study, it would appear that her computations were incorrect.

A proof of the validity of the method presented by Lotz is
given in the appendix.

INTRODUCTION

Wind-tunnel testing of yawed and swept airfoils has con-
gidersbly increased with the development of maneuvers involving
flight at large angles of sideslip and with the development of
interest in the use of swept wings for transonic, supersonic, and
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tailless aircraft. The corresponding tunnel corrections have
been difficult to derive, inasmuch ag the problem is not reducible,
as with a straight unyawed airfoil, to that of a two-dimensional
potential flow. PRectanpular tunnels, however, may be treated by
the method of images, as was done in reference 1 in which correc-
tions for 7- by 10-foot closed tunnels are given. The boundary
conditions for tunnels of circular cross-section cannot be satis-
fied by the use of images alone. The purpcose of the present
study is to develop a method for treating this case of the closed
circular tunnel and to evaluate the corrections for a range of
conditions.

The method used follows essentially that of reference 2 in
which the tunnel-induced potential is broken vp into two parts -
that of a reflection vortex system which makes the tunnel a
streamline far from the airfoil, and a residual potential, whose
effect is zero at infinity. In order that the results be readily
applicable to both yawed and swept airfoils, the bound vortex of
the elemental horseshoe vortex simulating the wing was assumed
to have one tip at the tunnel axis, so that, for example, a
swept-back wing with fairly uniform loading would be represented
by two such swept-back vortices, and a yawed wing with wniform
loading by one- swept-back and one swept-forward vortex. Since
the bound vortices meet the tunnel axis, the results are applicable
only to wings with lifting lines that approximately fulfill this
condition.

Computations were made for a range of sweep angles between
-45° and 45°, and a range of spans up to 0.9 of the tunnel radius,
so that results for arbitrary loadings may be found by superposition.
The induced velocities normal to the plane of the horseshoe vortex
were computed for a range of locations in this plane. In addition,
data are given by which the induced velocity normal to any plane
containing the tunnel axis may be computed. These velocities are
shown to be of interest for highly swept wings at large angles of
attack.

No attempt has been made to desgcribe the methods for converting
the induced velocities to corrections to the measured aecrodynamic:
parameters, inasmuch as such methods are described in reference 1.
Methods for adjusting the results for compressibility effects have
algo not been discussed, inasmuch as the basic concepts and procedures
are now well known.

SYMBQLS

Ui angle of yaw or sweepback of bound vortex

Y, angle of yaw or sweepback of bound vortex in horizontal plane
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w

Qt

length of bound vortex

tunnel radius

s/rO

rectangular coordinates (see fig. l).
cylindrical coordinates (see fig. 1)
xive, /v, TiEg

v/

variable of integration

potential of elementel horseshoe vortex
tunnel induced potential

potential of reflection vortices
residual potential, & - &,

circulation of elemental horseshoe vortex

hrr, O + &
m®M Fourier coefficient of = o (%o + &)
A | I or r=r

le:o
8,
oz 12=0

Wy 4 W, = oL
g 2-5

Z |z=0

angle of attack 2bout fixed horlzontal axis

angle between plane of airfoll and plane of horseshoe
vortex /

twice angle between plane of horseshoe vortex and
horizontal plane
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Wo o = il
l¢— 4 a—e_P=1r1—¢
hoo 10
2 ToP 06 |o=m+g

1 0%
WysS W + Wy = = —o0— ==
¢ 1 . ToP 08 9=n+¢
CL 1ift coefficient of wing
L 1ift of wing

S wing area
ANALYSTS

The elemental horseshoe vortex is illustrated in figure 1.
It consists of a bound vortex of constant strength, of length s
and sweepback angle V, with one tip on the tunnel axis and two
trailing vortices running in the downstream direction from the
tips. The two coordinate systems used herein (fig. 1) are related
as follows:

>

r cos 6

g
i

Z r gin 6

il

and are disposed so that the x-axis coincides with the tunnel axis,
and the xy-plane is the plane of the horseshoe vortex.

Let ®4(x, v, 8) be the potential of the elemental horseshos
vortex. The velocity normal to the tunnel wall, r = r,, induced
by this vortex is

_E@G(X, T, ?_)
or

I"—‘-I‘o
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The problem consists of finding a function & (x, r, 9) which is
harmonic inside the cylinder r = r, and for which

(% + 2)

dr .2 (1)

I‘:'-I‘o

The function ¢ is then the potential of the additional flow dve
to the tunnel walls.

The particular external reflection vortex system chosen to
mzke the tunnel a streamline at infinity is shown in figure 1.
It consists of twe semi-infinite vortex lines, one in the direction
of positive x, and the other in the direction of positive 1y,
: F I'Q?' >
joined at th olnt (: z) = (0, ——r O0). The potential
3 e point (x, ¥y, z) b SeTaLy P

of this vortex system ie designated Q.

The residual potential which makes the tunnel a streamline
everyvwhere is designated &,. Then,

@ = @l 4 @2
end by equation (1)
or r=r X 3;: T

This potential ¥, is hamonic for r <r,, because it is
the difference of twe harmonic functions; moreover, the derivative
(0757 QP normal to the tunnel wall approaches zero as Ix| approaches
infinity The function is sought in the form of an infinite series
of harmonic functions of the type [X(x) R(r) 6(3)] If for a
bounded harmonic function of pericd 2n in 8, and of arbitrary
period 21 in x, such a representation exists, it must take the
following form (reference 3, chapter 1):
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O E i g ( mx mx
<}‘2 it : <L[sin m6<A,m cos T + By 8in ¢ i
2 'O

+ cos mG@mn cos %1-}5 + Dy 8in Tm:"m(i—?'m r)j

where J, 1s the mth order Bessel function of the first kind, and

ths A's, B's, C's, and D's are constants to be determined. Subsequently
1. will be made to approach infinity.

It is convenient to introduce the nondimensional variables:

Y
& o
.
T] I‘o
e
.f,—ro
(3)

r

p = &
To
,X=—l—
To
L
0 = ==

The series for Qa then becomes

-

o =o-I:- : 9( L2 gi Ell_é
) b sin m8 (A cos X +an in 3

s en
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Since

EG’EE! 1 %,
or r=r, Yo 9 |o=1
v ol .
= mLLjSinm<%00u7+an81nT
m n ‘

i
LN

b 1 1 !
+ cos mf (Cmn cos Eié + D sin E§§)’ i Jm'<££g)> (5)

A Py _J

In order to satisfy the boundary condition at the tunnel wall, by
equation (2) this series must be mede equal to

2eo + 9y))

or
3 l":ro

This functlon, which is the velocity normal to the tunnel wall
induced by the horseshoe and reflection vortices, ig obtained by
the Biot-Savart law as



or

I‘=I‘O

T g cos \r 8in 6 r & g cos v

2

brg 11 - 20 cosy cos 6 + 0 cos“\p h/ggcecosg\g+ 1 - 20 cos {.cos 8 '+ o®cos®y

¢ - o siny

tf(é - g sin )2 + 1 - 20 cosV cos O + 02003211;

gcoaV cos 8 -1

___§31n§___l+

N ) ) = 2
§2 + 8in“6 Védcﬂcosajf +1 - 20 cosVy cos 8 + G-CosY

& cos V¥ gin 6 &-siny + cosy cos 6
8in20 + £2cos™y - £ sin 2 cos B + s1n? Y cos?d J1ee

E sind + cosyr cos 6 - © 1
= (6)

1/(§ - o ain )2 + 1 - 20 cos Y cos 6 + gCcosy

CO2T *ON NI VOVN
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In order to satisfy the boundary conditions on @2, it is
necessary to determine the constants Ay, By, Coms Dym S0 that
equation (2) is satisfied. The first step is to expand the function

By + )
e o R

an odd function of @&, the series contains only sine terms. Thus

in a Fourier series in 6. Since this function is

I‘=I’o

o o) e
i _.LQB.-L_];). o G &(E) gin m@ (7)
r rer, brg
- m

Equating coefficients in the expansions of equations (5)
and (7) gives '

&n(§)

i

VRN

€
5

b g + .
g m? é)u '(m
cos " + B gin N X(%n % 1

/‘6\
g

cog TS 4 ;. sin lni).ff.@.]' '<ilf_r.1>
A = B P R

These series are the Fourier expansions of the functions & (E)
and O, where these functions are assumed to be of period 2\
in &. Therefore

: A
it
A = - & (B) cog B ag
iﬂn J.m, il§u> x -X gnl X

: i
Bl e 1 ; lL/ g (B) sin mf ap
mn - IWm L TA % i N
J ‘._JIIl
it Y Y 5 '

Ca = Dy = 0-
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Thus, from equation (L)

imn

o - _* -
v > zmnmem@ f&'m(ﬁ) cos (B-g)dp

Consider formally )VJ_-_}}mCJ ® The teim L}»I—l = q is considered
a continuous variable rimning frem 0 to «; then % = dqg - and E

Co
is replaced by f with respect to g, so that the aforementionbd
0

1imit is

3 (——~ 1 Tn(120) i 1
2p =iz ¢ sinmo L r el L] ",(B) cos q(p - &) dp »(8)
?‘;»___ o 19y (1q) o l

L | ol

A discussion of the convergence of this series and its formal
derivatives to the desired function and derivatives is given in the
appendix.

The upwagh velocity due to the tunnel wall at points in the
Plane of the airfoil is given by

i B
Wiz ten
BZ z=0 a 7=0
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The term

t
o cos ¥

ot | ' gcos W |y,
i o e e AR
dz ’z:O brrg |1 = 5 cos ¥ V§2619082$ + (1 - o cos W)e

s | (; ; 1l - no cos \j
& 14 v@;QUQCOSQW + (1 - n o cogy)?

(9)

is the velocity due to the reflection vortices. The term
0%
W, =
2
A1
term by term. The series (a Fourier series in 0) is very sultably

arrenged for this differentiation normal to the plane of the
vortex, since

is obtained by differentiating the series for Qg,

2%, N

éz Z-:O -r—o-p- T’Q:O
y>o

acbg i B@e
b}

Thus, defining 8y (n) = 1 when 1> 0 and &; (n) = (-1)™ when
n<0 gives

. )

co

I‘l - J ( i ) (0] v
= il > m\:Paq a L
e brry ZE%f aithi (n) T JL 1padm (10 q(/:» &uB) cos q(B - &) ap

(10)
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The total correction tc the vertical velocity in the plane
of the airfoil is then

W= W+ Wy (11)

METHOD OF COMPUTATION

The determination of w, 1sg dependsnt upon an evaluation of
the functions gm(g) and. performance of the operations indicated

in equation(10). In makinz these calculations, it must be remembered
that the functiong g,m(c\_) and, thorefore, the final upwash
velocity due to the tunnel wall depends upon the parameters o

and \; consequently, a different computation must be performed for
sach combinaticn of these two parameters. The present computations
were peviormed for o = 0.45 and 0.90 and for V¥ = 00, +15°, +30°,
and t45°. The functions gp(€) were calculated for these values

Of w" art "y and for ‘mi="1,'2, 3, B, 5. Only the first thiree
functions gp(€) were used, since gn(€) for higher values of m
were fouvind to be too amall to affect the results. The calculation
of gu(€) required the expansion of

i P - EF(Q:Q)

I‘:‘I‘o

in a Fourier serles. For !gl > 10, this calculaticn could be
done analytically by first expanding F(&,0) in a power series
ahiak ;L- Texrms of order g'lﬁ and higher were ignored. In order to

to obtain g, (&) for 'Q! <10, F{£,0) was computed for the desired

values of & and for 30° intervals of 4 and a numerical Fourier
analysis was performed for each value of &. The integral

(o]
f om(B) cos g(B ~ &) ap

was then evaluated by breaking g,(&) into two parts (fig. 2):

gn(8) = gn (&) + gpti(e) (12)
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For f§l__>_ 10, gpi(E) 1s taken equal to gy(E). For |'5, e )
is defined by the three straight lines intersectlng the curve L_m(g,)

at the points & = -10, -10; & = -‘%Q, _léQ,- and & = -Q 10. The
o

equations of these staight lines are also known a gnalytlcally The
function gy 1i(e) is then defined by equation (12).

Since gmi(i) is thus known either as a linear function of &

or as an inverse power series in l, the expression

/ gn’(B) cos q(p - &) dp

mey be ‘nitegrated to give simple functions plus integrals of the

{220 28 4@ apna  /  S22.9B gB. These latter integrals
1,/ 0 p Vo B
are tabulated in reference 4. Bach of the scparate loops of gmii(B)

was expended in a Fourier series by numerical methods, and the
integral

,/ 1(p) cos q(p - &) ap

wag then obtained analytically. The integral

u/ en(B) cos (B - &)

f~ oo

was then finally obtained in the form

2 sin q51.(q) + 2 cos gl (q)
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The functions 1,(qa) and ky(q) have been given in table I
for values of q running from O to 2x in steps of 0.05w.. Integra-
tion with respect to 'q over this range was enough to ensure
essentially complete convergence to thelr limiting values of all

2 Jm(iqp)
the integrals involving q. The functions -———— were

ipady ' (1)
obtained, for these same values of g and various values of p,
by use of the tables of reference 4t and the relation between the
derivatives of Bessel functicns and the functions themselves
(reference 5). These results are presented in table II. The
product

J; (.;-DQ) v b
giaﬁggj(iq) {}1n a8l y(a) + cos q@@m(QH

was determined for various values of the position parameters p
apd & and of the wing parameters ¢ and Y. The final integra-
tion with respect to g was performed numerically by use of
Weddle's. formula (reforence 6). '

The functions

n [ Jn(ioq)
ITJC Egaﬁgjzzaj da d{j‘ Em(ﬁ) cos q(B - &) ap

cbtained as described are presented in table ITI. The velocity
correction wp 1s then obtained by summing these functions as
indicated in equation (10); the velocity correction wy is
computed by use of equation (9), and the total tunnel induced
velocity w is thus obtained.

An additional computation was performed to find the tunnel-
wall corrections for the limiting case of a wing with zero span
but with finite 1ift. The functions gm(g) simplified so that
the integral with respect to B reduced to an expression involving
simple functions and the tabulated Bessel functions, Kb and Ki
(reference 3). The second integration was then performed in the
seme way .
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RESULTS AND DISCUSSION

The velocities w normal to the xy-plane have been

converted to the nondimensional form «EEEQB——. This function
T'o cos ¥

ig presented for different values of the position and wing

parameters in figures 3 to 7 and table IV. The values given

for 0 =0.25 and ¢ = 0.7 were obtained by a numerical

interpolation. The reciprocals of the upwash velocities were

used in this interpolation, since l/w tends to vary linearly with

o, as is shown by the equation

[;PfTOW' ] % 1

1

Pocosy | 1 -n0
for the upwash velocity at an unyawed wing (reference 7).

The variation along the tunnel axis of the induced velocity
w has been computed by Lotz (reference 2) and Burgzers (refer-
ence 8)! for the special case of a wing at zero angle of yaw.
These values are not in complete agreement with each other. The
results obtained herein for this case, by methods essentially
similar to those of Lotz, chack the results obtained by Burgers
(fig. 8). In refercnce 2, moreover, Lotz has stated that the
induced velocity cbtained by the calculations of Burgers (refer-
ence €) does not have a maximum. An extension of these calculations
showed, however, that a maximum is obtained. It must accordingly
be concluded that Lotz is in ervor both as to results and accusetion.
Burgers' method was not used in the present work becauce it
appeared from preliminary study to be very unwieldy. Closer
inspection, however, has since indicated that the computations
involved would probably have been less laborious then those needed
with the method of Lotz.

Wings at High Angles of Attack
In general, a yawed wing in a wind tunnel is rotated about

its quarter-chord line and this angle of rotation @ is the angle
of attack of the wing. In correcting for the tunnel-induced -

1 A1 though reference 8 is published vnder the joint authorship
‘of von Karman and Burgers, the preface states that the chapter
cited herein was contributed by Burgers.
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velocity, it is assumed that only the velocity normal to the plane
of the 1lifting line and free-stream direction, the xy-plane, has
any effect on the 1lift. The correction is made to the angle of
attack end is given by

M8 & ten A = — (13)
V cos V¥
vhere w 1s the tunnel-induced vslocity normal to the xy-plane
and V cos  is the component of the free-stream velecity normal
to the axis of rotation. It 1s this velocity, w which is

Trow Th
————, en
T'o cos f

tabulated herein in terms of the parameter

s hm"ow : Po‘
o cos g/ hnroV

or, by using the relation betwsen circulation and 1lift coefficient
(if the wing can be assumel to be adequately represented by a
single 1ifting line of uniform circulation)

Or = % (20ry cos )

the correction may be rewritten as

7 \
A :(-i‘row S o (14)

T's cos ¥ 16nr “cos ¥

Special considex at*on must be given to the case of swept-back
wings. TFor this cege, the wing is rotated about a fixed horizontal
axis normel to the tunnel axis, the y,-axis. As this angle of
rotation « varies, the angle of yaw \k(deflned as the angle
between -the 1lifting line and the plane pervendicular to the free-
gtream direction) and the angle ¢/2 between the xy-plane and the
XyocPlane vary also (fig. 9. The xy-plane ig still the plane of
the x-axies and the lifting line.) The dependence takes tnp form

- cos Y = cos Y, Vi + tanzwb ginco

1}

(15)

cos Vg

=COS@

2
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where ¢O is the angle of yaw at zerc angle of attack. This
variation of the yaw angle must be taken into account 1n using
+he charts and tables of this report.

The desired correction to « is still the one assoclated
with the change in 1ift and therefore depends egain only on the
velocity w normal to the xy-plane. A change in the angle a,
however, involves a change in the vertical veloclty normal to
the xy,-plane. In order to obtain the same 1ift, the correction
to the angle a must be such that the additional vertical
velocity associated with it must have the component w normal

W
to the xy-plane. This velocity i1s ———@ and thus
cos
2

Vcosg

(16)

' bhar w ™ 5
N, = <—-——-——-o--—- ) pocos v

™ |
L0 0%V haroV cos g

The circulation sbout each semispan of the swept-back wing
yresulte in a force novmal to the xy-plene. The 1lift force measured
in the tunnel, however, is the vertical component of this force
and, therefore, the equation commecting the 1lift and circulation 1s

L = oV (207, cos V)

cos
e

The angle correction then becomes

SC
Jares :/hrtrow L seceg (17)
kl‘c cos ¥/ 16nr

(o)

The drag correction does not involve ¢ directly and 1s merely
wl'o cos V. :

Plots of VY, §, and seceg against , and a are givon
in figures 10, 11, and 12.



For swept-back wings at an angle of attack «, there ig an additional difficulty.
For these wings the.tunnel axis and the two guarter-chord lines of the wing do not lie in
one plane. The correction to & on each helf of the wing is still obtained from the
induced velocity normal to the plane of the tunnel axls and the quarter-chord line. The
velocity normal to the plane of its own quarter-chord line induced by a half wing is
exectly the velocity w vwhich has been found {equation 11). The velocity induced by
this same half wing normal to the plane of the tumnel axis end the other quarter-chord

! 1 )i
line, however, 1s nol -——= <= but is
’ roP 5519-__”{
WL = .}_ aé‘
¢ rop f;-.")i o=nsdh
The Tvncti 1 aiii ig glven b
e Tunction Wy , =--=— <= s given by
3
¢ I‘Op W§9=ﬂ+¢

""]_¢ i I o cos ¥ E:osj - PF cos \Lf] 7 +v | Eo cos W
bsxg | 17 -2 2 - ' T
5 LLOOB # - po cos y|" + sin’f V§202c039¢ + lcos § - po coe V]2 + sing |

& cos @ o 1 - po cosY cos ¢

\égcecose-\};+ [cos ¢ - po cos \U]E + siny

(18)

ot

G92T "ON NI VOVN




The function

i
=

&y

1 B
r.p i

2
=1+ 7

br, zfl*_ kS s Ez;iggqcaiy q Zn(B) cos g(3 - &) ap

g 0 (-1)Pcos mff B ["'“ Tm{1pq) a ‘/'CO g (19)
| Lo S -

The required velocity correctlon is then

w¢= Wl¢+w?.¢

It wes considered neither feasible nor desirsble to compute ond tabulate the function zr¢

for a range of valves of ¢ For any particilar case desived Wl¢ may be computed by

equation (18), and Y 4 mey be computed simply by using table ITT and equation (19).

‘ON NIL VOVN

Co2T
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For values of (I of about 30° or less, vg(&,0) ie, to a
good approximeticn, cos ¢ w{§,~p cos ¢) and therefore can he
obtained readily from figure 3 or tsble IV. Tuis apr—oximation
is most accurate for smell values of p where w4 1ie ccmparativel:
large, and isg least accurate for large values of p where wy is
a very small part of the totel correction. For this rearon, the
approximation may be considered adequate over the en%ire rai -2 of
values of p.

The preceding discussion concerns only one of the difficulties
associated with calculetlons for high angles of attack. A%
least two other sources of comparable incccuracy may be pointed
out, although no effort hes been made here to evaluate their
effects: (1) the pronounced distortion of the trailing vortex
system at high angles of attack, end (2) the fact that the center
of a swept-back wing may not be on the tumiel exls at high
engles of attack, tecause the axis of rotation of the wing is
usvally behind the wing roots.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
. 2 ah i
Lengley Field, Va., October 9, 1946
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APPENDIX
PROOF OF VALIDITY OF METHOD

In thils appendix the formal expression of equation (8) for

the tunnel-induced potential will be called ngl . The derivatives
obtained by the formsl differentiation of this expression will be

called the derivatives of ¢2<1) and will be written as ordinary
derivatives. The harmonic functicn which satisfies equation (2)
will be called &,.
. 1 1)
It is necessary t¢ prove that ¢¢(') = @2 and ‘7@2( oV, .

&

The proof will congist of the proofs of the following statements:

(1) The function & (1) converges to an harmonic function
(2 5

@2 oy p £1 and V@Q(l) converges to Y;.@g(g) for Rl T 1.
R 3 T
(2) HF Oq’e( 00y
iz & e R e

Then by the wuniqueness theorem for harmonic fuinctions (refer-
ence 9), it follows that @2(1) = Qp. This theorem and the others

used herein, which are derived in reference 9 for bounded reglons,
are immedlately extensible to the infinite region of the present
problem for functions which approach zero as & approaches infinity.

In order to prove the first statement, 1t is sufficient tc show
that the Infinlte intecgrals and the infinite series appearing in -@2(1)

converge uniformly with respect to &, p, 9 (Harnack's first
theorem on convergence, refersnce G).

The convergence of the infinite integrals depende upon the
characteristics of the functions &m(E). The characteristics
used in the following discussion, which ere easily verified by
expansion of F(é,e) in a Pouvrler series arc:

(&) The functicns em(&) are bounded and continuous for all
values of & and approach zero as |§| approaches infinity

(b) the derivatives dg,(7)/d%

€ exist and are absolutely intep -bl'
from minus infinity to plus Intindtys f ¥ i i

(¢) hs B, ,(2) + n(-2) = 0(1/22)
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An integration by parte gives

- QO

5 , : _ &,(8) sin q(p - &)
J:oo &n(B) cos o(B - &) dp :

gt

¥0
J e (B) ein q(p - £) 48

-0

It follows from properties (a) and (b) that the integral converges
for q > 0. From property (" it follows that the principal valus

i
of the integral converges for q = 0. Since 73§ﬁ¢%$%7- is
ia ig
bounded for all values of g, the function i

J_(ipq /'w
Cae s 7 co8 g - &) ap
o L 5al®) on at - )

has no singularities and the convergence of the integral

53 i
¥ / In(1pa)
T Yo

io——r(l-‘) L‘/ v Em(B) cos g(B - &) dBJ dg

with respect to q need cnly be considered in the infinite region
of gq. Since for pg 1 (reference L),

Inl109) |
iiJm'(:'Lq)

it is sufficient to prove that

2
] pco
/ ko iy
VE -
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converges in orded to prove that the ofiginal integral converges
uniformly in &, p, 6 in the region p $1. From the integration
by parts and propertiss (a) and (b) it follows that

[kb

Jx

oo leo
k; g,(B) cos q(B - &) dB!dq <CJ %%
-c K

which converges. Therefore /\ I f em(B) cos a(Bp - &) ap %3 CONverges »

In order to complete the proof of the first statement, the
Infinite serieg of infinite integrals must also be shown to converge
uniformly in &, p, 6 for p< 1.

AT

z, 0) = gin mo /)°° Jm(ip(?.) a ‘-J g r:
Gm(E, p, 0) e & ———qu i qd[—‘m gn(B) cos q(p - 5) ap

can be shown to be less in abeolute value then K/m2 where K
is an arbitrary constant, the proof will be complete, for then

| oo 0 o)
|- S <
[ m=M- m=M ' m=M

for M sufficiently large. The functions (;'m( &) are the Fourier
byr '
coefficients of a function - —-%-9- F(€, 0) which has continuous

firet and second derivetives. Thersfore (reference 10, p. 84),
there exists a sequence of functions, Cm(o) umiformily bounded
in m such that



The Integrals

1 /‘co Jm( ipq) (@] ; E - # .
£ sin mf Jo TaT, Tor I ¢ dq _ cm(B) cos q(B - €) 48 = m' Gm(:u

are therefore uniformly bounded in m. Thus

EL

feii
GulS, 0, 9)’ 7

,}/\

and the proof of the first statement is complete.

The proof of the second stabement proceeds as follows:

g9y, (1q)

$ ~co

e, 0)

¥
TUREC TR M | L o .. o>
i E - S By sin mo -—-—-—-————-Jm(lp(l) dq / g,(B) cos a(B - €) ap
- 0

r—r; dp hnro p =31 Op i

(8]

In the proof of the first statement it was shown that

i 00

bounded. A second integration by parts shows that, since g ii(f})- is bounded

integrable from -o to +

-o2

obtained by differentiating under the integral sign is such that the integral conveiges

a, gn(B) cos q(B -

€) apl s

O
qu g,(B) cos g(B - &) dB{ is bounded. Thus the integraend

uniformly for o £ 1, and the differentiation is therefore valid. ©Since the infinite

series alco converges uniformly, it follows that

lf)

and ab solutely

UG,

G92T *ON NI VOVN
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o ———

% (2) N ot i
11 o 2 .
r«-:{nro i % b sin mo %\/O dq‘lmgm(ﬁ) cos q(p - &) dp
m

From the remark following theorem 7, refervence 11, it follows that

PR Y

= - aoin mo 2
r->fo . ¥ Loy, > en(*)
T

and since the Fourler expansion of a functlion which is coatinuous
and has continuous first derivatives converges to the gencrating
function,

The second statement has thus been proved and the validity of the
operations performed in the snalysis has been establiched.
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TABLE I.- VALUES OF THE FUNCTIONS 1p(a) end k. (q) FOR

VARIOUS VALUES OF o, V¥, q

[lm(q, o, ¢) = 1.(q, o,

-]l/); km(q, a, 1‘/) = -lSn(q’ g, '11’)]

27

o = 0.45, y = -45° o = 0.45, ¥ =-30°

a/n [13(2) |k(a) [1a(a) |ko(a) |23(a) ka(a) [23(2) [kq(a) |2a(a) [ko(a) [23(a) |ks(a)

0 I (o)) [P PRSI P I P B B ot Lo P P
.05|1.1663 [0.0509 |0.156k |0.0208|-0.0283 | -0.0093[1.2716|0.0446|0.1819|0.0219| -0.0350 | -0 .0107
.10[ .9013| .0523| .1683| .0211| -.0347| -.0079|1.0151| .0452| .2034| .0209| ~-.0hU3| -.0099
15| .6006| .0522| .1198| .022k| -.0259| -.0071| .6834| .ok62| .1500( .0202| -.0350| -.009k
.20| .3900| .0518| .078| .0234| -.0180| -.007h4| .4473| .0468| .1038| .0189| -.0302| -.010k
25| .3279| .0516| .07h0| .0226| -.0191| -.0078| .3843| .oM61| .1018( .0170| -.0302| -.0107
.30| .3343| .0509| .0845| .0217| -.0228| -.007%| .3990| .Okkk| .1165] .0152| -.0356| -.0097
.35| .3026| .obg2| .0816| .0210| -.0215| -.0071| .3654| .ok2k| .1133| .o1k2| -.0347| -.0088
o] .2233| .o470| .068| .0207| -.0185| -.0071| .2931| .0408| .0968| .01k2| -.030%k| -.0089
As| .1977| .obSh| .0612| .0200| -.0166| -.0075| .24k5| .okol| .0875| .0151| -.0285| -.0092
50| .1822| .o4k1| .0585| .0182| -.0166 -.0074| .2265| .0386| .0842| .0163( -.0283| -.0090
55| .1607| .0418| .0u83| .0177| -.0153| -.0069| .1997| .0362| .OT4k| .OLTH| -.0264| - 0083
60| .1247| .0389| .0388| .o172| -.0121| -.0065| .1557| .0336| .059%| .0188| -.0219| -.0079
65| .0978| .0358| .0314| .0170| -.0107| -.006k4| .1234( .0315| .0496| .0200| - 0189| -.0081
70| .0879| .0333| .0291| .0159| -.0096| -.0061| .1121| .0297| .0463| .020L - 0180 -.0079
75| .o77h| .0311| .0257| .0146| -.0089| -.0057| .0993| .0277| .Oklk| .0197| - 0168| -.0074
.80| .0621| .0289| .0203| .0139| -.0072| -.0053| .0801| .0257| .0340( .0182| -.OLhk| - 0069
.85| .0505| .026%| .0173| .0132| -.0059| -.0050| .0654| .0240| .029k 016k4| -.0125| -.0067
90| .0488| .o2k5| .0174| .0125| -.0057| -.0049| .0632| .0230| .0292 01k0| -.0119| -.0065
.95| .0u66| .0225| .016L| .0112| -.0056| -.0045| .0593| .021k| .0273 .011%| -.0113| -.0060

1.00| .0377| -0208| .013%4| .0102| -.00k7| -.004L| .0k93| .0197 .0228| .0091| -.0099| -.005k4

1.05| .029%| .0192| .0112| .0096| -.0038| -.0039| .0391 .0181| .0192| .0075| -.0085| -.0051

1.10] .0270| .0175| .0108| .0088| -.003%4| -.0036| .0362| .0168| .018u|..0068| - 0078| -.00k9

1.15( .02k2| .0162| .0097| .0075| -.0030| -.0033| .0330| .0152 .0164| .0070| -.0072| -.0045

1.20| .0175! .0154| .0072| .0066| -.0027| -.0029| .02k9| .0142 .0126| .0078| -.0060| -.00L40

1.25| .0115| .01k2| .0052| .0060| -.0021| -.0026| .OLTL .0128| .0098| .0090| -.00k9| -.0035
1.30| .0108| .0130| .0048| .0055| -.0020( -.0024 0164 | .0117| .0096| .0105| -.0047| -.0032

1.35) .0113| .0118| .0047|( .0048| -.0021| -.0022 .0167| .0109| .0090| .0118| -.00k4L| -.0031

1.ko| .00%| .0108| .0036| .ook2| -.0017| -.0020| .0134| .0101| .0OTh: .0124| -.0036| -.0029

1.45) .0121| .0098| .0028| .0038| -.001k4 -.0018| .o110| .0090| .0063| .0124| -.0033| -.0026

1.50| .0067| .0086| .0034| .0036| -.001k| -.00LT .0116| .0082| .oo71| .0117| -.0031| -.0025

1.55| .0085| .0079| .0037| .0031| -.0013| -.0015| .0139 .0074| .00TT| -0103 0031| -.0023
1.20| .0075| .0068| .0030| .0029| -.0013| -.0015| .0120| .0066| .0065 .0085| -.0026| -.0023
1.65| .00k 0058| .0023| .0027| -.0011f -.001%| .0087| .0057| .0053 .0065| -.0023| -.0022
1.70| .ooko| .ook8| .0020| .0027| -.0011| -.001%]| .007T .00k8| .0050| .00k&| -.0023| -.0022
1.75| .0045| .00k0| .0021 .0026| -.0011| -.0013| .0085| .00kl| .0050 .0037| -.0021| -.0021
1.80| .0029| .0032| .0015| .0023| -.0009| -.0012 .0068| .0034| .ook1l| .0033| - 0018| -.0021
1.85| .0005| .0024%| .0008| .0022| -.0006| -.0012] .0039| .0028| .0030} .0037) - 0015| -.0020
1.90| .0002| .0017| .0008| .0022| - 0006| -.0011| .0033| .0023| .0027| .004B| - 001Lk| -.0019

1.95( .0012( .0011( .001l| .0021| - 0006| -.0010| .00L4S| .0018| .0031| .0063 -.0014| -.0019

2.00 o | .o00k| .0011| .0021| -.0003| -.0009| .00Mk| .0013| .0030| .0080| -.0012 -.0017

el -
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TABLE I.- VALUES OF THE FUNCTIONS 1,(a) AND Xk (q) - Continued

o = 0.90, V= -45° o = 0.90, ¥= -30°
a/x |11(a) [X1(a) |ta(a) |ko(a) | 23(a) | ks(a) [33(a) |ky(a) [ia(a) [kn(a) | U3(a) | ks(a)
0 0 0.1584|0 0.1722| 0 -0.1139|0 0.1319|0 0.1597| 0 -0.1214
.05|1.52k9 .1861| .2266| .1717| -.0205| -.1134{1.5956| .1573| .2uét| .1578| - .0273| -.1239
.10{1.2838] .184| .2672| .1604 | -.0384| -.1128|1.3801| .1622| .2995| .1598| ~-.okgo| -.1232
.15 .8786| .1978| .2017| .1674| -.0520| -.1119| .9550| .1707| .2365| .1609| ~.066L4| -.1232
.20| .5770| .2075| .1481| .1557| -.0561| -.1106| .6373| .1791| .1845| .1611| -.07h1| -.1226
25| .5059| .2086| .1563| .16LL [ -.0512| -.1088| .5692( .1793| .1982| .1594| ~.0682| -.1215
.30| .5372| .1999| .1813] .1608| -.0500| -.1067| .6084| .1718| .2300| .1567| -.0736| -.1203
.35 .4987] .1988] .1773| 1559 -.0502| -.1041| .5680| .1620| .2253| .1543| -.0759| -.1186
.ol L4038 .1837! .1bkak| .1510| -.0500| -.1009| .u6Lh5| .1561| .1963| .1516| -.0776| -.1163
450 .3394 L1821 .12B3| L1471 -.04Sk| -.0980| .3954] .1542| .1802] .1k93| -.07M6| -.11L43
.50 .3125| .1760{ .1192{ .1410| -.0385| -.09kk| .3676| .1499| .1760| .1hhk9| -.0688| -.1117
.55( .2688{ .1650( .1037| .1336( -.0331f -.0906( .3210( .1k2L{ .1605( .1395| -.0643| -.1086
.60| .2033] .1541| .0782| .1264| -.0279| -.0865| .2u87| .13k0| .133%4| .1341| ~.0597| -.1053
65| .1566| .14L6| .0600( .1193| -.0223| -.0823| .1966| .1266| .1132| .1290| ~.0543| -.1018
70| .1388| .1350| .0524| .1115| -.0159( -.0778| .1766| .1197| .1035| .1233| ~.0478| -.0979
.75 .1166| .1251| .0k29| .1032| -.0107| -.0733| .1540| .1124| .0917| .1168| -.ok20| -.0938
.80| .0862| .1163| .0293| .0950 | -.0070} -.0687| .1232| .1043| .0753| .1099| ~.0375| -.0897
85| .0652| .1090| .0202| .0872| -.0034| -.0641| .1002| .0978| .0637| .1036]| ~.0325| -.085L
.90| .0622{ .1025| .0173| .0796{ .0007| -.0595| .0948| .0899( .0586| .0976| ~.0269| -.0811
.95 .0560| .0954| .0130| .0723 .0039| -.0550| .08k4| .0865| .0522| .091L4| ~.0221| -.0768
1.00{ .0383| .0886| .0051| .0654| .0061| -.0505| .0676| .0802| .ok15| .0851| -.0180| -.0T2k
1.05| .0230| .081%{-.0006| .0589 | .0084| -.0k62| .0539| .0749| .0332| .0792| ~.0143| -.0682
1.10| .0191] .0732}{-.0024| .0526| .0109| -.0420| .0L95| .0670| .0291| .0734| ~.0110| -.0639
1.15| .01k1| .0633|-.0052| .0471{ .0122| -.0379| .0k21( .0618| .0238| .06%0( ~.007k| -.0597
1.20[-.0015{ .0529|-.0105| .0419| .0135| -.03k0| .0266| .0566( .0163| .0627| ~.0054| -.0557
1.25|-.0139| .obk1k|-.01k2| .0368| .0145| -.0302| .0145| .0521| .0100{ .0577| ~.0031| -.0517
1.30{-.0161| .0287|-.01k0| .0320| .015G| -.0267| .0126| .0L73| .0073| .0528| ~.00c8| -.0480
1.35(-.0158| .0157|-.0135| .0275| .0163| -.023%| .0113| .ok23| .0052| .0481| .0013| -.0L43
1.40(-.0210| .0033|-.0153| .0236| .0161| -.0203| .ook1| .0382| .oo11| .0438| .0027| -.0L4OB
1.45]-.0248]-.0073|-.0160| .0201{ .0159] -.0174|-.0007| .0346|-.0001| .0391] .ook2| -.0376
1.50|-.0206|-.0159|-.0141| .0167| .0161! -.0148| .0031| .0317|-.0013| .0362| .0063| -.0345
1.55(-.0152|-.0217|-.0120| .0137| .0161} -.0124| .0070| .0290|-.0012| .0322| .0081| -.0315
1.60]-.0161|-.0239|-.0126| .0111| .0153! -.0102| .0029| .0266|-.0035| .0296| .0Cyo| -.0287
1.65|-.0190(-.0223|-.0134| .0091| .0o1k2{ -.0c82|-.0025| .024T|-.0056| .0267| .0092| -.0261
1.70|-.0177|-.0182|-.0128| .0074| .0137{ -.006k4|-.0028| .0225|-.0061| .02k2| .009k| -.0236
1.75| - .0136|- .0128|-.0115| .0060| .0131} -.00k7]|-.001k| .0207|-.0062| .0221| .009Lk| -.0212
1.80| - .0136|-.0066 |- .0119| .oou8| .0123| -.0032|-.0040| .0191|-.0077| .0201| .0088| -.0190
1.85(-.0153(-.0001{-.0121 .0039{ .0112| -.0019(-.0083 .0178(-.0092( .01%5{ .0080( -.0169
1.90|-.0129| .0057|-.0109| .0031| .0105|( -.0007|-.0080( .0160]|-.0092| .0170| .0073| -.0150
1.95|-.0073| .0097 |-.0091| .0023 .0100 | .ocok|-.o0k5 | .014k4|-.0082| .0150 .0073| -.0133
2.00| -.0037| .0116|-.0079| .0015| .o09k| .0013|-.0035| .0132|-.0080| .0136| .0073| -.0116
i L o
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TABLE I.- VALUES OF THE FUNCTIONS 1p(q) AND Xk (q) - Continued

29

|
|
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a/n 113(0) |ka(a) [ta(a) [lp(a) | 25(a) | k3(a) |iy(a) [kg(a) |1a(2) |ke(a) | 15(a) | k,(a)
O o B e e e 1.5708f 0 |----~- O | ====eee 0
.05]1.3232|0.0243 [0.189%4 |0.0130[-0.0393|-0.008% |1.3563 0 |0.1956 0 | -0.0402 0
.10{1.0722]| .0248) .2176) .0118) -.0488] -.0073]1.1086 0 .2261 0 -.0526 0
15| .7268| .0283| .1662| .0126| -.0L09| -.0068| .74T9 0 .1728 0 -.0k32 0
.20( .4%790| .0313| .1191| .0145| -.03kk| -.0081| .4888| o .1256 0 -.0366 0
.25 .4161| .0313| .1206| .0148| -.0386| -.0086] .Lk275 0 1256 0 -.0k2h 0
.30 .4350| .0286| .1371| .0140| -.okko| -.007hH| .4515 0 .1438 0 -.0501 0
.35) .hoo3| .0258] .1345( .0133( -.0k45| -.0063( .k1ko 0 .1hoh 0 -.0k90 0
4ol .3228] .o02:3| .1180| .0135| -.okoOk| -.0063| .3327 0 .1hok 0 -.0438 0
As| 2712 L0231 L1084 .0137| -.0385| -.0068| .2816 0 1157 0 -.0k21 0
50| .2523| .0206( .1048| .0133| -.0384| -.006k4| .2665 0 .1123 0 -.0kk7 0
55( .2233] .0181| .0929| .0122| -.0361| -.0055| .2383 0 .1017 0 -.0k02 0
.60| .1751| .0167| .0774| .0117| -.0312| -.0051| .1833 0 .0851 0 -.03L5 0
65| .1395| .0161| .0668| .0119| -.0280| -.0053| .1kk1 0 .0736 0 -.0311 0
.70 .1266| .0152| .0623| .0118| -.0268| -.0053| .1322 0 .0687 0 -.0305 0
751 .1126]1 .0139{ .056k| .0118| -.0248| -.0048] .1196 0 .0620 0 -.0291 0
.8 .0918| .0133| .0478| .0108| -.0219 0045 | 09Tk 0 .0524 0 -.0260 0
.85| .0758| .0133| .0k26| .0105| -.0198| -.00k2| .0799 0 .0L60 0 -.0233 0
.90| .0734| .o134| .ok13| .0102| -.0188| -.0045]| .0TTS 0 .0k39 0 -.0224 0
.95| .o704| .0127| .0387| .0096 | -.0178| -.00kk| .0738 0 .0k08 0 -.021kL 0
1.00| .0588( .0120| .0333| .0091 | -.0159| -.0040 [ .0602 0 0353 0 -.0191 0
1.05) .ok83| .0116| .0290| .0088 | -.0141| -.0039| .oL84 0 0307 0 0166 0
1.10] .o453| .0111| .0272| .0084 | -.0130]| -.0038| .04T70 (o8 0289 0 -.0152 0
1.15] .ok19) .0101) .024k4) .0077| -.0119) -.0037) .okk1 0 .0262 0 -.0140 0
1.20| .0330| .0091| .0196} .0072| -.0103| -.0035| .0326 0 .0218 0 -.0122 0
1.25| .02u6| .0084| .0159| .0069| -.0089| -.0032| .021k 0 0183 0 -.0102 0
1.30] .0230| .0076| .01k2| .0065| -.0081| -.0030| .0206 o) 0173 0 -.0092 0
1.35| .0233| .0066| .0135| .0062| -.0075| -.0028| .o2Lk1 0 .0163 0 -.008 0
1.k0{ .0195( .0056{ .0108] .0057{ -.0066( -.0026{ .0222 0 L0134 0 -.007k 0
1.45] .0146| .ookg| .0090( .0054| -.0056| -.0023| .0182 0 .0117 0 - .0064 0
1.50| .0171| .0046]| .0091| .0050| -.0052| -.0021| .0197 ORELRDITE 0 -.0059 0
1.55| .0193| .oo4kl| .009L4| .0046| -.0049| -.0019| .0232 0 011k o] -.0055 0
1.60| .o172| .0038| .0076| .o0k1| -.00k1| -.0017| .0213 0 0093 0 - .0046 0
1.65| .0133| .0035| .0058| .0036| -.0034| -.0016| .0165 0 0069 0 -.0037 0
1.70| .0120| .0036| .0052| .0032| -.0029| -.001k| .01k6 0 0054 0 -.0030 0
1.75| .o124k| .0032| .00L8| .0028| -.0027| -.001k| .0155 0 0048 0 -.0028| o
1.80| .0105| .0025| .0037] .0024] -.0022| -.0014{ .0133 0 .0023 0 -.0021 0
1.85| .0068| .0020| .0024| .0020| -.0016| -.0014| .0089 0 .0018] o -.001k| O
1.90| .0065| .0017| .0019| .0016( -.0015| -.0013| .0076 0 .0015 0 -.0012 0
1.95| .0077| .0011| .0023| .0013| -.001k| -.001k| .0090 0 .0022 0 -.0012 0
2.00| .0077| .0003| .0019| .0010| -.0012| -.0013| .0089 0 .0025 0 -.0010 0
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TABLE I.- VALUES OF THE FUNCTIONS 1,(q) AND Xk;(q) - Concluded

o= 0.90, ¥y = -15°

g =0.90, ¥y= 0°

a/x [1,(0) k() [215(0) [kp(a) | 25(a) | k5(a) [2a(a) flyla) | 2a(a) feola) | 23(a) k3(a)
0 0 0.0683|0 0.0867| 0 -0.0691|0 0 |o 0 0 0
.05|1.6383| .0878| .2574| .0883| -.0317| -.0751 1.6663 0 2672 0 -.0460 0
10(1.4343) .0863] .3161| .0015| -.0%86{ -.0736]1.4620 0 .3286 0 -.0731 0
15(1.0071| .0927| .2575| .0905| -.0799 -.0728}1..0180 0 .2686 0 -.0862 0
20| .684| .1042| .2001| .0905| -.0912| -.0T725 6872 0 .220L 0 -.0946 0
25| .6183| .1069| .2272| .0902 -.0857| -.0721| .6270 0 .243h 0 -.1038 0
30| .661Lk| .1022| .2636| .0897 -.098 | -.0717| .6802 0 2847 0 -.1106 0
35| .6229] .0876] .2622) .0932} -.1010} -.0711l 6425 0 2746 0 -.1202 0
.ol .5189| .0862| .2355| .0883| -.1076 | -.0701| .5300 0 .2593 0 -.1211 0
45| .uu87| .0866| .2210| .0877| -.1066 -.0694| .4563 0 .2563 0 -.1209 0
50| .4197| .0863| .21%| .0863| -.1023 -.0683| .4300 0 2479 0 -.1195 0
55| .3716| .0832| .2034| .0845| -.0990 | -.06T1 .3839 0 2321 O -.1167 0
60| .2979| .0787| .1772| .0824| -.0953 -.0658| .3106 0 .2059 0 —.3026 0
65| .2k53| .0T46| .1576| .0%0k| -.0906 | -.0646| .2585| O 186| o | -.a108 ) o0
70| .2202| .0707| .1484| .0783| -.0846 -.0629| .2389 0 1761 0 -.1037 0
75| .108:| .066k| .1367| .0758] -.0792 -.061L| .2132 0 .1662 0 -.0991 0
.80| .1632| .0623| .1206| .0728| -.0753 | --0598| .1771 0 .1488 0 -.0950 0
.%/| .1408| .0587| .1092| .0696 | -.0708 -.0581] .1523 0 .1362 0 -.0907 0
90| .1353| .0552| .1045| .0669 -.065T | -.0565| .1k92 0 .1307 0 -.0866 0
95| .128]| .0517| .0978| .06k1| -.0611 | -.0548] .1k21} O 1229 0O -.086 | 0
1.00| .1060| .ou3:| .0870} .0611) -.0572| -.0531} .1200} O | .1101} O -.0784 | ©
1.05| 080 .0455| .078L| .0579| --0531| -.0513| .1012} O .0993 0 -.o741 | O
1.10] .0836| .ou22| .0726| .0551| -.0486 | -.0kok{ .0959| O 0931 o | -0699| ©
1.15| .o160| .0387| .0673| -0522| -.0kk6 | -.0476| 0885 0 .0852 0 0658 0
1.20| .0592| .0382| .0588| .okok| -.0415 | -.0u5T| .0715 0 .0749 0 -.0613 0
1.05| .okke| .0325| .0512| .0466| -.0381 | -.0437| .0568| O 0651] o | -0967| O
1.30| .41 .0207| .ou78| .0439| -.03u6 | -.018] .0542] O | .0596| O -.0526 | O
1.35| .0%05| .0270| .okk7| .0M13| -.0317 | -.0398| .0538] © 0546 o | -.ou88| 0
1.40| .0723) .02u8{ 0397 .0387! -.0295 | -.0378| .0LE6 0 .0hk76 0 -.0L50 0
1.45| .0269| .0229( .0358| .0%60| -.027h -.0258] .o408 0 .0lh15 o) -.0815 0
1.50| .0295| .0213| .0349] .0337| -.0249 | -.0338| .0k39 0 .0387 0 -.0384 0
1.55| .0332| .0196| .0339| -0315| -.0225 -.0318]| .ou81 0 .0360 0 -.0355 0
1.60| .0290| .0188] .030%4| .0257| -.0209 | -.0299 .0kl 0 .0311 0 -.0327 0
1.65| .0224| .0180| .0268| .0270| -.0196 | -.0281| .0373 0 .0263 0 -.0302 0
1.70| .o204{ .0172| .0249| .0248| - 0180 | -.0262| .035k 0 .0235 0 -.0277 0
1.75| .0207| .0163| .0232| .0229 -.0161 | -.024k4 | .0356 0 .021k 0 -.0258 0
1.80| .0166| .0155| .0201| .0212| -.0146 | -.0226 .0308 0 .0182 0 -.0237 0
1.85| .o1ok| .0151| .0168| .0193| -.0133 | -.0210 .0262 0 L0151 0 -.0219 0
1.90| .0090 01kk:| .o152| .0176| -.0119 | -.0193| .0217 0 .0139 0 - .0202 0
1.95| .0098| .0134| .01k6| .0151| -.010L | -.0177 .0228| o0 .0139| o | -.0188} o0
2.00| .009k| .0123| .0131| .0146 -.0087 | -.0162| .0212 0 .0125 0 -.0173 0
| S
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In(1pa)
TABLE IT.- VALUES OF THE FUNCTIONS ————— FOR VARIOUS VALUES p AND q
ipad; '(1q)
J1(1paq) Jo(1pq) 73(1pq)
1paly '(1a) 1pad5'(1a) tead'(1a)
| T
0.2 0.5 0.7 0.9 o | 0.2 0.5 0.7 0.9 0 0.2 0.5 0.7 0.9
|
1.000 | 1.000 1.000 1.000 0o | 0.100 0.250 0.350 0.450 0 0.013 0.083 0.163 0.270
990 -991 992 g9k | 0 100 -2k -3 hlkg 0 013 o3 .163 270
.96k 967 -970 973 0 098 .26 345 L5 0 013 083 .162 268
.922 .928 .935 .9k3 o | .0% .2k .30 ko 0 013 .08 161 267
.869 879 .88y -903 o | 09k .236 -333 433 0 013 .08 .159 26
808 | .81 837 857 o | 091 .229 -325 L2l 0 013 .079 .156 261
T | .T59 .780 .807 0 087 .220 3L 413 0 012 077 153 258
674 ! 695 121 .55 0 083 el .303 ko2 0 o012 075 .150 254
608 | .633 .663 .705 0 078 .202 291 390 0 o011 .073 .1L6 2kg
543 572 .606 654 0 .07k .191 2718 375 0 011 .070 .1k2 2Ll
483 515 553 .606 0 .069 .18 264 362 0 .01 .068 138 239
: 428 462 .503 564 0 .06k 169 251 349 0 010 065 133 233
i aTT 413 458 521 0 .060 .158 .238 334 0 010 062 .128 227
5 .332 -370 416 482 (o] .055 148 22k 320 0 009 059 .123 221
o 291 330 | .378 448 0 051 3T, 211 306 0 008 056 118 215
i .255 200 | L343 a7y 0 ok .128 .199 293 0 008 .053 J13 208
. .223 262 | .32 .388 0 ok2 .118 186 280 0 007 .050 .108 202
5 195 234 ! .28y .361 0 039 .109 .75 267 0 007 okL8 .103 196
4 AT 208 | .259 .338 0 .035 .101 .16k 255 0 0b5 .099 190
. 19 186 2% | .315 0 032 .092 153 oLl 0 006 oh3 .09k 183
1. .130 .166 215 | 295 0 029 .08 k3 232 0 006 oko .08 177
1 1313 148 196 | 277 0 026 .078 134 222 o) 005 .037 .08 172
1- .098 | 132 18 | 261 0 .023 .072 125 212 0 005 035 .08 166
| 1415 .08 118 265 | .2M6 0 021 .066 .16 202 0 00k 032 .076 160
| 1.2 075 106 | 151 231 0 .019 .060 .109 103 0 ool 030 .072 15k
[ 065 | 09k 138 .218 0 .017 .055 .101 .18 0 00k 028 .068 1ko
1 .05T ] 0% .128 .206 0 .015 .050 .095 176 0 .003 .026 .065 1kb
b S .0kg 076 27 196 0 .01k 046 .088 .168 0 .003 .024 .061 139
1. oL3 068 .108 .186 0 .012 .ok2 .08 .161 (o] 003 .022 .058 13k
17 .037 .061 .099 .176 0 .011 .038 -077 154 0 .003 .021 .05k -129
1 .033 055 .092 167 (o] .010 035 072 148 0 .002 ..019 .051 .12k
37 .028 | .0kg .08 160 0 009 .032 .067 SR E 0 .002 .018 .0kg 120
L] 025 okh 078 151 0 008 .029 .062 135 0 002 .017 046 116
34 021 oko .072 14k 0 007 .026 .058 130 0 .002 .015 .0L43 112
1 019 036 .067 138 0 006 024 .055 125 0 .002 .01k .ok 108
T 016 032 .062 132 0 005 022 051 120 (o] .001 .013 .038 .10k
1.8 01k 029 .058 126 0 005 .020 .0L8 115 0 .001 .012 .036 .101
: 012 026 .053 120 () ook .018 .Olk 110 0 .001 .011 034 .097
X .011 .02k .050 115 0 ook 017 .ok2 106 0 .001 .010 032 094
2 .009 021 .0k6 .110 0 003 .015 .039 102 0 .001 .009 .030 .091
2. .005 .019 .0k .106 0 003 .01k .036 .098 0 .001 .009 .029 097
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Y AL I
TABLE TII.- VALUES OF THE FUNCTIONS Fp = _— —— Jo Toa (13 qu 8n(B) cos q(B - &) ap
m -0

FOR VARIOUS VALUES OF 0, &, o, AND V¥

[Fm(a, ¥, &, 0) = -Fy(o, -y, -&, o)]

0 = 0.1&5
ERET T G TE IR G Lt poo®
F, F, T3 F, T, F3 Fl Fp Fy Fy Ty Fy
p=0

-0.9|0.6738 (o] o] 0.7678 0 0 0.5832 0 o] 0.5511 o] (o]
-.6| .5591 0 0 .6266 0 (o] 624 o] 0 4187 &) - (o]
-.h| 4488 0 0 .ho11 0 0 .3483 0 0 2973 0 0
-.2| .3124 0 0 .2653 0 0 .2107 0 0 1547 0 0
0 1556 0 0 .1116 0 0 .0582 0 0 0 0 0

.2 | -.0107 0 0 -.0493 0 0 -.0980 0 0 -.1547 0 0

RIS A 518 0 0 -.2050 0 0 -.2457 0 0 -.2973 0 0

26 1=53253 0 0 -.34kg 0 0 -.3745 0 0 -.4187 0 0

.9 | -.5072 0 0 -.5083 0 0 -.5197 0 0 -.5511 o) 0
P = 0 .2

-0.9 | 0.6763 | 0.0418| 0.0019| 0.6341| 0.0441| 0.0023| 0.5912 | 0.0453 | 0.0025| 0.5547 | 0.0kk2| 0.0029
-.6 5537 0396 0031 5155 0398 00281 .4658 o439 0 L2o2 0353 0
-.h 1513 0346 (o e e I 3508 | .0336 0 3002 0280 0011
=3 | = | mmmmen | e 3390( .0303 (o B B B el Il
-.2 31Lk9 0267 0 | mmmmmm | mmmmmm | mmmee- 2128 | .0221 o] 1564 01k 0
B e e et P 1917| .0185 (o T I B B B B
0 1571 0167 (o} 1127| .012% 0 0587 0081 0 0 o] 0

B el Bl BT 0316| .0062 (o B e B B e

21-.0113 0053 L e B T -.0991 | - .006k 0 -.1564 | -.01k9 0

3| mmmmmm | e | e -.1306| -.0077 Lo B B B Bl Bl B

L | -.1779 | -.0069 0 | mmmmmm | e | e -.2491 | -.0207 0 3002 | -.0280 | -.0011

6|-.3199 | -.0170| -.0031 | -.3482| -.023%4| -.0028] -.3780 | -.033%4 0 -.4222| -.0353 0

9|-.5110| -.028 | -.0019 | -.5166 | -.0354| -.0023| -.5268 | -.0403 | -.0025 | -.5547 | -.04k42 | -.0029
p=0 25)

-0.9 |0.6930 | 0.1050 | 0.0167 | 0.6467 | 0.1111 | 0.0218 | -=--=- [ ===cen | ==cco= | =ccoon | =mmooe | oooooo
- 6257 1021 0170 | ====== | ==m=m= | mmmmee | momeee | mmmmee | mmmeee | cmmeee | mmmmes | mmeee
I e R B e 5343 1047 0213 ] 0.4847 | 0.2077 | 0.0221 | ====== | ====== | ~c===e
-.5 5299 | .0971| .0157 | ~--==- | mmmmmn | mecmec | commem [ mmmeae | oo 0.3818 | 0.0882 | 0.0193
I e I I 4221 | .0108 0187 | --=--- | === | mmm=m | mmmmmm | oo | 2o
N e R I el Rl T 2991 [ O750H N0R6B I feacamoill cococ i licasan
=l el Il IEE T 2787 | .0667 0L | =mmmmm | mmmmmm | mmmmmm 21653 | .0ko7 | .0091
T T el HE e B B It 1L42 | .0k16 0092 | -=---=- | ====== | -==---
o) 16LL 05! 0082 110 0351 | .0090 0617 0221 0055 (o] 0 (o]

A e B e B el e L e L =023 | 0021 [T1100167) ===—=-fllcccoag Feaanes
| (OEREEE RERUPERS, PO -.0570 | -.0015 | .002L| =-===- | =mm-me | —-m--- -.1653 | -.0k0T | -.0091

------------------------------------ =L 18591037 [F=r0076ll i======lji====llannans
L B e e Rt -.2189 | -.0375 | =.0049.] ====== | remmce | cocc=e | —modon ] coconc | mmmem
| s SR B a0 To o e | REE e BRI R e e e -.3818| -.0882( -.0193
el el ety -.3654 | -.0667 | -.01c0 | - .3959 | -.0828 | -.0143 ) -==--= | -===-= ] -==---
IS 1L /0588 ] = 10068 | m-cecm | mrmcac | cocect | ccacan [ ecmcan | eemcws Pazacas | ccacas | masccs
9 |-.5302 | -.0748] -.0001 | -.5312 | -.0942 | =.0131 | ===~ | =~=-==] ===m=- |} =o=c=m | mmo=oo | =7mTT
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TABLE III.- VALUES OF THE FUNCTIONS Fy - Continued
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o= 0.90
Y = L5° W-BOO Y = 15° ¥ = 0°
SO
Fy F, F, Fy F, Fy Fy F, F3 Fy Fs F,
p=0
-0.9 | 0.6128 0 o |o.s271 0 o |o.u659 0 o |o.x076 0 0
-.6| .5646 0 0 4725 0 0 3957 0 0 3157 0 0
-k | 5019 [¢} 0 .4090 o} 0 .3206 0 0 2267 0 0
-.2| L1k 0 0 .321k o] 0 .2228 0 0 1162 0 0
0 .3008 0 0 .2117 (o] 0 .1078 0 (o] (o] 0 0
21 1697 0 0 .088L 0 0 -.0146 0 0 -.1162 0 0
4|1 .0270 0 o] -.0403 0 0 -.1340 o] 0 - .2067 0 0
6] -.1133 0 0 -.1620 0 0 -.2397 0 0 -.3157 0 0
.9 | -.2970 0 0 -.3110 0 0 -.358 0 0 -.ko76 (o] 0
p = 0.2
-0.9 | 0.6186 [0.059% | 0.0068 | 0.5325 | 0.0567 [ 0.0074 | 0.4710 | 0.0507 | 0.006% | 0.4136 |0.0L51 0.0016
-.6 5676 | 0677 0105 k756 | .0652| .0112| .3988 o542 0087 | .3188 ok12 | .o048
i 5057 | .OT17 0086 | ==mmmm | =mmmmm | —mmme- 3268 | .0517 0071 | .2291 0319 | .00%0
O e e I e .3708| .0661 0092 | ====m= | mmmmmm [ mmmmmm [ mmmme e | oo e
=2 4169 0702 0090 | ====== | ====mm | ==m-=- .2250 ok28 0062 | .1178 0176 0020
B B e el Bttt .2708 0622 .0089 | ==mmmm | mmmmmm | mmmmem e | s | mm e
0 3033 0636 | .0090 2139 0532 0091 | .1088| .028| .0051 0 0 0
1| mmmmmm [ mmmmem | mmmee .1520 oh32 0089 | ~===mm | mmmmmm | mmmmen [ mmmee | mmee | meeee
2 1705 | .051k4 0090 | ====== | =em=== | mmmmeo -.0154 0113 0031 | -.1178 | -.0176 | - .0020
Ll e IEEEEE N (R —=| 023k | 0206| .0067| ------|---=-=| m=mmmm | mmmmee | mmmeen | oo
L | .0270 0349 | 006k | -===-= | mommmm | mmmme- -.1395 | -.0061 0005 | -.2291 | -.0319 | -.0040
’ 6|-.1150 | -.0159 | .00o71 | -.1644| .0008( .0060 | -.2426 | -.0211 0007 | -.3188 | -.ok12 | - .0048
9 | -.30Lk | -.0079 | .002k | -.3177| -.0200| .0010 | -.3649 | -.0328 | -.0030 | -.4136 | -.0451 | -.0016
| il j B L i
p= (o} 5
6 ohlioREeT AN (oNT L BP0 031105405 IO IHL6A0 083 liceseas | ===eem [Inece=siiicesrsn | ERSass M EEss
I E050) | 16620 0lo2ifi ===~ | s === [l aem ot o ne e o comn ot i = emm il c o= nallio=cocailinss S
g 0.099k }0.0317
ool | e [ mmeezs o2 | moBW | a727| 0603 | —m---- | semeem | mmeeom [ mmmees | momman | momeee
Lo | e | [EE TR | FOTSS [ R St R et T e o SRS ok I SRS oo A R ST 0 L e oA E oS P S AR (B R
-0 o478 0169
Lo || e S A R e S S R I R ot C ol B by s (Moo 1 B (RING o), 2.0 | Gttt et fieinii s
0 0 0
= -.0478 | - .0169
_ -.0994 | -.0317
| . L
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TABLE ITI.- VALUES OF THE FUNCTIONS Fp - Continued
g = 0.45
¥ = 450 ¥ = 30° ¥ = 15° Y = 0°
é 5 - =
Fy F, Fy F F, Fq F F, F, Fy Fp Fy
L . S I _ Ll 1T 5 BICL | SO Y
p=0.7
20.910.7115|0 -1493] 0 .0314 §0 .6659] 0.1576 |0 .0305] ~= ===~ | »=====|=mmcocfeconac | amonan | macnns
-.7] .6477| 1496| 0346 |--mmm| —mmmmm | mmmme | mmm e oo | s | e e e | oo
- e e e EE R 5576 .1519| .0434]0.50610.1583(0.04k88]-=-=oc|-mmmmn]-mmmu-
-.5| .5537| .1M17| .0333)------|-=-=-=|-==s--]--m--|-m-mm |- 0.4038/0.1322|0.0k11
T B el ettt R TR L7 .1350] .0LOS| -mmmmm|mmmmmm e m o e e | e
e B R I B T L il ey 3179| .1143| .0377|------|-=-=-=|=-=----
=] B e I L T T T 2977 .1008| .0318|--=--=|--==on|-mmm-- 1769( .0618| .020k4
B B e I R bl Bt 1539 .0637| .021hf---==-cf-==eecf------
o | .1741| .0663] .0189| .1252| .0531( .0198] .0653( .033%( .0127} © 0 0
B B e e B e -.0246| .0020| .0035|------|======l--=---
B P L] Bt -.0585|-.0033| .00U6|--mmmn|mmmmmn|ommmnm -.1769| - .0618| - .020k
Bl B I e e S el EE LT -.1997| - .0577 |- .0156] -=====| =======m=-==
R B ol ettt L - .2343] - .0580|- .0108| -~ === | ====== | —z=-m=]| mmmmmm| mmmmmefmm oo
51-.2866] - .0487| -.0075|---===|======|===c=- | mmmmmm | mmmmmm | = - .4038|-.1322| - .0k11
N e R e L C L EE e -.3872|-.1016|-.0218| - .4159| - .1251| - .032T| =====~=| ====-~ |=aa==r
T1- 4371 - .0955] - 0151 |--mmmm| mmmmmm e m e mm e | s e | e | o e ==
9]-.5537| - .1097| - .0207} - .55%0| - .1350 | - .0308| ~=====| ====-=f-m=mms| mmmmon | mmee | e e oo
oo E O eSO R S| RSN | . el
p=90.9
. EEE R i} .S S
I S =t S e hes | resesg | sna s 0.5859|0.2225|0.0835] ~-=---| -===-~ =t
B Y e B 0.5905|0.2048|0.0739|-----=|-==-==| ~mmmoc] smmeau| === | —mmom-
e e T T B 0.4367/0.1853|0.0756
-.4jo0.5273]0.1%13|0.0549) .u778| .1968| .o734| .k22h4| .1886f .0780|------f------|------
B P B ] B 3231| .1sko| .0600| .2613| .1295| .0571| .1951| .0898| .0387
o | .188| .0930| .0339| .1363| .o770| .0364] .0711| .0L4BS5| .02k2] O o | 0
o) [BEE (SR e - .0649| -.0069| .0062|-.1270|- .0421|-.0138]-.1951|-.0808|-.03"7
|- .2206] - .0431] - .0069] - .2581 | - .0852| - .0216] - . 3064 | - .1210 | - .Obbbk | ~==mou | —mmmmm o mmm o
| L B B el et Ittt Rttt ELSEE] Rttty - .4367|-.1853 |- .0756
R B e e -.4201| - .1463] - .0416 ] -=---= | === | === |- - | = [----=-
A e e et B R Rt Rttt ettt - .5082] - .1939| -.0679f =~=~==|==~=-= | ===
|
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TABLE III.- VALUES OF THE FUNTIONS Fp - Concluded
o= 0.90
¥ o= 45° V¥ = 30° V= 15° ¥ = 0°
3
F Fp 3 Fy Fp Fy F, Fp Fy Fy T, Fy
p=0.7

-0.9J0.6424]0.2110{0.0635]0.5547]0.2017}0.0652 | ~- === | ====-= |-===c= Jommmoc fomonoo oo me-
-.7| .6280] .2360] .0798|------]--=-=-|--==cc]-mmmec|-ccmen|ommmmm oo oo momnen oo ons
Y B B 5092| .2367| .0962{0.4339]0.2242|0.0870 |---=== |======|-=-- =
-5| 5784 .2561] .0990|---<--|--=-==|-====-|-c--en]-mmmmn | 0.3112(0.15100.0682
T e EEEEET EEEEEE 48| .2so7| .1192|------|------|-mmmm=|mmmmmm |2 oo
| CE e B B Rl it Rttt 3105 .1911] .1018f----=-]-=c===[=c-===
- Bl Bt Rttt .3589| .2435| .1339|-----=|------|-=-=-- 1390| .o7k2| .0376
B T L B el Erd ettt Ittt Rttt .1906| .1475| .0898)----==[-=mm==|--o=n=

0 3334| .2436] .1304| .2389| .2089| .1307| .1224| .1154 076k 0 0 0
i I PERREI EELEE S BRI Bttt el ittt .0512] .0785| .0588}----=-|--~-=-]-c=---~
B B B PR .0964| .1463| .1050 |------[--ecunfommmon - .1390 |- -0742|-.0376
5 | ] Rl EOttatt bt ittt il = «0819] 0008] -.0105 ) -wr-—se=necsEaEE-
R B o Eatatatatd ettty -.0534| .0662| .0643)----en|-mmmen]-mmmmm|mmmmmm = = mo
.5]-.0548] .0011| .07OY|-=-m==|-mmmm]emmmen femmcae f e e e -.3112|-.1510 |- .0682
- ! i e -.1926|-.0o117] .0213}-.2745|-.0717]- .0306]--~~-=|=-====|==="""
.7l-.2108] .0157| .031h|------]---cmcfemmomn|mmmmen fomeme o oo s mem | mmm oo s mmm e TR
.9|- .3413|-.0460]| - .0003|- .3522| - .0903 |- .0205 | ====== | --==== |=emmos |ommms foomomT |TTTTTT

p=0.9

o 4 B e 0.5521]0.2956[0.1369 |0 .4867]0.261910.1279}~=====f==="""}="""""
-.6|0.6342]0.3220|0.1457) .5326| .3132 1586 |--=--- f-=====|-=====]2=zcoc]=cm==m |27
T D e D B B B el it Bt Rt 0.3408(0.2160 {0 .1277
- 1| 5750| .3u88| .1820| .u781| .3392| .2032| .3896( .2822| .1785f~-=-om|=mmoo oo o0
B | e B ] Bttt 3862| .3383| .2362| .2787| .2479| .1805| .1560| -1103 -0733

o | .3581| .3363] .2206| .2611| .293h| .2356| .1256| .1647| .105| O 0 0
J7-) (RO P ‘1060| .2021| .1887|-.0263| .0503| .0650|-.1560]-.1103|-.0733
A .0259] .a7h1| .1556|-.0636| .0831| .1080|-.1800|- 0622|2012k [=-==-=l==rcsal =i
I O P B P ooy el ittt ianteieid Rttt - .3408| - .2160 |- 1277
6l-.1518| .0602| .0812(-.2157(-.0309( 025k [-=====[-==zon [-mmzes |mmmmmmmmmmmm T
B B B R -.2827|-.0770|- .0081 {- .3542|- .1658 |- .0780|~--==-|==-=== |==""="
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TABLE IV.- TUNNEL INDUCED VELOCTTY PARAMETER 5 cos v FOR VARIOUS VALUES OF 1, &, o, AND y

og

‘ON NI VOVN

brrgw
Ta cos ¥
¢ =0 o= 0.25 o= 0.45 g=0.70 ”'(2)’”
> AL 450 [-30° [-15° | 0° | 15° | 30° | b5° |-bs® [-30° [-15° | 0°] 15° [ 30° | 5° P [30° [ 350 | 0° [ 35° [ 30° [ w® |b® [-30°[15° [ o[ 1° [ 30° | us®
n=0
-0.9| 0.260{0.310|0.294|0.280|0.258 |0 .24k [0.227|0.221{0.352|0.321{0.292|0 .254 | 0.228/0.203|0.1 0.kl 0.353] 0.298(0.246 [0.207 v . 8(0.190/0.157(0.121
=81 . . .38| .347| .308| . ohg| .202)-men|mmmma| cmeee [ eemeen - ) .35 23| .20 [ .15
iR 58| k7| 377 | .338| .306| .277)|--=--|-mm=-| -m=--|----=- - 2 43 28 | .2k | .20
(S shol .ugp| Bhg | .hog| .373| .3u6| .650| 585 .511 381 . 515 .359| .305| .251
— sl 623 .580| .530 | .481| .4h3| .B1f|---i-|emmee| mmmmnememan]aoaam .8 .60 M| .37 | .31
-b| . 718| .668| .613 | .565| .522| . 84y2| .770| .687| .606 | .535 . 697 .510( .439| .373
—all 813 .761| .T 651| .607| .572)-====|=mmmn|mmmmm|mmmmen [ cmmae 4 .19 60 | .52 | b5
ol . o12| .859 Th6| . .656|1.083| .969| .886| .798 | .716 5 .89 . .691| .601) .522
SHUE 4 1.015 .952| .898 | .Bo| 7791 g:g ------------------------------- --=—<f1.20 |1.10 [1.00 | .90 | +T9 | -TO | -61
ol1. 1.112|1.058/1.000 | .o2| .888[ .8ui|1.239|1.170{1.087|1.000 | .013| .831| .761|1.301}1.212|1.108|1.000 .892| .788| .699
kg o 1.213/1.149(1.098 | 1.080| .985| .90} --===]|==mmn] mmmmnfomemen]occan] cmeen | o m 1.39 |1.30 |1.20 |1.10 |2.00 | .89 | .80
2. 1.305|1.25|1.200 | 1.141|1.089|1.0k31.521[1.350| 1.284|1.202 |1.117(1.032| .958|1.478]1.399|1.309(1.205 |1.101] 989 .Egk
S5 [ SLe 1.397|1.341(1.292 | 1.235[1.181|1.241) = =mmn]ammon| mmmem | o mmmm [ oo e | cmeee oo 1.55 |1.48 (1.%0 [1.30 [1.20 [1.09 (1.00
&l 1.478|1.435(1.387 | 1.332[1.282{1.239|1.579]1.526| 1.465(1.394 |1.313(1.231|1.160[1.627|1.561(1.490|1 ko1 1.303|1.193|1.098
L 15T 1.556|1.517|1.472 | 1.516[1.372|1.333] - === | -====| -==== [-==mmn| smmmm| mmomm | omeee 1.69 |1.63 [1.56 [1.48 [1.h0 [1.29 (1.20
B 1.627]1.591(1.551 | 1.503|1.460[1.420|1.708|1.666|1.618(1.559 |1.490|1.417|1.351|1.Th9 1.695|1.681|1.568(1.485(1.384(1.298
T 1.682|1.660|1.628 | 1.579|1.542|1.507] -====|=====| ===== | ======]| sm=m=] mmmmn]=mmn 1.8 |1.76 [1.71 [1.64 |1.56 |1.k6 |1.39
8ixe 1.74%0(1.721|1.689 | 1.647(1.617[1.583] ~====|===ns] mmmme [ mmmmmn | pmmee [ emeee | oo 1.85 |1.81 [1.76 [1.70 |1.64 |1.54 |1.48
9| 1.797|1.772|1.746 | 1.709{1.679|1.648|1.852|1.824] 1.793(1.75k |1.703|1.649|1.598|1.879 1.8431.811(1.762|1.704 |1.627 (1.563
-0.9 | 0.257§0.314|0.296|0.282|0.262 [0.544]0.228|0.224}0.367]0.331|0.301|0.263 | 0.2 0.420{0.328{0.256|0.200|0.160{0.119
B I 1 e B B o ettt Dttt BT T ST 43| .ho2| .369( .332 | .278 52| wo| 32| 25| .2 | 26
I (] e B B B e B EEre .535( L8| .hhk . 61| 49| Wo| 32| 26 | .22
-.6| .450] .539| .516( .hk95| .470 hhy2| .hag| .sog| .620| 575 30| 482 [ A .721| .598| 48| .399| .327| .260
-5 .529)mem=|mmmmn [mmmmn [cmmm e [ e e e .712| .676| .628} 57T | - B | 71| 60| 48| k1 | .32
-4 | .614] .T15|----- 674| 642 | .613|-m=-- séo| .811| .775| .722| 662 | . .96 | .81 .699| 581 .49 [ .396
-.3| -705)==--- TGT |mmmm | = m | e K 5] .920| .878] .86B| 760 | . 1.08| 95 | .82 | .69 | .578| .u8
=21 4920 [====~ .816| .8s0 | .807|----- .743]1.026| .986| .939| 873 | . 1.21 [1.08:] .950| .B11| .69 | .567
-.1| .900|====~ 1.006 |=====[=mmmmn|mmmen B75|-==-- 1.136[1.100{1.041| .986 | . 1.334/1.22 [1.08 | .9 | .788| .67
0(1.000§1.1291.111(1.075(1.053 [1.015 9L5]1.242|1.210|1.146(1.099 | 1.029 1.461[1.353]1.220|1.068| .908| .770
.1 1.100f-===~ 1.215 [===== [-mmmme [ =mmae 1.084|--mum 1.346[1.317|1.270|1.21h [1.142 1 1.581(1.48 [1.35 [1.21 |1.035]| .
21 1. % 5 1.423|1.384]1.325 |1.255 2 1.68 |1.611|1.485(1.338|1.16 | .998
A 1.522{1.484[1.427 11,361 1 1.792|1.72 [1.61 [1.48 [1.287|1.12
X1y 1.620|1.583(1.536 | 1.469 2 % 1.88 |1.840|1.740|1.600|1.41 |1.2k1
5 1.701|1.674[1.628 | 1.567|1. L .97 |1.96 [1.93 1.8 [1.71 |1.53 [1.35
6 1.778[1.759[1.716 |1.660|1.59% [1.515[1.911|1.920|1.897(1.836 |1.743[1.623|1.495]2.031 2.043|2.022[1.950|1.823(1.648|1.478
-7 1.841(1.833]1.798 [1.751|1.683|1.617|--===[-==-=[ === |=mmmmn|mmmmn |mmmoe e 2.08 [2.11 [2.10 |2.0k [1.92 |1.75 [1.58
.8 1.903|1.900(1.872'| 1.823(1.768|1.698] -~~~ |-====| ===== [===-=- o|emmmn |emmme [ 2.13 |2.17 |2.17 [2.10 [2.02 |1.84 [1.69
9 1.96k[1.95911.934 | 1.800(1.838|1.76812.070]2.007| 2.008[2.05k |1.96k [1.80711.784{2.173|2.209|2.221 2.158/2.093|1.949]1.798
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TABLE IV.- TUNNEL INDOCED VELOCTTT PARAMETER ——o — - Continued
To cos ¥V
brrow
To cos §y
g=0 g =0.25 o= 0.45 o = 0.70 o =(0590
a,
v| an |-us° l-3o° |-15° l 0° [ 15° l 300 ‘ 150 | -us° i-30° l-15° [ 0° |15° l 30° I us° |-us® [ -3o°]-15° I o° l 15° 3o°| x50 |-h5° I-ao° ]-15" l ° I 15° ‘30°1 1s°
n=0.5

-0.9 | 0. 3780345 |~ ==m | <o mmm 2 mem 0.204(0.178 }0 .490|0.423 |- === [-==mmn | === 0.191(0.146[0.590|0 hQl | ===~ | == =onn | ~==m= 0.18 |0.13
- [ 461 .b21 --| .260| .228 --- gs b1 |emmmm | e | 2 26| 16
-7 - 555 . .327| .28 . I B B P .32 | .218
-6 . .660| . .hos| .361 1 i Th2 |- 0.473| .37T| .28
-5 . a3l o6 | 435 1 . . Th6 | .60 | b7 | .352
=B .898| . 592| .519 1.071 4 1.36 |3 . .89 e | 583( Lbb
-31 - .999 .700| .61k |---nn|-mmem 1.128(-----~ BT |~ mmmm| = e 1.53 (1.48 |1.311(1.10 .91k g 53
-2 . 1.126 .Beg T2k |----- 1.396|----- 1.165 |----- Buh|---—-[1.69 |1.678(1.58 |1.335 [1.12 | .B63| .64
=3 1.266 .948| .B42|-cunn|mmm 1.487|------ 1.176|-==-=|<-==- 1.8 [1.87 [1.762[1.57 [1.319|1.04 | .77

01 1.h04 1.080| .962[1.725]|1.730|1.6731.538 [1.334|1.145| .9k0|2.012 2.066(2.004(1.818 [1.530(1.211| .921

0 1.533 1.217(1.098|--~-=|-=-=~ 1.848|----= 1.538|-=mnn| -mmun 2.13 |2.24 |2.219[2.06 |1.776(1.81 [1.08

ol 1.658 1.354(1.231 |-~=~-~ 2.025|----- 1.911 |----- 1.476| ----- 2.25 |2.414(2 k2 [2.301 |2.00 [1.603(1.24

Ao 1.78% 1.496(1.359 |--==~= ===~ 2.176|----- 1.895|====| ===~ 2.37 |2.56 |2.624[2.52 |2.227(1.80 1.1%

REES 1.892 1.622|1.480)----- R e e B 1.80k! -cmun 2.48 |2.69k{2.80 |2.72 [2.43 |1.999(1.5

o 2 1.995 1.&2 1.605 |2.212|-==== [-===~ 2.388 [---em|ommmm 1.677|2.5%|2.80 |2.94 2.'&90 2.62 |2.18 [1.739

6 (1. 2.079 1.861|1. . 2.900(3. .796(2.360(1.90

iy 2.158 1.966|1. 2.99 . 2.067

.8 (1. 2.224 2.059|1. 3. 2.21

9 |1. 2.281 2.1%0|2. ‘ 3 2.344

-0.9 |0. 0.5h1}====n|==m=mn|cceun 0.183|0.122
-.81 . gg | mm——— [ ———— 25 | AT
=10 § . “ B ot ettt Rttt 34 | 229
-6 . .6 . 1.088|0.880| ---~-~ 0.554| .428| .32
-5 . a A 1.33 [1.11 [0.806 | .70 | .56 | .38
P T . : 1.596|1.%0 [1.12 .91 ggo R}
-3 . I 5 1.88 |1.709|1.43 [1.178] . .61
R BUI 1 : 2.181(2.08 |1.6829 [1.50 |1.097| .Th
-1 . 5 : 2.48 2.&6&2.23 1.886|1.34 | .92
07 hXi 15 1.027 2.779|2.868[2.703 |2.240|1.622(1.096
311 e 1.181 3.06 |3.262[3.15 [2.646(1.93 |1.31
2 b I 3:337 3.304[3.62 |3.576 |3.03 [2.220(1.52
Sk 2. 1.479 3.52 [3.931{3.97 |3.40 [2.52 [1.Th
ol 2. 1.620 3.'&22 §.20 |4.26 |3.71 |2.806[1.96
5 1. BITY-R 1.760 3.86 |4.%0 |%.509 |3.99 [3.07 2.137
.6 |1. 2.231 2. 1.88 3.973| 4.555| -==--~ 4.229(3.31% (2.3
e | S 2.299 (2. 2.005 L.07 3.53 [2.601
Bl 2.358|2. 2.103 4.15 - 3.@ 2.78
9 113 2.408(2. 2.200 k.219 3. J2-955
NATIONAL ADVISORY
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G9Z1 "ON NI VOVN

LE



bror w
TABLE IV.- TUNNEL INDUCED VELOCTTY PARAMETER ——— - Continued
To cos ¥
lutrov
To cos v
s s o= 0.45 o = 0.70 a.(:j90
N ¥| an [-us° ]-3o° -15° [ 0% | 15° [ 300 [45° [-u5° [-30° |-15° o"? 15° | 30° | 45° |-45° |-30° [-15° | ©° [ 15°I 30° | 45° J-u5° [-30° |-15° ] 0° ll5° [ 30° [ us5°
n=0.9

-0.9 -
-.8] . el B -==
=l . 0.997(0.760 0.482
-6 . c . 1.293(1.06 |==---~ .68
=51 . . . 1.64 [1.40 |1.088 | .90
-h] . d . : 2.034(1.796{1.48 |1.200
-31 . . . . 2.51 [2.36 {2.04 |[1.64
-21 . . . . 3.025(3.074|2.826 |2.278
-3l - i . : 3.57 |4.01 [3.92 [3.12

o2 . s 3% k.140(5.026|5.265 |4.165

ST (5 1-7) [ RNl (R PRI PR ) [ 1.878|1.982(2. .67 (6.08 |6.59 |5.20

.2 1.235 ----- 1.647(1.652|1.616 [1.532|1.431|----- 2.,028|2.159|2.206 5.132(6.912(7.700 |6.117

B BT L e B B e B 2.167|2.320(2.393 5.50 |7.54 |8.51 |6.84

4] 1.451(1.847|1.900(1.926|-~---- 1.829|1.726|1.610|2.292|2.460|2.562 5.800(7..9919.05 [7.395

G B B P e 2.026 |-===- B ] B 2.578|2.707 6.03 |8.25 (9.438 |7.770

6 |1.627|~===-|2.097|=====|=vemee]|cmmmm 1.975|===m=|-mmam 2.679|2.834 6.190(8.41 J

7117000 |- mmmm 2.229|=vemm- I b T B B el B 2.925 6.321|8.463

B B ) B B e B B B B e R e e B e B e R e R e B e B e e B

B B (Y B B B B B e B B R B B B B e e B B e e e ey Er e EE e EEEe

O >N AL FL P HORPMWL FN NN 0

971
1.061
1.147
1.223
1.310
1.381
1.451
1.516
1.576
1.629

-9
1.00
1.097
1.181
1.266
1.342
1.116
1.486
1.543
1.595

n=-0.2

d s s : T | & .56

J .850 1.112[1.02 | .92 5 1.l <73
1.010| .98 1.19 [1.103/1.014 | .938| .85 | .809
1.100[1.075 1.266/1.18 [1.08 [1.03 | .950| .90
1.188/1.167 1.33 [1.267|1.174 |1.118(1.02 | .987
1.274|1.251 1.39 (1.32 [1.24 [1.19 [1:11 [1.08
1.354(1.330 1.455(1.386]1.314 |1.254[1.192 [1.157
1.430(1.412 1.50 [1.k4 [1.38 |1.32 [1.26 [1.25
1.500 [1.483 1.55 |1.b9 |1.h4 [1.39 (1.3% [1.32
1.558(1.550 1.590(1.536(1.503 [1.kks (1.kok (1.39k

87alues given to three significant figures are calculated values; the others are interpolated values.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

8€

G92T 'ON N.IL VOVN
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TABLE IV.- TUNNEL INDUCED VELOCITY PARAMETER T??:_'-V - Continued

brrgw
To cos ¥
Jo=0 =025, o= 0.45 o= 0.70 a-ao.go
k=0 | _2pn° | .10 ) o ) 0 | . 450 | -20° |-15° ) o ) O | _ks® [_20° [-15° o ol o O | _1sO [_20° [ .10 () ] o o
;\Umhalgoin[olﬁlwhs h5l30|15|o 15[30]&5 hslsoln]ol:.s 30[1;5 bs]aolnlolnlao]ks
n=-0.5
-0.9 | 0.238]0.270/0.257| ===== |===mue| mamum 0.188|0.1910.293(0.267| =====| =====u|meun 0.159(0.152{0.310(0.27L |=====| ====== |semun 0.132/0.1130.313]0.268f === [==nnn|aaann 0.116/0.090
B - B e o DTt PRy 2352 .320[====n|=mmmme| mmmen B I L | B B R e B e R 37 | 232 femmemfemmmenaaman 16| a2
-7 359 .395|-----|-=men|-mmeee|cmmaa]enaan 292| .h19| .380(--=--|-mmeen|omnn- 252 .2ho| .435[----- e et R B 186] k36| .38 | ----- ] EEE 19 | 153
-.6 431} --emm 430,421 f-emeen 0.377| .353|----- 489| .Lk7|0.4OT|------ 0.335| .305| .296|----- 446 (0.384|--mnmn 0.288| .258|----- 51 440|0.363 | -=---~ 0.256| .227| .19
-5 | 511 5k eeeenfaaens (R T R e uz2| .s62| .521| .kT7[0.M29 | . 367| -355| .582|---==[-=--- 0.390 [+===n|-===- 28| 592| 51| b2 |0.361 | .31 | .28 | .238
-k | .599f~ucan 599)-==== |mecaac]onne- 497 [===-- .642( 5961 548 .500 | .46T| .k32( K26(---ue ] el Rt g CEREE 367(====- 66 | 5780 kg | k2 [ 36 ( .32k .29
= R | [ 653 |--=--- 602 === |==mmm 723| .67T| - A .500 64 | 557 48 | koo .38 [ .34
-2 .192|=---- ar2|----- 709 |-==-- 666 |-===-= .806| .756 578 723 .63 | .550 | .48 RS
-2 | 895]aceen]anea- 831 |--ecza Es ---------- .8l | .84 659 ggs 698 .62 | 556 .51 | .48
0]1.000| .988| .959| .919| .889 7| -846| .853] 981 .9e9 “Thk B66( .T78| .60 | 16| 573| .5U4
1[1.105|===mn|mmmm 1.009 |-===== 953 [===== [===== 1.065(1.012 / 93 | .839| .76 696| .64 | .62
2|1.208|~---- 1.139]====- 1.068 |----- 1033 [=e=me 1.147(1.091 999| 91 | 830 | 76 | .716]| .69
ol St o] e A8k |=-~-=- 1.131|-=mcc |-oee- 1.224[1.166 1.051 .973| -8 | .837| .78 | .76
4 |1.401f----- 1.307[===m= [~=mmen]|=mmnn 1.204 [-=--- 1.300(1.241 1.115(1.0% | .96 | .90 | .861 &.
5 [1.48911.019(-mmnx|-mmmm st it It 1.2951.371|1.310 1. . . . )
6 [1.569| ===~ 1.452]1.409 [-===== 1.362|1.360|----- .436|1.369 0 j =%
7 | 1.641)1.550 | =mmemfammic fommmoe e e 1.53811.485/1.428 1. 06 1.
L (L B e B B B Bl R 1.532|1.479 1. 2 (1.1
9 | 1.762[1.651{1.616|---== |-===nn|-===- 1.5461.563]1.573(1.514 - R (e st 1.171 [1.204
0.7
-0.9 |0.213]0.241]0.225[---m [ocmce s oame 0.162]0.172}0.258(0.230| ===== | == === [ cmmem 0.133{0.130]0.2680.230 [« ===~ | == am=n [voaen 0.105|0.0880.264 |0.225 |-=--~ 0.089|0.065
O (N ) RGO R SR PRSI (IPER) R 31| .280|-ccenfccmman]|aaaen .162| .166 . 28 |emmen [mmeen peee-=| .12 | .08
=T | 2332 .360|-m-mnfemmmn [mmmeen | e e ee 0.267| .377| .342|-====|-mmmmefcmeen -207| 211 . 433 |oreajesencslonans 15 | .120
-6 .B0S5|---- 4080.388]--=-=-~ 0.342| .318/----- A1 .ko7lo.367(------ 0.294 | .265| .260 46 | .392(0.311 [-=---- 0.206( .183 .16
-5 | 487 506 |-mmmn|eanan 0.426 |-=mmm |~mm-- 39| .520| .479| .h27|0.383 | .357| .32k .320 . 46 | .36 j0.302 | .25 [ .22 .195
-k | s77)-ee- 2563 [=memn |mmmmnn | e 463 |-===- 599| .551| .ho7| .h5T | k20| .388| .382 61 | 5e7) M3 ) .35 | .30 | .o65) .ok
=3 sl |- 613 |=mmmem 565 |===== [-==nn .681| .628| .571| .526 | .488| .h61| .k59 - 59 | -b97| ML | .350| .31 .29
-2 -ggg ----- 738 |-=--= 671 |-==-- 63k f----- -764| .712| .6hg| .600 | .562 .534) .535 : 669 .56 | MTT | k2 | .365| .35
-1 ] .889f-cccn|-aana Tk |emnen THO [+ ==== |- ==m- Bk 751 -&33. .68 | .6u1| .613| .615 . E,a .6 sk | W72l k2 | L
0 |1.000| .966| .924| .881| .851 | .831| .817| .B19| .g9hk .578 2 go 22| .69k | .691 . . T 614 | .538| .486| .uT2
1 |ranj--eee |----- 973 |====-- 918 |-=on= [--5un h.022| .958| .892| .81 | .799| .779] .780 .98 | .86 ZTI 607 55 | .55
2 [1.220f----- 1.107 [-=== 1.032 |--=-={1.001|-==-- 1.100|1.038| .968| .921 | .881| .860| .869 . 929| .83 go 68 | .625| .62
3 1.325|-=nmn |mmmsn 1 k8 |---==- 098 [~=-=- |--=-- 1.176|1.114 |1.046|1.Q01 | .962( .940| .955 - 98 | .893 &1;6 68 | .69
I e et rer o Bl o SR 1.175 |--=-= [ .247(1.1831.115/1.079 [1.035 [1.020 [1.039|-===- 1.090 [==m== |=ommmn |wmann B Ak [1.029) 9k | .88 |. T67| .76
5 |1.513[1.392 |-=--= |-=--= 1.289 |-==mn |-=mmn 1.274 [1.316(1.251(1.180{1.151 |1.110 [1.091 [1.116]1.238 - mucm [-mmue 1.0 [--eenfommnm .952)1.18811.07 | .99 | .925 | .87 | .83 | .8u3
6 |1.595 |-=--~ 1.419 [1.370 [-=--=- 1.321 [1.327 [----~ 1.378(1.306|1.239|-===-~ 1.166 [1.165 [1.186 |-~~~ «190 (1.115 |====== 1.022|1.005|-~---1.22 |1.112(1.038|-----~ 933| .902| .91
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