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iSUMMARY

The flow-field characteristics beneath swept and unswept wings as
determined by potential-flow theory are compared with the experimentally
determined flow fields beneath swept and unswept wing-fuselage combina-
tions. The potential-flow-theory utilized considered both spanwise and
chordwise distributions of vorticity as well as the wing-thickness effects.
The perturbation velocities induced by a unit horseshoe vortex are included
in tabular form.

The results indicated that significant chordwise flow gradients
existed beneath both swept and unswept wings at zero lift and throughout
the lift range. The theoretical predictions of the flow-field character-

.a istics were qualitatively correct in all cases considered, although there
were indications that the magnitudes of the downwash angles tended to be
overpredicted as the tip of the swept wing was approached and that the
sidewash angles ahead of the unswept wing were underpredicted. The cal-
culated effects of compressibility indicated that significant increases
in the chordwise variation of flow angles and dynamic-pressure ratios
should be expected in going from low to high subsonic speeds.

INTRODUCTION

The almost universal present-day employment of external stores, such
as missiles, bombs, or fuel tanks on fighter airplanes, and nacelies on
bomber airplanes, has indicated the need for more detailed information
regarding the flow characteristics in the vicinity of the wing in order
to estimate the aerodynamic loads on these objects when fixed in the wing
flow field and to evaluate the launching and jettison characteristics of
missiles, bombs, or fuel tanks. In addition, numerous present-day air-
planes are incorporating wing sweep, lower aspect ratios, and shorter

Itail length, all of which may tend to bring the various airplane compo-
nents in closer proximity to the wing.
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For airplane designs of the past, in which the component parts (for
example, the wing and the tail) were separated by reasonable distances,
the wing-interference effects could be calculated with sufficient accuracy
by a number of horseshoe vortices distributed along a single lifting line
(r I to L). However, because of the mathematically singular nature of
the single vortex, this theory is valid only for regions that are at a
distance of at least one wing chord from the vortex location. (See ref. 1.)

The purpose of the present paper is to show that the flow character-
istics beneath the wing can be calculated if the lifting wing is assumed
to be represented by a multiple arrangement (both chordwise and spanwise)
of horseshoe vortices and if the effects of thickness are accounted for.
The velocities induced by the airfoil-section thickness distribution,
which are often neglected, are considered by using the appropriate sin-
gularity (source sink) distribution (ref. 5) in conjunction with simple
sweep theory (ref. 6). Detailed experimental flow fields were obtained
around swept and unswept wing-fuselage combinations and are compared with~the wing-alone theoretical flow fields.

The details of the calculative procedure are developed in appendixes.
The velocities induced by a unit horseshoe vortex in the chordwise, ver-
tical, and lateral directions for a large range of distances are included
in tabular form. The calculated first-order effects of compressibility
on the flow characteristics for a subcritical Mach number of 0.80 are
also presented.

SYMBOLS

A aspect ratio

b wing span, ft

c local wing chord, ft

mean aerodynamic chord, ft

Cav average wing chord, ft

cl wing-section 3.ift coefficient

c section lift-curve slope

CL total lift coefficient

CLcM incompressible lift-curve slope
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CLM compressible lift-curve slope

CD drag coefficient

CM pitc-I7ing-miowent coefficient measured about q.arter chnrd of
mean aerodynamic chord

-" fuselage length, 7.61 ft

S wing area, sq ft

s semiwidth of horseshoe vortex, ft

dmax  maximum fuselage diameter, 0.70 ft

t airfoil thickness, ft

taper ratio

A local sweep angle, deg
V free-stream velocity, ft/sec

VR resultant velocity, ft/sec

u backwash perturbation velocity in direction of x-axis, positive
rearward (fig. 3), ft/sec

us  backwash perturbation velocity induced by two-dimensional
airfoil-section thickness distribution (see appendix A),
ft/sec

v sidewash perturbation velocity in direction of y-axis, positive
to the right (fig. 3), ft/see

w downwash perturbation velocity in direction of z-axis, positive
downward (fig. 3), ft/sec

qj local dynamic pressure, lb/sq ft

'qO free-stream dynamic pressure, lb/sq ft

downwash angle between free-stream-velocity vector and resultant-
velocity vector in xz-plane, positive downward (fig. 3), deg

C" a sidewash angle between free-stream-velocity vector and resultant-
velocity vector in xy-plane, positive toward left wing tip
(fig. 3), deg
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xy z right-hand Cartesian coordinate system in which x is positive
downstream, y is positive to the right, and z is positive
upward (fig. 3), ft

^" ZV, ̂" d-s+a the x-. y-, and z-directions, respectively, from
space point of interest to centroidal location of mth, nth

vortex

n spanwise vortex index (see appendix A)

m chordwise vortex index (see appendix A)

a inclination of wing from zero-lift attitude, deg

P three-dimensional vortex circulation strength, ft
2/sec

Ps two-dimensional vortex circulation strength, ft2/sec

perturbation velocity potential, ft2/sec

Os two-dimensional perturbation velocity potential (also referred
to as chordwise accumulation of vorticity when increased by j
a factor of 2.0), ft2/sec

Fu  backwash factor (see appendix B)

Fv sidewash factor (see appendix B)

Fw downwash factor (see appendix B)

M Mach number

p =l- M2

Subscripts:

a additional or lift-indiced characteristics

n characteristics of airfoil section normal to local lines of
constant percent thickness

s cl~atacteristics of streamwise airfoil section in two-dimensional

flow

c/2 characteristics referred to half-chord line

c/4 characteristics referred to quarter-chord line

te characteristics referred to trailing edge

Primes indicate equivalent incompressible characteristics.
Bars indicate centroidal locations of the vortices.
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MODELS AND TESTS

The models about which the flow surveys were made consisted of both
swept- and- unswept-wing-fuselage combinations. Drawings of the wing-
fuselage combination are presented in figure 1. The wing of the swept-
wing-fuselage combination had 450 sweep of the quarter-chord line, an
aspect ratio of 4.0, a taper ratio of 0.3, and NACA 65AO06 airfoil sec-
tions parallel to the plane of symmetry. The wing of the unswept-wing-.
fuselage combination had 00 sweep of the one-half-chord line, an aspect
ratio of 3.0, a taper ratio of 0.5, and NACA 65A004 airfoil sections
parallel to the plane of symmetry. The fuselage consisted of an ogival
nose section, a cylindrical center section, and a truncated tail cone.
The fuselage ordinates are presented in tabl I.

The tests were made in the Langley 300 MPH 7- by 10-foot tunnel at
a velocity of 100 miles per hour. Experimental results are presented
for angles of attack from -80 to 240 for the swept-wing-fuselage model
and from -8 ° to 160 for the unswept-wing--fuselage model.

The flow characteristics were obtained with a rake of hemispherically
headed probes utilizing both downwash- and sidewash-angle orifices in con-
junction with pitot-static orifices to measure dynamic pressure. The
instrument employed in this investigation is similar to that employed in
reference 1 and is shown installed on one of the test models in figure 2.
The flow surveys were made over the right wing with the model inverted to
minimize support-strut interference and, therefore, represent conditions
(due to model symmetry) under the left wing of the model.

Consideration of the angularity rake calibration, data-reduction
process, method of rake sipport, possible errors in misalinement, and
inherent wind-tunnel misalinement angles indicates that the downwash
data are accurate within approximately l.00, the sidewash data are
accurate within approximately *1.50, and the dynamic-pressure-ratio data
are accurate within approximately ±+0.025.

THEORETICAL METHODS

The characteristics of a field of flow can be completely defined
by the magnitude and direction of the local velocity vectors. It is
generally convenient to express the direction in terms of the angles e
in the vertical plane. and a in the lateral plane and to express the
magnitude in terms of local dynamic pressure q1 - In order to deter-

mine the foregoing flow characteristics by use of theory, a knowledge
is required of the induced velocities contributed by the various
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surfaces responsible for disturbing the free-stream flow. The discussion
of the calculative procedure will be restricted in the present section-to
a brief general description with the specific details and equations enlarged
upon in appendix A. The principal factors necessary to describe the flow
characteristics are defined schematically in f ...

In the calculation procedures employed, it was assumed that the flow
was potential and planar, and, hence, the effects of boundary-layer sep-
aration and the rolling up and displacement of the trailing-vortex wake

[ have been neglected. The effects of the presence of the fuselage have
also been neglected since the variation of upwash angle induced by the
circular-cross-section fuselage decays rapidly with lateral distance.
This variation in upwash angle is presented in figure 4 as a function of
lateral distance, nondimensionalized with respect to the swept-wing semi-
span. For the swept-wing configuration, the ratio of fuselage diameter
to wing span is 0.13. For the lateral locations for which the swept-

wing calculations have been made, y/b  0.50 and yb = 0.75, the

fuselage-induced upwash angles are seen from figure 4 to be approximately
8 percent of wing angle of attack for the inboard loration and approxi-
mately 3 percent for the outboard location. For the midsemispan location
of the unswept wing, which has a ratio of fuselage diameter to wing span
of 0.16, the fuselage-induced upwash angle is approximately 10 percent of
the wing angle of attack.

The foregoing discussion has considered only the effects of the fuse-
lage alone. Examination of reference 4 indicates that the mutual-
interference effects caused by the addition of a wing to the fuselage
produce only slight changes in the exposed wing-span load distribution.
Since the calculations of present interest are critically affected by
lift coefficient and since the comparison of theory with experiment is
most readily made for comparable lift coefficients, the small changes in
load distribution indicated by reference 4 are assumed negligible. For
regions closer to the fuselage, however, or for larger ratios of fuselage
diameter to wing span, it is evident from figure 4 that the presence of
the fuselage should be considered. In this respect, the analyses of ref-
erences 4 and 7 may be useful.

In order to determine the flow characteristics in close proximity
to the wing, it is necessary to account for both the lift-induced veloc-
ities and the nonlifting or thickness-induced velocities. The former
velocities are primarily a function of wing angle of attack and plan-
form geometric characteristics, whereas the latter velocities are inde-
pendent of angle of attack and are primarily a function of the local
airfoil-section thickness distribution, modified by plan-form character-
istics. Extensive theoretical investigations of the zero-lift velocity
distributions on the surface of unswept and sweptback wings have been

--- - -
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MODELS AND TESTS

The models about which the flow surveys were made consisted of both
swept- and unswept-wing-fuselage combinations. Drwig of the wing-
fuselage combination are presented in figure 1. The wing of the swept-
wing-fuselage combination had 450 sweep of the quarter-chord line, an
aspect ratio of 4.0, a taper ratio of 0.3, and NACA 65AO06 airfoil sec-
tions parallel to the plane of symmetry. The wing of the unswept-wing-.
fuselage combination had 00 sweep of the one-half-chord line, an aspect
ratio of 3.0, a taper ratio of 0.5, and NACA 65A004 airfoil sections
parallel to the plane of symmetry. The fuselage consisted of an ogival
nose section, a cylindrical center section, and a truncated tail cone.
The fuselage ordinates are presented in table I.

The tests were made in the Langley 300 MPH 7- by 10-foot tunnel at
a velocity of 100 miles per hour. iExperimental results are presented
for angles of attack from -80 to 240 for the swept-wing-fuselage model
and from -89 to 160 for the unswept-wing-fuselage model.

The flow characteristics were obtained with a rake of hemispherically
headed probes utilizing both downwash- and sidewash-angle orifices in con-
junction with pitot-static orifices to measure dynamic pressure. The
instrument employed in this investigation is similar to that employed in
reference 1 and is shown installed on one of the test models in figure 2.
The flow surveys were made over the right wing with the model inverted to
minimize support-strut interference and, therefore, represent conditions
(due to model symmetry) under the left wing of the model.

Consideration of the angularity rake calibration, data-reduction
process, method of rake s-4pport, possible errors in misalinement, and

inherent wind-tunnel misalinement angles indicates that the downwash
data are accurate within approximately l.00, the sidewash data are
accurate within approximately *1.50, and the dynamic-pressure-ratio data
are accurate within approximately ±+0.025.

THEORETICAL METHODS

The characteristics of a field of flow can be completely defined
by the magnitude and direction of the local velocity vectors. It is
generally convenient to express the direction in terms of the angles e
in the vertical plane and a in the lateral plane and to express the
magnitude in terms of local dynamic pressure qj. In order to deter-

mine the foregoing flow characteristics by use of theory, a knowledge
is required of the induced velocities contributed by the various

- .' . ...
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surfaces responsible for disturbing the free-stream flow. The discussion
of the calculative procedure will be restricted in the present section-to
a brief general description with the specific details and equations enlarged
upon in appendix A. The principal factors necessary to describe the flow

characteristics are defined schematscalL in figure 3.

In the calculation procedures employed, it was assumed that the flow
was potential and planar, and, hence, the effects of boundary-layer sep-I
aration and the rolling up and displacement of the trailing-vortex wake

F have been neglected. The effects of the presence of the fuselage have
also been neglected since the variation of upwash angle induced by the
circular-cross-section fuselage decays rapidly with lateral distance.
This variation in upwash angle is presented in figure 4 as a function of
lateral distance, nondimensionalized with respect to the swept-wing semi-
span. For the swept-wing configuration, the ratio of fuselage diameter
to wing span is 0.15. For the lateral locations for which the swept-

wing calculations have been made, y/O= 0.50 and y/. = 0.75, the

fuselage-induced upwash angles are seen from figure 4 to be approximately
8 percent of wing angle of attack for the inboard location and approxi-
mately 3 percent for the outboard location. For the midsemispan location
of the unswept wing, which has a ratio of fuselage diameter to wing span
of 0.16, the fuselage-induced upwash angle is approximately 10 percent of

the wing angle of attack.

The foregoing discussion has considered only the effects of the fuse-
lage alone. Examination of reference 4 indicates that the mutual-
interference effects caused by the addition of a wing to the fuselage
produce only slight changes in the exposed wing-span load distribution.
Since the calculations of present interest are critically affected by

lift coefficient and since the comparison of theory with experiment is
most readily made for comparable lift coefficients, the small changes in
load distribution indicated by reference 4 are assumed negligible. For
regions closer to the fuselage, however, or for larger ratios of fuselage
diameter to wing span, it is evident from figure 4 that the presence of
the fuselage should be considered. In this respect, the analyses of ref-
erences 4 and 7 may be useful.

In order to determine the flow characteristics in close proximity
to the wing, it is necessary to account for both the lift-induced veloc-
ities and the nonlifting or thickness-induced velocities. The former
velocities are primarily a function of wing angle of attack and plan-
form geometric characteristics, whereas the latter velocities are inde-
pendent of angle of attack and are primarily a function of the local
airfoil-section thickness distribution, modified by plan-form character-
istics. Extensive theoretical investigations of the zero-lift velocity
distributions on the surface of unswept and sweptback wings have been
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reported in references 8 to 11 and indicate that the isobars, that is,
lines of constant pressure, tend to be parallel to the local lines of
constant percent thickness for regions not too close to the wing root or
tip. Reference 9 also shows that the effect of aspect ratio on the back-
wash velocities is negligible for aspect ratios that are of present inter-
est (aspect ratios of 4 and 3 for the swept and unswept wings, respec-
tively). In view of this, and with consideration of the simple sweep
theory of reference 6, the present paper considers the airfoil sections
normal to the local lines of constant percent thickness to be two
dimensional in nature.

The perturbation velocities of the two-dimensional-airfoil thickness
distribution may be determined by either conformal transformations as
reported in references 12 to 14 or by use of the appropriate singularity
distribution as determined by the methods of reference 5 or 15. The pres-
ent paper utilized the method of reference 5 in combination with thesimple sweep theory of reference 6. as described in appendix A, in order
to account approximately for the effects of either sweep or taper or both.

In the calculation of the lift-induced velocities, the present pro-
cedure utilizes, primarily, four horseshoe vortices distributed in the
chordwise direction at each of 10 spanwise locations, thus making a total
of 40 horseshoe vortices. The chordwise vortices are assumed to have
equal circulation strengths but unequal chordwise spacing. The stratagem
is then to sum the induction effects at points that lie midway between
any two adjacent chordwise vortices (where possible) for regions near the
wing chord, and thereby minimize the objectionable singularity effects men-
tioned previously in the "Introduction". This procedure is hereinafter
referred to as the finite-step method. An illustrative calculation of
the lift-induced velocities beneath the swept wing is presented in
table II.

In calculating the sidewash velocities, the finite-step method
becomes increasingly inaccurate as the vertical distance from the wing
chord plane is decreased. Further study of the assumed horseshoe vortex
system (see appendix A) indicated that the sidewash velocity would approach
zero as the wing chord plane was approached. This characteristic is not
consistent with reality in that the lateral gradient in load or vorticity
implies the existence of sidewash velocities on the wing surface.

By use of unpublished theoretical studies made by Percy J. Bobbitt
of the Langley Aeronautical Laboratory (see appendix A), the sidewash
velocity at the wing chord plane may be estimated and a more realistic
variation of sidewash velocity with vertical distance effected.

The velocities induced by a unit horseshoe vortex in the vertical,
lateral, and longitudinal directions, which are necessary in the present
methods, were computed by the equations given in reference 16 and are
presented in tables III, IV, and V for a large range of distances.

'J
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Comparison of the values predicted by theory with the experimental

values indicates that the representation of the airfoil-section thick-.

ness distribution by a two-dimensional singularity distribution (ref. 5)
modified by simple sweep theory (appendix A) gives excellent qualitative
agreement for all vertical locations cnsidered. The magnitudes of the

flow parameters due to thickness are, in general, also well predicted,
although the downwash angles are underpredicted for the regions immedi-
ately ahead of the wing chord.

The flow characteristics at a wing lift coefficient of 0.49 are
shown in figure 7(b). The chordwise gradients mentioned previously are
seen to be more severe than for the zero-lift condition (fig. 7(a)).
For this lift coefficient (0.49) the lift-induced effects, in general,
completely overshadow the thickness effects and cause large changes in

the downwash and sidewash angles in addition to reductions in the dynamic-
pressure ratios.

Good agreement is in evidence for the downwash angles except for
the nearest vertical location where the theory overestimates conditions
immediately ahead of the wing leading edge. This overestimation is pre-
sumed to be due to the assumption in the theory of the two-dimensional
type of chordwise load distribution that implies full leading-edge suc-
tion and, hence, unrealistically large induced effects in this vicinity.

In the case of the sidewash angles (fig. 7(b)), the assumed finite-

step theory is seen to become increasingly inaccurate as the vertical
distance from the wing chord plane is decreased. The modified theory

(see appendix A), which effects a more realistic variation of sidewash
velocity with vertical distance (particularly near the chord plane), is
seen generally to agree more closely with the experimental results than
does the finite-step method. The modified theory was used in the rest
of the incompressible sidewash calculations presented in this paper.

The prediction of the dynamic pressures (fig. 7(b)) by use of the
finite-step method is seen to be good for all chordwise and vertical
locations presented.

Since it has been shown that the decay in the flow distortions can

be calculated, it would be desirable to consider in more detail the

predictability of the flow throughout a more complete lift range. A
comparison of the theoretical and experimental flow fields existing
15 percent of the local wing chord beneath the midsemispan location of

the swept wing is presented in figure 8.

With a change in sign of the flow angles at the most negative lift

coefficient (CL = -0.53), the conditions existing on the upper or suc-

tion side of the wing when at positive lift may, because of model sym-

metry, be examined. The flow parameters indicate the existence of

V hi
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extremely high values of downwash and sidewash angularity as well as
large dynamic pressures. Examination of the pitching-moment curve pre,-
sented in figure 5 indicates an unstable break at approximately this
lift coefficient in the positive lift range (CL = 0.49), which signifies
a loss of lift at the wing tip and indicates the existence of nonpten+ il
flow. The potential-flow theory utilized cannot then be expected to
predict the magnitude of the flow parameters for these conditions.

As the lift coefficient is reduced to CL -0.26, a rather good

description of the downwash angles is given by use of theory (fig. 8(a)).
Good agreement is also obtained throughout the positive lift range to
CL = 0.89, which is rather surprising since at'this lift coefficient the

flow on the suction side of the wing is nonpotential. At CL = 1.09, the

theory is seen to overpredict the downwash ahead of the leading edge and
to underpredict it over the chord proper. This is presumed to be due to
the rearward movement of the experimental local center of pressure that
is associated with leading-edge stalling.

Examination of figures 8(b) and 8(c) indicates that the calculated
sidewash angles and dynamic pressures are in reasonable agreement over
the entire lift range with the exception of the extreme cases, CL = -0.5 53
and 1.09 where nonpotential conditions exist.

In order to determine the ability of calculations to predict the
effect of spanwise position on the flow characteristics, a comparison
with the conditions existing 15 percent of the local wing chord below
the three-quarter semispan location of the swept wing is presented in
figure 9. The zero-lift flow angles (fig. 9(a)) and dynamic pressures
(fig. 9(b)) are well predicted, which indicates that the zero-lift flow
characteristics are still essentially two dimensional in nature at

= -0.75. As the lift coefficient is increased, however, the agree-

ment between theory and experiment is seen to deteriorate for the down-
wash angles (fig. 9(a)) in that the theory gives values too high over
the chord region. This overestimation is presumed to be due to assuming
a two-dimensional type of chordwise load distribution to exist at this
spanwise station for CL = 0.23 and to a combination of the aforemen-

tioned in conjunction with the proximity of the rolled-up tip vortex
for CL = 0.49. In spite of the defects in predicting the downwash

angles, the sidewash. angles and- dynamic pressures are seen to be reasonably
well predicted. It should be noted that the experimental downwash angles

are slightly lower at the outboard location yb= -0.75 in fig. 9(a))

than at the inboard location 0b -0.50 in fig. 8(a)), whereas the
2s
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sidewash angles are slightly higher. The dynamic pressures appear to be
relatively unaffected by spanwise station for the two stations presented

(figs. 8(c) and 9(b)).

Unswept-Wing Model

A comparison of the flow characteristics at a distance 15 percent
of the local wing chord beneath the unswept wing is presented in fig-
ure 10. The predicted downwash characteristics (fig. 10(a)) are, in

general, subject to the same discussion and limitations as those for the

swept wing; the only notable differences were the underprediction of the
downwash ahead of the leading edge, whereas there was an overprediction
for the swept wing (fig. 8(a)). The cause of the nonpotential nature of
the flow above the wing chord plane, as evidenced by the break in the
pitching-moment curve (fig. 6), is assumed to be due primarily to leading-
edge separation.

L The comparison between the experimental and theoretical sidewash

angles below the unswept wing is shown in figure 10(b). As in the case
of the swept wing, significant chordwise gradients exist under lifting
conditions. The finite-step theory in which 10 spanwise and 4 chordwise
horseshoe vortices were utilized is seen to underpredict the sidewash
angles. Increasing the number of spanwise vortices from 10 to 20 and
using the estimated surface sidewash velocity (see appendix A) in deter-
mining the sidewash velocity variation with vertical distance appear
to provide better agreement with experiment over most of the chord. The
disagreements existing ahead of the wing-chord leading edge at positive
lifts are not fully understood, but some of the disagreement may be due
to support-strut interference effects that have not been assessed.

The dynamic pressures (fig. 10(c)) appear to be well predicted
throughout the lift-coefficient range investigated with the exception
of the largest negative lift coefficient.

The effects of sweepback cannot be adequately determined throughout
the lift-coefficient range by comparing the wings of the present investi-
gation since several geometric differences exist other than the angle of
sweep. If it is assumed, however, that, for the midsemispan locations,
the zero-lift flow characteristics are essentially two dimensional, as
indicated by the ability of two-dimensional theory to predict the flow
characteristics, some insight is gained as to the effect of sweep. Com-
parison of the zero-lift downwash angles and dynamic pressure of the
swept wing (fig. 8) with the comparable characteristics for the unswept
wing (fig. 10) indicates that sweep has little effect on these parameters.
The differences that do exist are felt to be due to the difference in
thickness ratios. Examination of the sidewash angles (figs. 8(b)
and 10(b)) indicates that the effect of wing sweep is to induce larger
sidewash angles, at zero lift, in accordance with simple sweep theory.
(See appendix A.)
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Effects of Compressibility

In the foregoing discussion, the flow-field characteristics were
for the incompressible case. It would now be desirable to examine briefly
the effects of compressibility on the flow characteristics. Since no
experimental data are available at the higher speeds, theoretical com-
parisons have been made in order to provide at least a qualitative indi-
cation of the effect of compressibility.

The calculated compressibility effects, for a subcritical Yach num-
ber of 0.80, on the flow characteristics at a distance 25 percent of the
local wing chord beneath the midsemispan location of the swept wing are
presented in figure 11 for three conditions. The effect of increasing
the Mach number on the zero-lift flow characteristics is to cause increases
in both the downwash and sidewash angularities as well as the dynamic-
pressure ratio, although the basic-flow structure appears to be relatively
unchanged. In considering Mach number effects for the lifting condition,
as calculated by the finite-step method, it is convenient to examine the
effects from two standpoints, namely, the case where . is held constant
and the case where CL is held constant. For the constant m case
(fig. 11), the effect of increasing the Mach number is to cause large
increases in the positive and negative magnitudes of the downwash angles
over the complete chordwise range shown and particularly near the leading
edge. Large increases in the region of the leading edge are also evident
in the sidewash angles and large decreases occur in the dynamic pressure
over the leading-edge portion of the chord; however, the rear 80 percent
of the chord appears to be relatively unchanged. Some of these effects
are due to the fact that the wing in compressible flow at constant a
is generating more lift than the wing in incompressible flow. In order
to eliminate these additional lift effects, the effects of compressibility
at constant lift are also presented in figure 11. For this condition,
the negative and positive magnitudes of the downwash angles are still
increased over the incompressible conditions. In the case of the side-
wash angles, however, although the compressible values are slightly higher
at the leading edge, they are reduced over the chord proper. The com-
pressible dynamic-pressure ratios still appear to be reduced at the
leading edge, but to a lesser extent than for the constant m condition,
and are actually increased beyond the quarter-chord locations.

CONCLUDING REMARKS

A theoretical and experimental investigation of the subsonic-flow
fields beneath swept and unswept wings indicates the existence of signif-
icant chordwise gradients in the flow characteristics. These gradients

jdiminish in severity as the distance from the wing chord plane is increased.
Increasing the lift coefficient caused large changes in the local downwash

II
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and sidewash angles and in the dynamic-pressure ratios. The effect of
wing sweep at zero lift was to cause increased sidewash angles.

The theoretical predictions of the flow-field characteristics were
qualitatively correct in all cases considered, although there were indi-
cations that the magnitude of the downwash angles tended to be overpre-

dicted as the tip of the swept wing was approached and that the side-
wash angles ahead of the unswept wing were underpredicted.

The effects of compressibility, as calculated by first-order linear
theory, indicated significant increases in the chordwise variations of
flow angles and dynamic-pressure ratios for both the zero-lift and lifting
cases. The effects of compressibility for the lifting case in which the
lift coefficient was held constant were less severe than those for the
constant-angle-of-attack case.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,Langley Field, Va., April 26, 1956.
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APPENDIX A

DETAILED THEORETICAL CONSIDERATIONS

The purpose of this appendix is to present a more detailed descrip-
tion of the calculative procedure described briefly in the text.

The flow is assumed potential and planar, and, hence, the effects
* of boundary-layer separation and the rolling up and displacement of the

trailing vortex wake are neglected. The effects of the presence of the
fuselage have been neglected (see fig. 4) for the lateral locations of

present interest y Ob= 0.5 and 0.75). For regions closer to the fuse-

lage, however, its presence may be considered by methods similar to those
reported in references 4 and 7.

A well-established practice in two-dimensional-airfoil theory is
to consider independently the effects of thickness and the effects of
angle of attack (ref. 19). The present paper also employs this procedure
in determining the flow-field characteristics but includes in the non-
lifting case first-order three-dimensional effects incurred either by
sweep or taper or both; and in the lifting case, both spanwise and chord-
wise distributions of vorticity are considered in an approximate manner.

Nonlifting Case

In two-dimensional flow, the nonlifting or thickness-induced per-
turbation velocities are primarily a function of thickness distribution.
These perturbation velocities, that is, downwash in the vertical direction
and backwash in the chordwise direction, may be calculated either by con-
formal mapping techniques, as reported in references 12 to 14, or by use
of the appropriate singularity (source sink) distribution, as reported in
references 5 and 15.

In three-dimensional flow, the problem of determining the perturba-
tion velocities in the field surrounding the wing becomes considerably
more complex and requires, in rigorous form, a representation of the wing
by an infinite number of singularities which must be integrated over the
wing surface (refs. 8 to 11).

Examination of the extensive theoretical investigations of the zero-
lift longitudinal or backwash velocity distributions on unswept and swept-
back wings reported in references 8 to 11 indicated that it is necessary
to determine only the three-dimensional effects incurred either by sweep
or taper or both, since the isobars tend to be parallel to lines of con-
stant percent thickness (for regions not very close to the wing root or
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tip) and since the effect of aspect ratio on the local velocities is -

negligible (ref. 9) for the aspect ratios considered in the present
paper. In view of the foregoing discussion, the following development
(zero-lift case) will be primarily two dJmensional in ntue ard will
generally consider swept wings by use of simple sweep theory (ref. -6);
but the procedure will also be applicable to unswept .rdigs.

THe original contribution of simple sweep theory (ref. 6) was to
indicate a geometric device by which the critical Mach number of wings
could be raised. Reference 6 points out that the- wing pressure distri-
bution was chiefly affected by the velocity component normal to the lines
of constant percent thickness. In determining the zero-lift or thickness-
induced velocities of a swept wing, it is, therefore, necessary to con-
sider the thickness distributions of the airfoil sections normal to the
lines of constant percent thickness. These airfoil sections will herein-
after be referred to as normal sections in order to differentiate them
from the streamwise sections.

The geometric characteristics necessary in the calculation of the
thickness-induced velocities is shown for the swept wing of the present
investigation in figure 12. The streamwise chord locations at which the
flow-field characteristics are desired are indicated by'the data points.
The normal sections were assumed to be two dimensional and, therefore,
the perturbation velocities generated by these sections, in conjunction

-with the reduced velocity component V cos A could be calculated by
either of the two-dimensional-flow techniques mentioned previously (con-
formal mapping or singularity solution). For the points ahead of the
wing leading edge, the sweep angles of the normal sections generating
the perturbation velocities at these points (as indicated by the dashed
lines in fig. 12) were assumed constant and equal to the sweep angle of
the leading edge.

Since the perturbation velocities along and perpendicular to the
chords of the normal sections (un and w, respectively) have been deter-

mined, it is now necessaryto determine the components of these velocities
relative to the streamwise chord (fig. 12). The downwash velocity w
remains unchanged since the effects of the increased normal-section thick-
ness ratio relative to the streamwise-section thickness ratio are canceled
by the reduced normal velocity component. The normal-section backwash
velocity u must, however, be added to the normal-velocity component
V cos A (fig. 12). These vectors are then combined with the parallel-
velocity component V sin A.' This vector addition (fig. 12) determines
the direction of the resultant-velocity vector VR relative to the free-

stream direction. This resultant-velocity direction is seen to be toward
the plane of symmetry for regions of supervelocity (VR > V) and toward the

4 wing tip for regions of subvelocity (VR < V).

The backwash and sidewash perturbation velocities relative to the
free-stream direction are (from the vector diagram of fig. 12)

Ft
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u = Un cos A (Al)

v = un sin A (A2)

and the flow angles in the vertical and lateral directions are, respec-

tively,

w v w/v
e tan- = tan- 1  (A3)' l U-- + u n cos A

V ~1 +

Un sin A
= _ n 1 v/V= _a-1 V (4

1 + u 1 + u n cos A
V V

The dynamic-pressure ratios are defined by

11 (V + u) 2 + w2 + v2  (S
(A5)

qo V2

or, since

(w2 + V2) << (V + u)2

then

I2

i q (v +u~a  n cosV . U (A6)

Co V V•

In the foregoing development, it was assumed necessary, because of
wing taper, to determine the thickness distributions of each of the sec-
tions normal to the lines of constant percent thickness, and then to cal-
culate the perturbation velocities generated by these sections. It is
obvious that fulfillment of this assumption would entail a prohibitive
amount of computational labor. In order to reduce the computations to
practical proportions, it is necessary to introduce certain simplifying
assumptions. It was, therefore, assumed that the given tapered swept
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wing could be replaced by some equivalent infinite-span, swept, untapered
wing. The effects of wing taper would be retained, however, in using the
correct local swe angles in equations (Al) and (A2).

In order to evaluate the changes in the airfoil thickness distribu-
tion incurred by the foregoing assumption, the thickness distributions
of the normal sections (as indicated by sections 1 to 7 in fig. 12) were
determined and were found to have maximu thickness ratios of 7.45 to
7.7 percent. These thickness distributions were then compared with the

thickness distribution of the streamwise airfoil section which was
increased so that its maximum thickness ratio was equivalent to the
average maximum thickness ratios of the normal sections (7.6 percent).
This comparison is presented in figure 13. It is evident from this fig-
ure that wing taper causes some small variations in the thickness dis-
tributions, particularly over the rear portion of the chord; however,,
when consideration is given to the fact that the maximum surface velocity
induced on an NACA 65AO08 airfoil section is only of the order of 10 per-
cent greater than the free-stream velocity (for zero lift, see ref. 20),
it may safely be assumed that these differences in thickness distribu-
tions, due to wing taper, are negligible.

Since it has been shown that the given swept wing can be approxi-
mated by an infinite-span, swept, untapered wing without incurring any
appreciable differences in the airfoil-section thickness distributions,
some useful relationships between the assumed infinite-span, swept, unta-
pered wing and an infinite-span, unswept, untapered wing should be noted.

t Comparison of an infinite-span, swept, untapered wing with an
infinite-span, unswept, untapered wing. of the same streamwise thicknesst ratio indicates that the normal-section thickness ratio of the swept wing
is increased, by li/cos A relative to the streawise section and that
the normal component of the imposed velocity is decreased by cos A.
(See the following sketch.)

V
_1

.~ ~ gCos A C_

t
C Cos A .
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It can, therefore, be reasoned that, since the perturbation velocities
are linear functions of thickness, for small thickness ratios (as indi-
cated by an analysis similar to that of ref. 21), the increased thickness

effects are canceled by the reduced velocity V cos A. The\C os

perturbation velocities relative to the normal section of the swept wing
are then approximately equal to the perturbation velocities relative to
the streamwise section of the unswept, untapered wing; that is,

Un Z us (A)

where u s is the backwash velocity generated by the streamwise thickness

distribution in two-dimensional flow with a free-stream velocity equal

to V.

Equations (Al) and (A2) may now be rewritten as

u = us cos A (A8)

V = Us sin A (A9)

and the flow angles given by equations (A3) and (A4) may be rewritten

as

= tan-i (Alo)
Us cos A

V
Ip

uS sin A

a= tan_1  V (All)

I+US cos A

V

The dynazic-pressure ratio is now

qj +1 us cosA)
2

+ ~ ~ A)(A12)
qo V
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The present paper utilized the singularity-distribution method of
reference 5 in order to calculate the two-dimensional perturbation veloc-

,* ities in the field surrounding the NACA 65-series airfoils of the swept
and unswept wings. These velocities .ere the moaified'bv the use of equa-
tions (A8) and (A9) to account for the three-dimensional-flow effects of
either sweep or taper or both. The calculated velocities induced at the
midsemispan location of the swept wing at zero lift are presented in fig-
ure 14, and the flow-field parameters determined from equations (A10)
to (A12) are presented in figure 7(a) for comparison with experiment.

Lifting Case

The general practice of accounting for the wing lift-induced veloc-
ities, by employing a single lifting line (approximated by a number of
horseshoe vortices), becomes increasingly inaccurate as the vortices are
approached. (See ref. 1.) In order to obtain more realistic values of
the lift-induced velocities for regions close to the wing, a more detailed
accounting of the chordwise distribution of vorticity is required. It
should be noted that, if the actual load distributions are known, they -

would probably greatly enhance the accuracy of the calculations. In the
absence of these loadings for the wings of the present investigation, the
spanwise loadings were determined by the method of reference 17 and the
chordwise load distributions were assumed to be two dimensional in shape
with the local circulation strength dictated by the span-load distribution.

The shape function of the two-dimensional chordwise vorticity accumu-
lation 0s is given by reference 16 and may be expressed, with a change
in variable, as

F

u 1 x~ (Al3)

c i

It was further assumed that this chordwise accumulation could be
approximated by a finite number of vortices of equal strength since the
stratagem was to determine where possible, the perturbation velocities,
due to the vortices, at points in the field (in the immediate vicinity
of the local chord) lying midway between any two adjacent vortex locations,
thus effecting some cancellation of the objectionable effects of the single
lifting line.

JA
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Integration of equation (A13) gives the chordwise accumulation of
vorticity as

I(x/c)P
'Cos - + sin- I  (A14)
Vwc 2 +(x/c) 1

The chordwise limits necessary to insure equal circulation strengths

(x/c)l and (x/c)2 must be determined by trial and error. After these

limits are determined, the centroidal locations of the vortices may be

found by

, (x/c) 1  c x c
0c2  X

(x/c)l c

,+i which upon integration gives

2: l 2 (x/c)2

,, £x 4- + -S(dx6)

x -(xl) l \f (xcC

A study of the number of two-dimensional-flow vortices needed to
approximate the airfoil boundary conditions, that is, a. = -w/V, in which
combinations of one, two, four, and eight vortices were considered, indi-
cated that one and two vortices were insufficient. Utilization of eight

vortices, of course, was found to give the best approximation of those
I investigated, although this was felt to raise the computations to the
, prohibitive level. Four chordwise vortices were, therefore, chosen as
, " the best compromise between required labor and the approximation of the

boundary conditions. The centroidal locations of these four vortices

I

--- (X/02
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were found, from equations (A14) and (Al6), to be approximately
x/c = 0.015, 0.092, 0.272, and 0.621.

The voi -tex axyajage[1uLnts thuas chosen to represent the ving plan form
consisted of four chordwise horseshoe vortices at each of 10 spanwise
stations. The vortex arrangement. assumed to represent the swept wing
is presented in figure 15.

The equations of the lift-induced perturbation velocities for the
assumed vortex arrangement may be expressed as

Ua n=10 m--45v- 7 7- l Fu  (A7)

"*Va 1 r-10r-- 4-- r
-val;-' _7-m-p (A18)
f V Vs n=l m=l k 4

wa n=1O m=4r
=' 4LVs IFw (A19)

V n=l f

where Fu, Fv, and Fw are the geometric functions associated with a
4' .unit horseshoe vortex. The equations of these functions, as given in

reference 16, with the appropriate sign changes and nondimensionalized
with respect to the semiwidth s of the vortex, are presented in appen-
dix B. The values of these functions over a wide range of distances are
presented in tables III to V.

Since 10 spanwise vortices were assumed in the present investigation,
the semiwidth of each horseshoe vortex is

~b
- (A2o)20

The circulation strength P may also be related to the local section
lift coefficient by

c2 cV

r c I r(A21)
2
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Equations (A17) to (A19) may now be expressed as

k-n=lO m=4 cc
VOL 2n n- l j k -- Ca- Fu (A22)

a 57 >7:-~~ _" F. (A22)
VOL 2gA n=l rn-l 4CLCav

Wa n=lO m=4 c cVa- Fv  
(A23)

VCL 2nA n=l ml kOLCaY

The lift-induced velocities were computed for the wing plan forms
of the present investigation by use of equations (A22) to (A24) by using
the span-load distributions presented in figure 16 as determined by the
method of reference 17. A sample calculation of the lift-induced veloc-
ities for each unit of lift coefficient for the swept wing is presented
in table II. The velocities induced at several vertical locations below
the midsemispan location of the swept wing are presented in figure 17.

A study of the lift-induced velocities indicated that the downwash
and backwash velocities calculated by use of equations (A22) and (A24)
(fig. 17) had the correct qualitative variation with vertical distance,
whereas the sidewash velocities did not. Examination of the sidewash

F velocity factor Fv (see eq. (B6)) indicates that when a finite number
of horseshoe vortices are used the sidewash velocity for small vertical
distances must approach, at the surface, either zero or become infinite,
depending on whether the point of interest lies between the trailing
vortices or directly under a trailing-vortex segment. The points of
interest in the present calculations were chosen midway between the
trailing segments of the horseshoe vortices and, hence, approach zero
as the wing chord plane is approached. In reality, this condition does
not exist since the lateral gradient in loading or vorticity implies the
existence of sidewash velocities at the wing surface. Clearly, then,
sidewash velocities calculated by use of the finite-step method
(eq. (A23)), where the sidewash velocity is zero at the wing surface,
would yield much smaller values for points close to the wing (fig. 17)
than would a method accounting for the finite sidewash at the wing
surface.

Unpublished theoretical studies (eqs. (A25) to (Ab2)) made by
Percy J. Bobbitt of the Langley Laboratory have indicated that a more

- ,i - ~-~ ~- ~ - .- '
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realistic value of the sidewash velocity variation with vertical distance
could be obtained by estimating the sidewash velocity at the wing chord

plane due to the lateral gradient in the velocity potential (referred to
herein as the chord-wise accumzulation Of vorticity) anid then, by fairing
the maximum sidewash velocity in the wing field, as calculated by equa-

tions (A23) and (B6), to this chord-plane velocity. The sidewash velocity
at the wing chord plane may be determined from the lateral gradient in
the chordwise accumulation of vorticity which may be expressed as

1.

Sva = 60(x'Y) (AP-)

which may be nondimensionalized as

6 O(Xyy)
b

va VCL 2 (A26)
VCL 6 y_

b/2

In the absence of experimental information regarding the chordwise
accumulation of vorticity 0 for the wings of the present investigation,

the two-dimensional vorticity accumulation given by equation (A14) was
assumed. In order that the total circulation of the system be correct,

the total chordwise circulation strengths must be corrected to agree with

the strengths of spanwise vorticity distribution. Thus, equation (A14)
may be expressed as

O _ + sn -1  (A27)

VCL b ,bC \

Since

24s,te = r.
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evaluation of equation (A27) at the trailing edge of the chord.
(x/c = 1.0) gives

Ps c
(A28)

b bCc
VCL-

2

The three-dimensional vorticity equation given by equation (A21)
may be nonaimensionalized as

r 1 c1= 1(A29)
b A CLCav

VL 2

The two-dimensional circulation strength (eq. (A28)) may now be
corrected to the three-dimensional value (eq. (A29)) by defining a cor-
rection factor K as the ratio of equation (A29) to (A28).

r b cIc
K -= -- CmCLv (A30)rs cA c La v

Multiplying equation (A27) by the correction factor (eq. (A30)) gives

(xAy) c( xci

.. 1. + sin 1  (A31)

which is the assumed chordwise vorticity accumulation in terms of the
correct local total circulation strength.

An approximate expression for the sidewash velocity existing at the

wing chord plane may now be obtained by substituting equation (A31) into
equation (A26):
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S(x,y) c c F2 .,.

Va VCL- ;5 a L ( 32-= 2 ! (A32)

.. VCL Y IA Y

b/2 b

Inasmuch as it is difficult to express the geometric characteristics
of the swept wing in analytic terms amenable for use in equation (A32),
the required differentiation may best be performed graphically. An illus-
trated example of this procedure is presented for the swept wing in fig-
ure 18, and the manner in which the sidewash velocities existing in the
field are faired to the estimated chord-plane velocity is shown in
figure 19.

Further studies of the sidewash-velocity variation with vertical
distance made by increasing the number of spanwise horseshoe vortices
also indicated more realistic characteristics except for vertical loca-
tions very close to the wing chord plane. These characteristics have
previously been reported in reference 22 for somewhat different circum-
stances. The effects of increasing the nunber of spanwise horseshoe
vortices on the variation of sidewash velocity with vertical distance
are shown for the unswept wing in figure 20.

The flow-field characteristics due to the lift-induced velocities
may now be determined by

w
VC CL

..tan....k (A33)+ua_ CL/
\VCL

/Va\
= - (A34)

S uaC

L
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2 2 2ua (i i

0  \ VCL -/L

Combined Effects

In order to determine the total flow characteristics, it is nec-
essary to combine the lifting and nonlifting velocities. The total flow-

field characteristics may be written as

V v- L
us cos A (Ua

V VCL

Ussin A +- CL

a = - tan- (A37)
us cos A Ua

4 V VCL

2 )2 +e
= (+s cos A + C + (V CL) + 2

Cqo V VCL

In order to eliminate errors involved in estimating the lift-curve
slopes of the wings under consideration, the comparisons of theory with
experiment were made at the same lift coefficient. A comparison of the

theoretical flow fields with experiment, under lifting conditions, beneath
the midsemispan location of the sweptback wing as calculated by equa-
tions (A36) to (A38) is presented in figure 7(b).
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Effects of Compressibility

In determining the first-order compressibility effects on the flow-
field characteristics, the thee-aimensonal Prandtl-Glaert tr nsform.-
tion, as given by reference 18, may be used. The general computational
procedures involved in this transformation have been stated very simply
by Dr. S. Katzoff of the Langley Laboratory and are presented in the
subsequent discussion:

The incremental velocities at a point P on the surface of a

thin body B in compressible flow may be obtained in three steps:

(1) The x-coordinates of all points of B are increased by

the factor 1/p, where 0.= 1 - M2  and where the x-axis is in
the stream direction. This transformation changes B into a
stretched body B'.

(2) The incremental velocities u', v', and w' in the direc-
tion of the x-, y-, and z-axes, respectively, at the point P' on
B' corresponding to the point P on B are calculated as though
B' were in an incompressible flow having the same free-stream velo-
city as the original compressible flow.

(3) The values u, v, and w of the incremental velocities
at the point P on the original unstretched body B in compres-
sible flow are then found by the equations

u = u' (A39)2

v = v' (A40)

w- 1 w' (A41)

It is pertinent to note that the result of step (1), that is,

stretching the wing chord, causes the transformed wing to have an
increased angle of sweep, a decreased aspect ratio, a decreased thickness
ratio, and a decreased angle of attack. The relationship between the geo-
metric parameters of the given wing in compressible flow and its trans-
formed equivalent wing in incompressible flow may be expressed as
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- = - (A42)
. C : C

-= p - (A43)

C'

C, c c (A44)

y' y

4 b'7/2 b/2(k5

A' = PA (A46)

A' Atan-  (A47)ip

PM= (A4.8)

The perturbation velocities in the field due to the transformed
wing in incompressible flow, as indicated by step (2),. may now be cal-
culated by the methods mentioned previously in this appendix. It should
be noted, however, that, although the chordwise and spanwise locations
of interest remain unchanged in the transformation, as indicated by
equations (A42) and (A45), the vertical locations of interest move closer
in percent of local chord to the equivalent transformed wing chord plane.
(See eq. (A43).)

In accordance with step (3) of Katzoff's general directions, the
perturbation velocities due to the transformed wing may now be resolved
into their final form by equations (A39) to (A41).

A few specific observations, supplementary to the foregoing general
procedure, are appropriate inasmuch as they may somewhat reduce the nec-
essary computations.
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Nonlifting case.- If the first step of the transformation, that is,
stretching the plan form in the x-direction, which is shown for the swept
wing in figure 21, is assumed to have been completed, it may be observed
from equation (A44) that the thickness ratio is reduced by 3. Also, if
it is noted from equations (A39) to (A41) that the perturbation velocities
must be increased by inverse functions of p, it is apparent that some
beneficial (time saving) cancellation effects might be realized. Care
must be taken, however, that the correct relationship between corresponding
vertical locations are used (eq. (A43)).

In view of the foregoing discussion, it is readily seen that the
downwash velocity w remains unchanged since the reduced thickness effects
(eq. (A44)) are canceled by equation (A41). The downwash w at loca-

tion z below the wing in compressible flow is then equal to the

downwash w at a location -z/c below the wing in incompressible flow.
This simple transformation of vertical locations is possible since the
downwash velocity at zero lift is independent of the wing sweep angle
(as shown 'previously in this appendix).

In the case of the backwash and sidewash velocities, although some
cancellation of the thickness effects are realized, a simple transforma-
tion of vertical distances is not immediately possible since these velo-
cities are also a function of the transformed wing sweep angle (eqs. (A8),
(A), and (A47)). Some saving is possible, however, by considering equa-
tions (A8), (Ag), (A39), (A40), and (A47), and noting by use of equation
(A44) that us ' = Pus, from which the following may be deduced:

v = us sin A sinA(A49)
sin A

us cos A cos A'
u =(A50)

cos A

where again the corresponding vertical locations in compressible and
incompressible flow (as given by eq. (A43)) must be observed.

With the perturbation velocities now determined, the flow-field
characteristics in compressible flow, for subcritical Mach numbers, for
nonlifting conditions may be found by equations (A10) to (A12).

The calculated first-order zero-lift compressibility effects, for
a subcritical Mach number of 0.8, on the flow-field characteristics

beneath the midsemispan location of the swept wing are presented in
figure 11.

F ..
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Lifting case.- In calculating the effects of compressibility on the
lift-induced perturbation velocities, it is necessary to follow only the
general outlined procedure. The perturbation velocities at corresponding
vertical locations (given by eq. (A43)) may then be expressed, by use of
equ tions (A22) to k) a t~ (A5)t(Aia

Ua 1 ua' (A51)

VCL p2 VCL'

t Va 1 Va'
va lva(A52)

VCL VC1'

Wa lWa'
i = (A53)

L,, VCL p VCL'

If comparing the effects of compressibility on the flow-field char-
actefistics on a constant a basis is desirable and the calculations
are performed on the basis of unit lift coefficient, as it is generally
convenient to do. some care must be exercised in the lift-coefficient
reduction in order to obtain the proper m.

Since

CL' (Ca)1a,' (A54)

then substituting equation (A48) into equation (A54) gives

CL' (A55)

where ( ) is the lift-curve slope of the equivalent transformed

wing and is not to be confused with the true compressible lift-curve

slope.

-4
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The equations for the perturbation velocities (A51) to (A53) for a
constant a comparison may now be expressed by

(-) Ua' (A56

( )c=Constant = V ' (CLM)'Ox (A56)

(~cr)=Constant VCL (CL)'C (A57)

( cvConstant V-CL' L )  (A58)

The calculated compressibility effects, at constant m, on the flow-
field characteristics beneath the midsemispan location of the swept wing
calculated by the aforementioned equations and combined with the zero-
lift perturbation effects are presented in figure 11.

If it is desired to determine the calculated effects of compres-
sibility on the flow-field characteristics on the basis of constant lift
coefficient, it is necessary to decrease only the lift-induced perturba-
tion velocities at constant a., as given by equations (A56) to (A58), by
the ratio of the incompressible lift-curve slope to the true compressible
lift-curve slope.

The compressible lift-curve slope of the swept wing used in the
present paper was determined from the equation

c A

-LM ++ (A59)

cos Ac/2;

This expression, which was developed by Edward C. Polhamus of the
Langley Laboratory in 1949, is an improved version, with regard to low
aspect ratios and compressibility effects, of that presented in refer-
ence 23. Another, but somewhat more complicated, form of this equation
has been independently developed in reference 24. With regard to the
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use of the sweep of the half-chord line in equation (A59), a recent
unpublished analysis by Polhamus indicates that there is little effect
of taper ratio for wings having the same half-chord-line sweep angles.

The calculated compressibility effects, at constant lift, on the
flow-field characteristics beneath the midsemispan location of the swept
wing are presented in figure 11.

4

.4.
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APPENDIX B

DTh jj.TT.rTA 0T-JT O r'.T.TA Cl'" AlTrr 'f AfTTTA 3 . n t 'TT I'

'i .I.,'q ,,I-qM~~~J~i.J f .lJ J-L YU k . . .ILLJJJ l JT.:I.. L. ,k'iLLJ .. V fU-' Ji. .1. U±J.L 'JI lIJ .i,'.J,.J

TO A UNIT HORSESHOE VORTEX

The positive directions of distances and velocities used in deter-
mining the induction characteristics of a unit horseshoe vortex are
defined in the following sketch:

y/s

V A. x/o
II

Lr

Downwash Equation

The downwash velocity induced at a point in space is given by the
following equation:

Wa r'
- -F (Bi)

V 4:gVs
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where

_ F _

A- )2 + (AZ)2L 2 + z)2 + +l

S 2

M' s O s s (s2

AY 1)

(2 L ) + + +

1 1
(,67 2 (~ )j~ )+~ 2 ++ 2J

" Some identities, due to the symmetry of the aforementioned equations,
iI which increase the useful range of table III are given by

Y , +) 1 ,

s I + s(B2)

- FwA -, -+- +-

l-V

(s s L (s1
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and

txAX ny Z\ AV4z~ Atz\" s' s "7' s'7)

)Fw (Bk)

= Fw -' -Y

Sidewash Equation

The sidewash velocity induced at a point in space is given by the
following equation:

Va r Fv (B5)

V 4AVs

where

AZ A

\2()+ -)[ !( ) + (2 )2 + 1)]

) ( ) + (B6)

2+
s
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'Some identities, due to the symmetry of the aforementioned equations,

which increase the useful range of table IV are given byFv 6Xv 4, 16)  FV AX ' -I Lz

"- ) (B7)

and

Fv -' '- - -)

= Fv( , , - (B8)\ s s Sl

v - xv- , -'n

Backwash Equation

The backwash velocity induced at a point in space is given by the
following equation:

a - F(
V ~ Fsu (B9)

Va~ v-w- - - - - - -
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where

i F u =  s, s -s

FS S S)

(BlO)

Some identities, due to the symmetry of the aforementioned equa-

tions, which increase the useful range of table V are given by

J

, Fu 's Fu -'nx'Y'z

(_ )(n

= 4Y -
s S s

and

' -'- =Fu Z-' - 4 -

= u - (B12)

( - Fu )

m ~ I1 I - ' ~- ....... .. ,-- ~---.- .-- . .. .. -..



38 NACA TN 3738

REFERENCES

1. Silverstein, Abe, Katzoff, S., and Bullivant, W. Kenneth: Downwash
and Wake Behind Phaln a.nd F lpaned A._frj-T_ MTIAA P.-,=, r 1_QX

2. Silverstein, Abe, and Katzoff, S.: Design Charts for Predicting Down-
wash angles and Wake Characteristics Behind Plain and Flapped Wings.
NACA Rep. 648, 1939.

5. Diederich, Franklin W.: Charts and Tables for Use in Calculations
of Downwash of Wings of Arbitrary Plan Form. NACA TN 2353, 1951.

4. Zlotnick, Martin, and Robinson, Samuel W., Jr.: A Simplified Math-
ematical Model for Calculating Aerodynamic Loading and Downwash
for Wing-Fuselage Combinations With Wings of Arbitrary Plan Form.
NACA TN 3057, 1954. (Supersedes NACA RM L52J27a.)

5. Smith, R. H.: Aerodynamic Theory and Test of Strut Forms - I. NACA
Rep. 311, 1929.

6. Jones, Robert T.: Wing Plan Forms for High-Speed Flight. NACA
Rep. 863, 1947. (Supersedes NACA TN 1033.)

7. Letko, William, and Danforth, Edward, C. B., III: Theoretical Investi-
gation at Subsonic Speeds of the Flow Ahead of a Slender Inclined
Parabolic-Arc Body of Revolution and Correlation With Experimental
Data Obtained at Low Speeds. NACA TN 3205, 1954.

8. Neumark, S.: Velocity Distribution on Straight and Swept-Back Wings
of Small Thickness and Infinite Aspect Ratio at Zero Incidence.
R. & M. No. 2713, British A.R.C., May 1947.

9. Neumark, S., and Collingbourne, J.: Velocity Distribution on Untapered
Sheared and Swept-Back Wings of Small Thickness and Finite Aspect
Ratio at Zero Incidence. R. & M. No. 2717, British A.R.C., Mar. 1949.

10. Neumark, S.: Critical Mach Numbers for Thin Untapered Swept Wings at
Zero Incidence. R. & M. No. 2821, British A.R.C., Nov. 1949.

11. Neumark, S.: Critical Mach Numbers for Swept-Back Wings. Aero.
Quarterly, vol. II, pt. II, Aug. 1950, pp. 85-110.

12. Theordorsen, T., and Garrick, I. E.: General Potential Theory of
Arbitrary Wing Sections. NACA Rep. 452, 1933.

13. Von Krm'n, Th., and Burgers, J. M.: General Aerodynamic Theory A
Perfect Fluids. Theory of Airplane Wings of Infinite Span. Vol. II
of Aerodynamic Theory, div. E, ch. II, sec. 21, W. F. Durand, ed.,
Julius Springer (Berlin), 1935, p. 80. (Reprinted 1943.)

tl1

I,-4



NACA TN 3758 39

14. Chang, Kwei-Lien: The Potential Theory Around Given Wing Sections.

Jour. Aero. Sci., vol. 16, no. 5, May L949, pp. 306-310.

15. Keune, F.: Two-Dimensional Potential Flow Past ai L....... Th A
Wing Profile. NACA TM 1023, 1942.

16. Glauert, H.: The Elements of Aerofoil and Airscrew Theory. Second
ed., Cambridge Univ. Press, 1947, pp. 158-159. (Reprinted 1948.)

17. Campbell, George S.: A Finite-Step Method for the Calculation of Span
Loadings of Unusual Plan Forms. NACA RM L50L13, 1951.

18. Gothert, B.: Plane and Three-Dimensional Flow at High Subsonic Speeds.
NACA TM 1105, 1946.

19. Abbott, Ira H., Von Doenhoff, Albert E., and Stivers, Louis S., Jr.:
Summary of Airfoil Data. NACA Rep. 824, 1945. (Supersedes NACA

L . wR 1, 56o.

20. Loftin, Laurence K., Jr.: Theoretical and Experimental Data for a
Number of NACA 6A-Series Airfoil Sections. NACA Rep. 905, 1948.
(Supersedes NACA TN 1368.)

21. Allen, H. Julian: General Theory of Airfoil Sections Having Arbitrary
Shape or Pressure Distribution. NACA Rep. 833, 1945.

22. Michael, William H., Jr.: Analysis of the Effects of Wing Interference
on the Tail Contributions to the Rolling Derivatives. NACA Rep. 1086,
1952. (Supersedes NACA TN 2552.)

23. Polhamus, Edward C.: A Simple Method of Estimating the Subsonic Lift
and Damping in Roll of Sweptback Wings. NACA TN 1862, 1949.

24. Diederich, Franklin W.: A Plan-Form Parameter for Correlating Certain
Aerodynamic Characteristics of Swept Wings. NACA TN 2335, 1951.

t

II

I-



4o NACA TN 3738

TAMLE Io FT&~~fRflT1\TrE

1 = 91.27 in.

I -7531

30

Ordinates, percent length

Station Radius

0 0
3.28 .91
6.57 1.71
9.86 2.41

13.-5 3.00
16.43 3.50
19.72 3-90
23.01 4.21
26.29 4.43
29.58 4.53
32.00 4.57
75-34 4.57
76.69 4.54
79.98 4.38
83.26 4.18
86.55 3.95
89.84 3-72
93.13 3.49
96.41 3.26

100. 00 3.02

h4
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TAB E II.- SAMPLE CALCULATION OF LIT-IN CED VELOCITIES

BEE THE SWET-WING MODEL BY UE OF

EQUATIONS (AP2) TO (A24)

. - 0.45; = 0.l

ccc

n in F, --- Q
___ CLcav S -; I ®

1 0.1592 -2.40 4 -0.6089 -0.00969 0.00970 o. 00154 -0.O1037 -0.00165
2 .1592 -2.6o 4 -:o5705 -. 00908 .00862 .00137 -. 00965 -. OO54
3 .1592 -3.10 4 -. 04806 -. 00765 .o0615 .00098 -. 00796 00127

14 .1592 -4.10 4 -. o3522 -. 00561 .00341 .00054 -.0054o -. ooo86

1 0.2285 -0.10 2 -o.45168 -.0.10521 3 .35 0.07218 -0.18147 -0o.041472 .2285 -. 40 2 -. 38099 -. o8706 .2182 .0987 -. 16565 -. 078
57 .2285 -1.10 2 -. 24501 -. 05598 .o86 2 .01968 -. 10022 -. 02290
4 .2285 -2.50 2 -. 10915 -. o2494 .01779 .004o7 -- 0553 -. oo762

1 o.2695 2.20 0 3.38626 o.9126o 0 0 -o.08891 -o.0o296

• 2695 0. 8 0 3.45737 .92637 o 0 -.1266 -.05753 .:69.5 .90 0 3:7863 i.o2o34 o o -.67532 -.18200
4 .2695 -.90 0 -. 58603 -. 15794' 0 0 -.67532 -. 18o

1 0.2915 4.4o -2 -o.9o675 -o.264 2 -o.68894 -0.2o83 -0.00909 -0.o0o265
2 .2915 3.90 -2 -.89736 -. 26158 -.68762 -.20044 -.0197 -. 00549
3 .2915 2.80 -2 -.85954 -. 25056 -.67932 -.19802 -.02599 -.00758
4 .2915 .70 -2 -.63479 -. 18504 -.54483 -. i5882 -.13726 -.o4oo

S1 o.2975 6.70 -4 -0.23453 -.o.06977 -0.06754 -0.o20o9 -o.0022i -0.o0066
2 .2975 6.1o -4 -.23223 o699 -o6732 -.020o3 -.00260 -. 00077
3 .2975 4.80 -4 -. 02274 -.06656 -.06617 -. 01969 -. o0417 -. 00124
4 .2975 2.30 -4 -.18981 -.05647 -. 05826 -. 0173 -. 01073 -. 00519

1 0.2975 6.70 -6 -0.09739 -0.02897 -0.o1831 -o.oo545 -o.o0143 -o.oo045
2.975 6.10 -6 -.09579 -.02850 -. 01826 -.00543 -.00162 -. 00048

3 .2975 4.8o 6 -. 09095 -. 027 -. 018 -. 00525 -. 0224 -. 00067
.2975 2.5 - -. o76o1 -. 021 -. 18 -. 004537 -. 00388 -. 00115

1 0.2915 4.40 -8 -o.o4652 -o.oi56 -0.oo668 -0.00195 -0.00133 -0.00039
2 .2915 5.90 -8 -. 04518 -.01517 -.oo648 -. 0o189 -.oo44 -. 00042

.2915 2.80 -8 -.04177 -. 01218 -.00598 -.oo174 -.00167 -. 00049
4 .2915 .70 -8 -.o3412 -.oo994 -. 00452 -. 00132 -.00198 -. 00058

1 0.2695 2.20 -1o -o.o247 -o.oo657 -0.00268 -0.00072 -o.oo095 -0.00026
8 2 .2695 1.8o -10 -. 277 -. 00641 -.00257 -.00069 -.00097 -.oo026

3 .2695 .9r -10 -. o2186 -. o0589 -.oo231 -.ooo62 -. 00100 -. o0027
4 .2695 -.90 -10 -. 0184 -. 00492 -. 00175 -. 00047 -. 00100 -. 00027

1 o.2285 -0.10 -12 -0.01380 -0.00315 -0.00115 -o.Ooo26 -0.0o058 -0.0o015
2 .2285 -.40 -12 -.0145 -.00307 -. 00111 -.00025 -.0058 -. 00013
3 .2285 -1.10 -12 -. 01265 -.00289 -.00101 -. 00025 -.ooo58 -. 000154 .2285 -2.50 -12 -.0o1o7 -.00o5 -.00081 -.00019 -.00054 -. 0o12

1 0.1592 -2.40 -14 -0.00849 -0.00135 -o.ooo58 -o.oooo9 -o.ooo36 -0.00006
10 2 .2292 -2.60 -14 -.0085 -. 0025 -.0ooo -. 00019 -.0001 -. 000o6

5 1592 -. o -14 -.00835 -.0017 -. oooso -. 00008 -.0-- -.oooo
4 .1592 -4.1o -14 -. 00744 -. 00218 -.00050 -. 0007 -. 0 -. 00005

4o .19 4i A -oo74;-on O
0.9782 - -0.7172 -0.64

=~~~u -0 0146~=~.1203

'-0.1427 VOL

*The vertical distance z/c -0.10 is identical ith /s = -0.5 and is constant for this tale.

Jj



42 
NACA TN 78

0U0'U~ ' 0'0U 0 0oN wo"n

0 ~ ~ U ggggggg0 ~ o 00000000-r0 00 00 00\03

0 U-\ooooooooo 
00000000 w w0000000

+00 00O00OH000000000000004

000-0000000000 
00000000000

tow w ~ .000 o0 oo00000000ogog

+ .7:77777... ..
V 0 0 0000 qq 0000000000000-900000

wOp 0, 0-4- t- 'U0 C') 0~ 0 0000Y

00000000080 00000 U U"'

0 1 
0 U 

t-O U'C')b 0 0-1 4r %001 4C\ -r

0% 0 1 0 U 4 4 r-- -n MuN

000000 0--- 
0 

, n 0000000000000000

.o,~iU'l)wU0~U' 
i foW 

0in1.- W\ n' "" " - 00 t - U U

4r 0 0 NN N N
0

N 0i - 0 
-U 0 -8 6 0 0 -~ 0 0O

44U'V)C')CJC')-9 . . .
.... .... ... . .. ... .. . . . .. . . .

. . .. . . . . . .. . . . .. .. . .

P 0o~w 0 W\O - w 4V~o 0040

10 _'1 W0 0 z 4 
*1s 0 

V % 4 ' 0 1 M "

S1 01 " 1 1 1 I"

P4 ~ ~ ~ ~ ~ ~- u"\" 0 oo~ N9-9,

.499 9

cd.



NACA TN 3738 4

f-. N I-N t N N r- n U) ONa N W 0 w~ in C-) W I) w 6 10- n) n' N r - I) %0

0ArWOO-VIO"W DWWI)4 W4 r00- c r"W N002000000000000000 000o0000000000000O

W ) 0 -N t - - O C1 0 ) 1 0 Q n f-I O O oI W C U ) IO n C ' v o w U
I- 110 W W WI W "m " WW 1W00 -V -T W) W .-..-

+ 000O0O0 0O0000I 00000000 00000000 0
0

44C)nCWQ 10 t- 01T ')0-IOr.- At )
C-CC-WWW0010-. WN"I)C 1- 1 -V n 01 t-'In WU)U0401 NN.-.-

0000000~w0 00 . 1c .- N. - -.- 0 0 00 0 0 0 0 0
000000000000----- 000000000000000000

r k 0 . CI01I' 3-NO. I-0- o .0 POI) (h10 10 0 -- CJWO0-0M W)-n)04- r-- 44
CM)IfW w CSW - 0 1 kN o 0 K') -0$w%0UN W)wl-.

+~ ~ OOO.00-00W'0-CW OOC'JN.-.~o 00 00000000 0000 0000000000

+ . ~ - NNNN -.- 000000000
000000000000000 00000000000000

00 Na'r U) 0 ro v4U 100 bt ", n o 0 011. 0' NW:
+ NNN NN NNN))~'CC N 0 000000W)N

000000000000000000 00 0 0 0 00000000

m0IC- 40. -V P - 10,0-cqN:a') -N W\ -N \ N r- O NNU)0 0. t- a) N1 0.-0 NION0C\c 0.ao o0)0..)0-iC 01 ~W - WU)n 0oc0wa'N

0 r C)0 C- i n w - - "0 onI"r NU) N -0 W 0 WU)

10 U)0" r- 0Ic-0 " W n 0 01 "' a')- 0s 4 -0 w -W ) 0 - w -'N WW 0 n

NNN4C'.U)01010401 r- m1 -- 1
C-N~~~~~~~~~~ ~~~~~ 0- W- 0110.0 mO . ' n -C ' 1 .S)4U ON W0I) N

N t 00-11011, o-r1k0"0 % 04T'WNN 0-.0000
00 0N N N .0 0 00000wrW-n N0000

0~- 0I a).C 01 ! U) -99 , I 0a)11a)' U)0 0. 0 00 0

~ OW) 44C-0 "Owl-" 010n-.4 aflN " 01N40 0 W t-W W 00 1Na .-0Nt- 0 0 w 010no" m10 0 In11C 10Orqa) WNW.0""Mm 0 0 -

oo mmmmmmmoaam O

51~~~ 10 $1161 188.4-N.100104 1o - . . a c a 1 W 1 ~
001-' ~ r 4W N 1 )U )1 )U 0 t- v) C N 01 to N- 41w) U a' I-) ) O)a' C

0 o 004100 W)'N" -b000 "O N0101 w.1wlv-MOWO 0
+ .0Wq0 nf.--'000000000 0I00N00."r-.Ww 000000000

0000000000000000 0000000010000000000
0.I 1~0 0 0 000 0NC4 !1 99( 9 1 i1 1 0049 0000 i 11 %,00000

0........................................ bo
... . .- aC4)0040 .- c.NC.4).01.'4.01.



44 NACA TN 3738

01 t01- CIr '-0.- 0

0000000000000000 0 0

0 0 w" 01w0 n -V r -0; rWNr-0 0I 0 r"OnOIAI wo

000000000000000000c~o 000000000000000-000

010)te 10 w " V0 ') '0 "1' '0* O oIAN w

~fl 4'0- r.- 0 -V) 0% C'0, K) 0 w r--

+ 1- w w01 . I 0N o " ".
O000 000 0000 00o 0OO> 00o00o 0-000000

0..0,0.

+ 0000000*000q ~ -~.~- O 000O"O"

C ~ ~ ~ ~ ~ ~ ~ 0 * a v u 'CJ'CJCII- --- 0 0000

0'.011 oil0I 01roil$0 r-w0 0100- m' 0 n- wl 0 m' r- CV 0'.' W t-'

o~~9 9 9 9 9 - c 0 0 0 0 0 0 0 0 0 0 0 0O 00 0oo o o o 0c

W*CO ' 0W r- ,.m

'0101 C0 'TP10 0 10101 WI'-I~t-r' N" N 0 00

H 000 C, 0000 00 0 0o o o o o o o~~

0000006

. .. . .



NACA TN 3738 45

to. 1oooz o t ru,' F)b wr -NK , %C oWC %O
999-"o-.,oo 6 .0 40.W O W -

OOOOOO OOO-. oooooooooooooO 000-- 000 0 00 00

1111111 oal lialla1., IaalaVaI~ as lIa .

00000000000O----.--- 0O00O0000000O000OO

-V W - * -zr W - -- - ~ ;;VV C13 t- - f-- -t- r- - - - - W 404 " W t- N~ r- N
40o-W vaO~* nn0w- V 04r-)WOOt040-440vc

*oooooooomooo oo00=!Nooooooooooo

~a 000ii ----- 1 a0 ------ 00.10 a00a00000sai0 0

w V1 -1 W -42 Vf 04 li0w Ww0 l 0 COM C J '4

0 00000
*~~9 9 99l .9 990U4i~ 0 .999 94~l .9l04c!9999O9 .9c!4030

o --- -.
0- oooo

r C. *O000000000 9 0 0 999 999 0 9. q? 0000099........................................

0. 0 aa a ll l l laaD W1 1 1 n~la InIll.-; 00 0%C .; NWOo00 r -Z

ail Ill 1,1 a a l laa 18.111 Ia1 aI l l

-V4 - 7 7- I44- 4 t- 40,t - -V n4 O) N000040 0.0

~~9 ~ 4 g '.-0OIi~~~~~~099199 000000009---.!999O000000......................................
nma-ala-laWa~t laOal WlaallllaaaI

r-~44OC=wiOF)t.4 -W 0EW- w .. or t-t WVN8~nWWf-wOo-..............................

.............................................................. ...........................
44-404mW0V-WhO4040aO4-C00 4~~...0O0OO

++++++++ ++++++++ :++++ 'WON tIo I-I0WW0 Ill II

- !!! .9 9 9 99.9 9



4 Lg NACA TN 3738

4 000000000000000000, 000000000000000000

+ 000000000000000000 0000000000000000,00

to No 0Wo 0 ~ o1- mo r- v- w0 o' U N 0 1 i) rA 'o ~ 0 WN~-
r- r- l-r- r- .- t-W 00 0 -t -C- 01 1A-" 0 nI on0 n0 CM ~ 444 0 Ww a,- -0

. ooooooooooooooo.-. o0000000000000000+ 000000000000000 00000000000

AW" -W "-r-nW iA 010 N tmw o-oto C'Jn-

-I 00000000 -- - -i- nn- 000000000000000000
U) ~+ 000000000000000000 000000000

4 0 100 Wi o clo 0 1 0l0W- CQu~-

+ 0000Q0000000000000 000 0000000000000

+4 0000000000000 00000000

.in W\ N 0 0 o - 00 wn 1z;lI-0tom M U .- 0 k 0 0,O &Wt .- '00 t-1 10 UC'.,i

0--- --. NNnnnnnoIoo NNN00000000000

0)00

00 0 0 0 0 olow 0 o-Wo Wt4f-_ 0000.N6 I-ON1-t
V"o -W z onww n "Nto 0 .- No~ 00t-01 ^ZltotAon N

10V1~o.t0 )0l1Wt) n' n n- 000to tfl.o 0o oI -n 01> ww w ""n WN N A.o

I ~ ~ ~ ~ t i- r. n W W W I- In W> 0. 0 I in t In

r) f to 01)PWK)oV\ N1-ww 0 10- n001 W101 n "W)n N N00

W n o0VNI -t-0 t V oN 0 oW to " *nN 110NN10 4Vw ) NN l
Nu W to 0 tn N4n EF)0 0 NNNNm - 03N.0.NNN -0 0 00 0

.0000- ---------- -- 0000000 000000000

H W m i 0 m-r -N0 . m 0 n m- i- a

o NW)WP)f f4 kft',IVV NN-"W -Wn000000000 0

-~00000000000000000000,0000000
ONOWOW00000000 1 Ci 00000000009 90000000

ON .10 0 .q .ooO O ON 41 to .0000.000000



NACA TN 3738 471

o( oo 444 40 In I %nW ) t'- I- r- 4 o4 o 444 0n
+ 00000000000000000 000000000000000000

00 0 0 0 0 000 000 0 00 0 0 0 0

. 111611II 111111 II11 1 1 1 i l1l

'8 010 C~~~OW W -:0 ('400 '010 i m~ 0 W 0 on V- .-. I 01 Q 0 "n. W' W01 NaJ 0 n0

UNUNUN 10 WWWW f- t 0 l V0W N V 4 J0Wo lCJ 4 nC " Nt-W

+ OOOOoOOOOOOSOOOOOOO 000000000000000000
'H0

1'~~~~ 00 00 0. ---- P 001woo0 --- C'1 t- 'W10 W0 0 W0 10It W A " I 4\ CW NI "I N
+ 000000000000_ .I.*_I.- - 00000-0000000000000

00000000_00000000 0000000*00000000000

<1i n 01 "N- 4W no m W In n n 110 "W0n N '0W'4'0WON'0t- "0W40m.

+ 00000000000000000000

0 k 00" - o -0IIUIl'o mN 0 "Wn 0 o 0, W rl--l AICIlAIJ?0,0

V- " N "'~'' NN 000000
00000'0000000000000 00000000000000000

,10 0 n -lIN N "CW 4 " 01WUNN NWWl'-t- Ww nf0l bo0 A00 '
0 NN".\ ft.. - W0 1)t-Wbo 0 011 1-0' - 1- o 10.' wJ N

000.000&00 00000-0099900000

P -Wr-r-0tW 0I0u)W '0~w'IA.0 .- 0 " Jo0o n N 1-'00n.-.
N4 qNC qr r )K I101WWI4 o 0 vt -A C'4 WIi4N N0N N N10 .-. IIC1010 01A0 0 0 0

N' N] C'] C'] N N' C Z, 2~I.- 0 0 0 0 0
900000000000 00 000000000000

.. . . . . . . .9.... ... !9.999 . .. .. .. .

Ell4~ ........... ..... 41111 i 11111

'0I6~~~~~ I'Woo -. ciK 110 -''I 000='0 0 W 11-1O on ~c' '

H ~0 NW.4K)44~'W''W0000 0 t- o 'C~W0AW -0

N ooo 41 00 4-..4!2ac 00 W0 0W0.00 ')c'00

.............-- -- -- -- -- -- -0 00....111- .. . ....- .0 0 0

S000000000000000000 000000000000000000

" ~OcliVba o400000000000 0 CII 4'0 '0 40000000000

C: A J+ ; ;++z+Z+++++:++++++b 1 I b C C~I..... ..... ..I



n__ _ _ - -W - - - V) --- -rr N --o to~- n '- %D N-

000 000 00 00000
1;~~~0 000000 00 000 0000 000 000

00 00 0000 00 00 00
00000 0000 0

00 00 0 00 0 0N 0000000

000000000000 00 0000 000 00000 00
990000 00 0T 00099 00009000090

TiI .99 .999I

O * ~ ~ ~ ~ ~ 0003 - A4 0 -J0 ' 04t ~ 0003)400000) 40000 00340a'
* 40wCJ4I3)C3000000'0'aOO 0 0 lWI0333JVO

0 4 'A0 3 ('JC'~0W) ~ 03 W~'

000000000000000 OOooOOoOOOOOOOOO

- o 0 .0 Os a.3 .03 O. 0% M- t- C.) W' C') K' ol C' -3 - . 0 00 0
C 00000000000 OooOOOoOOO~oOoOoOO

+ CO 000000ooOOOO 000000000000

') ''t-onto o n 03 mK00 t 0$C'C' '0 'j A4 W 0 o c0 t 0 M o

'A0'00 -V)'A ' ' 0 - - " " " -- "800000A000
0
0

.~~~ ~ ~ ~ . . .I .I t l I

- - - -- - C\ Ol i 4l C) 8 - - -" 00000000O

ti 1 1 11I I1 I1I I1 1 :11 1 11

,"., 8



HNACA TN 37384

In K)0W0000 z00 W000 An0 UNW0 00 Q00000000000000000
+ 00000000000000 0000 000000000000000000

1 1 1 1, 1,O 1, 1. U1. o, 1. 1 1 11 9 1 1 .1 1.- I .. I Vj 'lO~ .

4.q ~ ~nv.'r.'o. 34-wcg .7 4 44'rCjN- 41nnO4N "~
00000000000 0000000 000 00 0 00000000 000

+ %005)0009099,900000 0000000000000

000000000000000000 00(i00000000000000

0~o00 0 0000.0CiT00000 90000000000

40r hw -r nO'J 0 4N0 4IU t, 4 - %0 ._ 0 w W

+ 0000000000"-000 000000000000000000oooa

WI- 'o Wo no - LO- - 0 W) - W 0 'n 00 - - 0 WO' O O0 0, 0 . UV N' p0 n CQ %0 %0

000000000000000000_ 000000000000000000

0 ~ -. - _ ____ ____ __00

'0 -l W to %D _r K)_V W I 0!, -4 AII
0~- 0 t C'JN. -4'tT n ~ P t

o000000 00000000----- 00000 0000000000000
000000000000000000o %000000000000000000

000000000000000000 00000000000000000

q N000 N000ioooo 90000..-0000000000000

00000000000' 042000 o0000000000000000
0 c c'00000 0 0 0 0 0 0 0 0

' 0 O. ! .W4 0 0 I .4.!4 ( ' -1. .NO .') r -0. 0 0u.1040

.~+++++ . .I.I'. .. 8. . .. . .'
0 o 10 " r- 0 V ._0 IIA-.N\1 0 1 oV;z '0 C\ _Tt' rW0 n 0 ONWON0 W 0

~IN~-0N4,'NN...- 0% 0 009000000000N

Id~W 4T_ l )N" - o o4 0%'00-.0IA.-4r0 *4V)N

. . . .. .. .. ...

O"N o'w 4 N MON'OW-btcWwnvIA0ON'W
oV nnIj~ IllSr 40 ~t I('~I_T~oot"""_4.nIN



50 NACA TN 3758

a00000000000000000 000000000000,000000

+ Og~OO000000OOcoO0lo 0oo~oolOOOOOOOO99oo
I0 0 0 0 0 00f00 0 0 0 0 0 0 0

'dU Ct T)lW o0P or o -v - , oot owo-

C000000000000000 0 *000000000000000000

+ 00000000c.0* 001 I1~AI0l00 000~0000000000000W

WIO O WI 9, WI WI 9 C! 444 9 1 w9 1 101 WI C! WI '9 WI C! C, WI> WI 10-W WI9 ('! 1 CJ 9- .1 9i

+ ggg0 gggggg 0 O a 00 nw -gr mn ww r r r- n w

+ 3000000000 000000000
P4 .9 9 ~'10 O10if9WI1%.W1010 ( 110!0010i 9 i 904-0 1u

00000000000000 0000C0000000 0000 00

000 000 00l 000 00

+ 000000000000000 0000000000000004i00

000000000000000000 000000000000000000

S~J 10 0000 0 o o o o o 9IICIICJ- 00000000o (130000 -0

± 0000000000000 000000000000000000
00000000000000000 0 0000000 0000 000000

.~~~~~ . ...... l .. ... 31111111131 .I . I..

w -w V- t-lW 1~i0 w -r 001 'no,1J w41 t' W 0 1 0t04 l0t

0 10 1A1010 10010 " W I44WIIW NON-4 WI I OO1+N N0000-"'i'i 0000000"-- 00000000000
0000900000000c000000 9000000000000100000

++ + +++ ++++++ .I . ......... Il 1113

* 0 % 14J 0141l004w31101W wt 0 0WII,- 0IC.J10 WICJ z4N1-k8 w in w' 0
W,, IIWWNI0 .UC3Cl. W4 I0 4 0 CJ.

0000 000 0000 0 0 00000000000000000

F--

0 ..000.0000000 000000000000000 ooooooo~o

H~~~~~~ .-- +++++±++ . . . .++.±. ... a.,. .



NACA TN 373585)

v w "I'i'c'~ r o *o N N N N8 00000
CJ000000000 0000000 00, 000000000000000000
+000000000000000000 00C0,000000000000000

0000000000.00 0000000000

Do 000 000 000 000.0 00 0 00 0 00000
+ 000000000000000000 00000000004!000000000000000000 00000000000000 0000

00000000000000000 000000000000000000
00000000000000000000000000

1 1 1 1 1 1i 1 1 16ll 1811 1 111 1 1 1,1 1 1 1 1I 1 1 1 I I11 1 1 I1 I

4 tt-.--l-w~~o%00 v)q40C0..0 0
oo-oIoo o o~ 00000-.0--.I- 000000000000000000

A+ 00000000 0000000000 0 00000000000000000
99 0 0 00000000 000 0 0 0 0 0 0 0

o~~~~~ ~~ c9 -0-~ ~ cg c £ ' v 0000- IO I sJ0.000

0000000000000 no: 000000000000000

00c4Oli4 OOOO0 0O-O Wt5- 0000 OWt UIVO .- o 0

- - NN N 88-8 -000000000

+00 00000 0000 0000 000 000000000000000000

90 000 000 ~ ~ ~ ~0 0 0

0 00000000000000000a 000o0000000000000000

to 4 oloo n w - -C. on n ) n , " 00 0 0 0
00000000000000000a 0000000000000000

0~~ ~1 0 lwot.01o0-00.l'0000 0

000 0 00 0 00 0 0 0 000000000000090 00 00 0 00 0 0 000000000000000000

W" IN100oPoooo oo"o oo 000 00 0 00 000 0 0 0 0

0000000000000

to -- l - InI - -W- '

N n o l v 0++ + + + + + + + I I I I I 11 1 I I



52 NACA TIN 3738

f* *~l~ -r" "N 000
OC000000000

0 0 0 0
0g000000*0000000000000000 000 00 00000000 00000

0 0 0 00 00 0 O O O o o o o o o.- I 000 000 000 000000

a)+ 0000000000000000000"0000v 0000

O000000000000 00000 00000 0.

+ ogggogoogggo go ooo00 00000000000000000

L.~~0 o ooooooooooooo

8! c
H~- -w W\a i l aa a a s aN a\ alot, a I- 'Z I 1 CI 10-

000 000 oONONoooooo

+ 00 -. 0 00000 000000000000

+0000000000.000 0.808000888000

am al la m m mi sma551 1 i i i ''' la
4w) 0Or- 0"

o+ 000 0 00 0 a 14 ww r- t-Oorox4 ooo '0000.0 b00 0*000000

H + 000 000 -0 N' . 00 0 0

0000 Q00000000 000000000000000000

000 0 1- 0 0 00 0 0% 00 00j 0

0ms 0 ii~ mm, 0as 8888880000000000099N-!999909C9 9
0 -Ws " 0 g -0 g 0-V CI

-~~~ - 0. I -. .Z 4 W V\ .-. , W-- -).

_r 000



NACA TN 3738 
5

I53

0000000000- - - 0 O 0 0 0 0 0000nc%4000Mn

a.oooooooooooooo
0  0O00000000000O0

0 0

0000 000 0000 000 0000000000oooO

IdCJCJ. 00 0 000000000-Q "" wa"N
* O o o o o o o o o o o o o O O 0 0 0 0 0 0 0 0 0 0 8 80

o 0 0 0 0 0 0 000 0 O O O O O O OO0o o o o o 0o 0

000000000000 00000000 0000 000Q00000

C4 00 010 0 0 OOOOO0OO 000000O

CD t 4 w . a -I- 0 0  
0 N v ) CMO on -. 01

00 0 0 0 0 0 0 0 0  5880000000000 000 00000000000 0

C., 00440w cM~ . .. .. 0000

......................................................... 
0 0000,0000000000000

'
0 0

04000~CJ)~I--00fl4.g..0000000-- - ,0 D CI n+ 0-----------------------00000C>0000000060000

ww~c.J~or g* '0oooc~C\ 
0000

H 800003ogooooo00oo
0000000 00000000

9 99 9 9 9 i 19 " "9 1" ' 9 OoooooOoooooO

100 0000 0 000 00

- VKIcan* W - wo" Oo-o+U 
I C\ aq a\ 8 0 0 0 8

9991999990 991 "C C! 99 9 C:9 og9 9 41



514 NACA TN j3738

oi Doaoono r- 00--"WImnWOl-

0 C, 0000000000000000008
s.00000000000008888 000000000000000000

d ~ bo 000- -- Occl q000000000000000 0

. 00 000000000000 00000000000000+ 0 . 00 00 0000000 000000

Ill ill ll~l~l II 11111111811111111

9 0 - - t-" -4III, tIVknknww-.~-.-000

000000000000"""000. 0000000000000,0000 0

+ . .:: : : : : : :

____ hu l I ~ll ll ill l11" 1 11 1111111

-r 04 N~ 1 in
0 ~000 + oo00------000000 0 00000000

+ C) 0 o oooooooo0oo 0 00G 0000 O OO

NN .. - 0 0 0O0

0o000000000000000 00000 00~000000000

+0100000000000000000.-.00000000

C?0oO0 ----------- 0000o00000000000~

00 000 9 qrC.-0 00 000 0 00

9 h91O 9 9~l 11 1 . I I .111.1.11.1..1. 11.1.9999

oa""N. N"88888888 0 00000000 00000oo~oo 80 gggg gggggggg0......................................9.9V !.900..

-)in VlIt III 0 111111to0 1n1' 11.C4 w1 jl I I N f I I lN l -Vi W -0"r

.*t>--- 0-0 0.____ 0% ___ O )_r _w 4 0 __ - r 0 0



NACA TN 3738 551

C~ . W~ - O~- *0 0.i~- ~ a)o a an -. ~ Ga ') ~ '0in i) C .7 rCI 5. I- W-hl 0 ~
F4 o o-- -- -- 8- c') c' c'l -88-- 8.-.000000000
+0000000 co 00000000'0 000000000000000o

00o0oo10099ooooooo .00 .90000000000000

.........

co-a 00000000 0000MN 00000000000000+4 0oo0oooooo00ooo 0000000000000000

0+ 000000 000000000 000000000000000000

I m s I a as Im s I as 15 s11al 1I4

4-3 0 -- 0 U' r WaC \CC~i 0 '0 a;wI w0 -n-

+ ~ ~ ~ ~ ~ ~ ~ 0 000000000000 ggggggogoo

0000000000000 oo 000000000;58880000

10 C)CC.wo 'e~ v WNW%. CSJOC w O n" n K"01N 00 000
+000000000000000000 00000000. 0000000

In%1 -"0K 0O WK -V ,.rU W) -f 'Ca 0 11r. 701-4. 041,0 C'J0-VW)of~
(\. V\ -r*4*~.000.a ,aa ')'0.N C'J-.-00 00 000

+0000000000000000 OOOOOOOOOO0caocaooo

'o 000o ' -C-2a 2 0.OO.-.a'0acmC"oo 000
000--00a 4aI-0 000 0

00 . . l .. ~ - 0 0 0 0 0000000%wfwn 7wn f\

co .eWowaaUr r.%'0'0'0a0o 008

O00000000 000 8OOOOOoo 000
. .ams ala .55J .sai als lass99 .9999ala-9.9,C9

0045 04n~ovn~woW ) N"000000a4O* 000o0

Wo*o - 4 -WWn- 0ooC

r~V ,r -in
cu0 a n1 .c.-W 0 o



56 NACA TN 3738

OOOOOOOOOOOOOOOOOOn" ooooooooooooo
000000000000000000o

_ 000000000000 00000000000000

+ 0000000000004300000 0000000000000

00 O~)Ocs CJ'C)CJ--~000

N NO N"".O.. . N - -000~0)000

0 00000000000000000 000000000

'5 000000 o 00000000000000 000
0 00000000000000000 .000000000000000000

v wr.-r-W a 0 r- O""-TsJ."" O0000O~

+ 0 .. 0 !. 00000000000000000

000000000000000000

ow zr too)omInoc b 0 n 0ooot.oW\ -TI-

K) 0 (j6o a'b c w. oo K0i00 rinr0000
Ma W~~.cmqqqqqqq~ ooooooC\ Vt g Cl- U WwW \ 0 1-\ O, O, 0 0,

0000000000000"00000W

in 4: W I-r- s"-PqC,- ftoJC'NNN-a.-.OOOOOO
0000000000 000 0000000C 00 000

I 0rq 5 Nq n W- 4- r- 0 Wa-- w- ss ~)) qr

~~~O04C~)O)0)0)0'0 ""OOVI' 0000C~0000~~ 000000 -. 0000

000 n -. 00000 1 WVw w=!20000000000000

000o00000 00 00 sq 00000000000.- 00 0 0 qC)..000sqC'J-.00-4*sC')' 4'.0000

OOOOOOOOOOGoO 000000000000000000
000000000000000 000000000000000000

F' o~00000000000000000 000000000
000000000000000 000000000

000000000090000 O00000000000000000
00 00 0000000 9

.. .. . .. . 81- 11Q111111111111OW



311
NACA TN 3738 57

- a,0 0 N n v ww N o 0000JCM

~ g0 0 0 0 0 0 0 0 0 0 0  *080000000000000000

00~~ 00000880;

+ gO 0 0 L 0 0 0 0
0000000000000000

99.9.09 0 9 .9 .9

* .a a a a- a~ a 0 a~ 0 a a a a a a as N a a aW w lw lo Ma ;; aa

+ 0 00 000 00 000 0000000000 0 00

Id OO~oOOOO-OOOO0000000000 000

no+ o0-VonW %&ggg g o 0000000000000000000

009 C0*Th9 aa'-0 0 W 0 0 ' c ' C '

-000o000 0o00o00, 0 0 0 1 W0 n0000 C,, 00 00 0 0 C

+ ' *'00*0 0U"'CaO MNWSCO0 00000000 ~ C-0~0 --

0,O
ca QQI--t. - w00V IA0 rS-a r- t-. 10 .-. 0 10" r nN 00 0

0000000-00000 00 0 0000 000 000

0 Inr . \r TI~
0w 0n' 00000000 000 0

00 00 00 00 00 00 0000 00000 0 0 0 0

an 00% " mamm ma ma mamm a0 a1 a w a , ra a a a0 a a a N a

~ ggggg~g~gggg~ggggggg0

W) n-- CM I 0 0r - -t - )Cl j 0 0 0 0

999999999999999999gaagasamaaa

6 1 1 6 1 1 8 1 1 1 8 1 1 1 1
o-..--..--- --- - ---- - a

40 ! cll 0 r"n 10 00to4I



58 NACA TN 3738

o 00000000000000000 000000.000000000000o

000000000090000000 00000000009000000009c!

11ms imi1 il1mm11i11l ii11,1111161

C4C4-n00w0~~~l 00 0 0 0 00 0 0 0 00000w0w00000 w00000
lo o o o oo-o o 000 0 0 0 0 0 0 0 00000 o0o0o000 S00. 8000
+............. .9

- mimmiimmi i,111111li

oo",o ow n "Qg ob w :b jwr -~
UNo l- o zoT b TW

wwwwwwr-r-wwoola0 00 0rl 0 00I ) 0 00 00 00
....................................

00000000000! K o 0.7.7 00 ooo0 0 000000 000

t- Qm 4r O .- O 4 Gm 00 .-. 4m Q. t- wA t- o t- n o~ W )I)i1 ama . 0

o 0. o c' o c' c 0o o io Io. o

o I' o -- A~ N~m~n " -t-IOnN w-r r-r
000000000000000000 o000 000 0000 000

4Cl-r IAVw.-04 -~ l~i w 01Co-O - . www no n o w

+c In~m In o o rw% nIAnIn w\O~mI 61 J.7W N: ino W).70000
o77 00 0 00 + 000000000000000000

......... ... .. .. .. .........

,miimw mmmiiliiiim0ic
ow -m o l v*w m otoI"2olIIn o o oCoo
K)w)F)v w At wwww o nncmj oC mawuN l o .o0 o o J.7~z1 -4 o o

99 99 .. 9.9 99i9 .. . . .rCm~mo . I.7000000

0000000000 000000000000000000) woz - 7 r- nIM I
won~n t-o4M.. . . . . . . . . ..o o

mm, mmm"i Ni, " mm mm mm mmm m m i m i

H~ ~ o-m.w-0wv o "NoiNIolmoo mJ.7.
99.9.9 c!99c!9oo.99 9c m ... 0..0.0

oC oouo oo o o o Cm oooooooo.-.70000000

+000000000000000000 000000000000000000
..................................................................................

mmii,,mmii mi mmii ii, miim
H19999..

oooooooooooOOOOOO 000000000000000000

.- .- . . .... 1 161 6 1 6



NACA TN 3738 59

+000000000000000000 000c),0000000000000

0000 oooooooooooo oo oog-oogOaoo
rd ~1" +00 oooooo0

0
0

0  
000000000000000

O ~ ~ ~ 000000 ooooOoOOO 00000000000

rx4

Ii ~NN~c8c.I'l -- '.'P--.-0000000000000

rx+ 0 00000000000000000 000oOOOOOOOOOO

bo 0 n in 0- VP W NO n~ 0 1-C'0 g 0 V W % '0 .- A0% ' '0 04
'o 60NN NN ~ )' 'o.- OW, 00 0 0 0

O000000000000000000000000100O0~

-$00000000000 0000a00000000000000

mrsmIIIIIIIIIIIIIIII1110I

0 WP I N N 010 Of Of )FnIn01 :o aOOotr aV)C'Ir-

0) + oooooooo00 0000

009900000000 Z0000000000 9000

00+.. 9C 9t9 1 . . . . .9

if ~gggggg

al .CMr. W o - POn f.- toLlA 10'"*OW
P o0 -r o Of10 boow rr 'T I ,Ito l wIAIII ro I \ "0



6o NACA TI 33

ini N % n TW O
000000000000000000 000000000000000000000000000000000000 0000000000000000c>0

+ + + + + ++ -- + 4-4 4 .- .. . . . . .4 +.

t- r-rl- wIn LN W) w r-w n4 -T 4 4 * F' -WCT'J- ) 0 0o0 r- 4r C4 0
8 (58 ;8 000000

0000 H00000000000>0 000000.890888 0000
+ 000000000000 000 000 0 0000000000000000

* *-1-4- +4-+ -++ + + +1- + +4 ......... 1

0 0 00 C00C4 " 000 0 0 000000000000000000
000000000000000000 000000000000000000

+ 000000000000000000

+4++ + + . +.+-.t+-+++ +.4, ++4-* .. .. .4. . + +4*4+

........ 0000000000000000000000

H - 00000000000000000 000000000000000000

00

o000 ~.0 00 H -Ooooo

o ~ C00000'J----000000 000F''CJ...0O0000
o-Oooooooo0ooooo
00000000000000 -' 00000000o0~

+*....+-+ 4.4+4+j44
cc) CO, 00 ow- CO, Ow W 0 '04 n "' n0 ~

220 ;000 00 00 o- l V-0 0001 00N00000 000
08,0O0~o0oc, 000000000000000 o

++ + + +4 444.-4 + 44 + + + -4 4 4 4. + + + + + + +.41

04~ F''0 F'4t C " . : C' . 0. . F-0 0. - ' 00 W% w' M
o~ , '0 '!!~ 4 0 ' ( - F'w F C 5

w cv"N o- - 00000010 W)K) " .In K 00)0W00o c
+ 0 clo- 00 Z0000 0 0 000000, C 0

C4F'0 0 0 0 9 C! C 9 'i 9 0 F' 9 9 ' 9- OC')99C!

4-4 - -4 ++- -V 4- -0 + *' 4- + +'F4- +- + +' 0--4- +' - 0000 ..

W~00C').4OrbC.J..A0000000000

- 4- +- 4-- 4 - 4- -r + --.+--4 --- +-4 -+4 I

aw too(v 0 W:: o q b cy o mm cvcv - .04 0 C Otr- t 0 o 4rJr 4 W



NACA TH 373

0o
0 0 0 0

+ g00000to" 4'o44
0 0 0 ooo0g0g000000 g

_W 4.4-o baDot 0 t -bo04q #jc4
0+ 0000oooooo 00,080C

0. 
.. . .. .000o8oo0

C00 
00000000o 

'000 0

.:90000oo 00 
00Ho 

88oooo 000000
ff00-0000000og

+ 0+
ooC QC . . . .4 0-no

ooo0 oa 

C", 
'J-

O-00d0 C0 0 80 .00+

0 0 0 0 0 0 04 
_

000 
>00808

0CO

o >O o C,Q g g o o o o O O Ozao g g g g g- o-00 .0&o00 Oc~ oo "! 0rvLK



62 NACA TN 3738

v00c00 4Jc~~k%" J"Ncc %a40f w w V% )

oC, 0000~O0000*0000 000 00000p

0 ~ 0 0 o ~ o o o o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9000 9 g 9 g 99g1 9 9 0 00

0 ~ ~ ~ ~ N0b 0,0 40 4 F ( ) 0 4 VO O 0 F) ~ .ww W) W- W WW - - F O r T ) am N t 4w 0 w w04F)w
000- -- M4.- .4'- 00 00000000060000c>0000 0 0 >00 0000000 , I'000000000ooooooc OOOOOOaooo~oooooooo

Oo~o -- -- 8 000 00 4 00 0 o)Fr00n000 ~j00000km0 W
00 000 0000000000 00000000000000000

. ..+ .-..+.. 41+ +1, + + + 4 -++

00000000000 0Ooooooa 0 ' o - o o

00 00 0 0000000000999 0000 00 0 90 a ~
+ -0 0 0 0 0 0 0 0 0 0 4 -+ . 9 9 1g g g g g g 9 9 9 9 9g 9

4004plp-0 -W 0 0Or-V4
ooac4 " NN" o__ o0oo""" w 0"n~c"oooooo

00000000000000000 a_00000000000000000

w )cl l N 0 40 t- ) 2 '0.0 W%
0000 0000 0000 0000000000 00 000000000o~00000000 9 N9N 0000 080 00 0

+0 Fr4 4 4 +) 014 4- 04 .) .. .) 4-4.4 -N 4 F NP.

4 
0

0
0 4 0

00000~~.0N. 00
0 4

0 0 .0FpN' .- 4o0000000000000 00000000000 00 000

W) R;CU .- to .. 440 % V b b OP t4)-F)r_ 4I4).% Nm0 4 Co Mb 00W p a.F ,) 00n WNV

w 6.400 ho w w w W) 0% Q 00W4040 0 WF)0t-0 4 wn04)-000
NNo Io c JN. .oo0o8 8 N0 0 0N .440 0 0 0 0 0m 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 00 0

ton m .-040w0*00000to0?00%00 000 00 00 00000
*0 0N04 0*000 00 00

T+++-+-+-+--4+++4+4-+++ + + +~~~

W) 0) D - In OOEW4



NACA tN 3738

000000000000000000 0-00--0000--0000000

+ 000000000000000000 000000000000000oo

o WO-.00 W "4 onWW -rOOb 0Wb D -1 NU W00t-- '0 t-t t -A;t -N N N N - .1. -0 0 0
'0 0 0 0 0 0 0 0 0 0 0 0 0 0 0o00ooo-0000000000 000000000000000000

0000000000000000

r- w0 naa~4 ~ N o -r o4W44444 -0t 0 -0r.
4 ~ ~ ~ ~ ~ ~ " N " N .NNNNNN..-00 .000.00 0000 00:1: 00 00 00 00 00 000 000000000000 ooo0000000000000000

000

000 0000000 0 00 0000000000000000009

0000000000000000000

000000000000000000 0

+ -0--0- *+ + 4 +-++ + +4+- -- + 4-+-* 4 -4-+ ++ - 4- 4+

T000000Cn0.... i8000 000000000000000000
-' 0000000000000000 0.-'4.-0N 0.aN.-

N N C' N N N..--.-. 0 0 0 0 0

99 ~ ~ 4 04 -1 . . 4..-4 + 4 + + 4- + +F'~+ +a +-~- +0 +~ +' +a +' . f- N 4
-:- 0 4o -row0NW .N-r- "W0Nv0 .-. "a.~ o -W v N,- 4 -na 4-W 0 ") N~ O A'

00 0 0000c,00000000-V~)Vv)N UN-.00000

0OO00000000000000

000 00 0000000000o o0 100~ 010 00001
00W04000000000000 040000'8c)

++ +++ + ++ ++
o~ N+ + + + + + ~ V on r__v__oto__WW__WIn_- __N __N ____ I

w %tL-" -Wt -"--av



64 NACA TN 5758

.*00Q000000000000000

+ oo-- o -. 44 -4 i0 I-4-4-4-4-----

0 00. 4 - W) to r - -. W bow N

000000000000

co . j . ' N"-.I -~ - -.- -A- A - g*)

000 0o 00 0o to6 0r-r 0 00 0 00 0n 00

CNI _ MNN_4 _ _N" _ _ __9

+ ooooocooooo~oooo.o

oooo oooo ooo oo

o~~~~~ - 0 w-3~'J,..

+ -000000000oooo

0 000000000t00000000011 o - ' r 0 www4' t
lo ww wwK 000ww 0wm 0

0000 000 0000 00000-

+

+-411- + .4- +t 4-4 4 4 -1,-1- t.-
-w o . 'A wA 04W t0 nAC 0 - w o' ,.

000 00 0000 0 0

+ I "NoNNNNO00A0
99.999 ._ C9

- - - - - - - - -- 0 -v- -- N N M m -



4

1H

NACA TN 3758 65

141
h)

to o°

00

r4l

7,

IC-t

, q~j '1)

.+.

i, , ' -. I )
il " o0

qj - '

iI  0 '£ i .

t+

*i-



66 NACA TN 3738

*1o

4)

Id

fr

-P .H

Ord

:i 3



NACA TN 3738 67

Longitudinal plane
-

Lateral plane

F' V
VR

UY

x

Figure 3.- Sketch showing coordinate system and positive directions of
velocities and angles.

- A- I.u-



68 NACA TN 3738

--- 4
ts

d1)

to

- - --- - -H

-,- - -- .g

Id

c11

t; 1



'I
NACA TN 3738 69

24-

/6 Ic

0 -, deg 8

-8 --

-m O - - 0 .6 /0

.4 .]5

.3------------------/
Co/

. =~~6 -. 4 -20.2 4.6 .8/0O/2

CL

Figure 5-.- Lift, drag, and pitching-moment characteristics of the swept-
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Figure 6.- Lift, drag, and pitching-moment characteristics of the unswept-
wing-fuselage configuration.
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