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THEORETICAL AND EXPERIMENTAL INVESTIGATION OF THE SUBSONIC-FLOW FIELDS 
BENEATH SWEPT AND UNSWEPT WINGS WITH TABLES OF VORTEX-INDUCED VELOCITIES 

SUMMARY 

The $ow-Jield characteristics beneath swept and unswept 
wings as determined by potential-$ow theory are compared with 
the experimentally determined $ow fields beneath swept and 
unswept wing-fuselage combinations. The potential-jlow theory 
utilized considered both spanwise and chordwise distributions 
of vorticity as well as the wing-thickness egects. The perturba- 
tion velocities induced by a unit horseshoe vortex are included in 
tabular for?. 

The results indicated that signijicant chordwise$ow gradients 
ex2sted beneath both swept and unswept wings at zero lift and 
throughout the lijt range. The theoretical predictions qf the 
$ow-Jield characteristics were qualitatively correct in all cases 
considered, although there were indications that the magnitudes 
of the dozcmwash angles tended to be overpredicted as the tip of 
the swept wing was approached and that the sidewash angles 
ahead qf the unswept wing were underpredicted. The calcu- 
lated efects of compressibility indicated that signtjicant increases 
in the chordwise variation of $ow angles and dynamic-pressure 
ratios should be expected in going from low to high subsonic 
speeds. 

INTRODUCTION 

The almost universal present-day employmelit of external 
stores, such as missiles, bombs, or fuel tanlis 011 fighter 
airplanes, and nacelles on bomber airplanes, llas 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 airplanes are incorporating wing 
sweep, lower aspect ratios, and shorter tail length, all of 
which may tend to bring the various airplane components in 
closer proximity to the wing. 

For airplane designs of the past, in wllicli 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 (refs. 1 to 4). 
However, because of the matliematically singular nature of 
the single vortex, this theory is valid only for regions that 
are a t  a distance of a t  least one wing chord from the vortex 
location. (See ref. I.) 

1 Suptrsedes NACA Technical Xote 3738 by William J. Alford, Jr., 1956 

The purpose of the present report is to show that the flow 
characteristics beneath the wing can be calculated if the 
lifting wing is assumed to be represented by a multiple ar- 
rangement (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 singularity (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, vertical, 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 

aspect ratio 
wing span, f t  
local wing chord, f t  
mean aerodynamic chord, f t  
average wing chord, f t  
wing-section lift coefficient 
total lift coefficient 
incompressible lift-curve slope per deg 
drag coefficient 
pitching-moment coefficient measured about 

quarter chord of mean aerodynamic chord 
maximum fuselage diameter, 0.70 f t  
backwash factor (see appendix B) 
sidewash factor (see appendix B) 
downwash factor (see appendix B) 
fuselage length, 7.61 f t  
Mach number 
chordwise vortex index (see appendix A) 
spanwise vortex index (see appendix A) 
local dynamic pressure, Ib/sq f t  
free-stream dynamic pressure, Ib/sq f t  
wing area, sq f t  
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semiwidth of horseshoe vortex, f t  
airfoil thickness, f t 
backwash perturbation velocity in direction of 

x-axis, positive rearward (fig. 3), ft/sec 
backwash perturbation velocity induced by two- 

dimensional airfoil-section thickness distribu- 
tion (see appendix A), ft/sec 

free-stream velocity, ft/sec 
resultant velocity, ft/sec 
sidewash perturbation velocity in direction of 

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

z-axis, positive downward (fig. 3), ft/sec 
right-hand Cartesian coordinate system in which 

x is positive downstream, y is positive to the 
right, and z is positive upward (fig. 3), f t  

distances in the x-, y-, and z-directions, respec- 
tively, from space point of interest to cen- 
troidal location of mth, nth vortex 

inclination of wing from zero-lift attitude, deg 
three-dimensional vortex circulation strength, 

ft2/sec 
two-dimensional vortex circulation strength, 

ft2/sec 
downwash angle between free-stream-velocity 

vector and resultant-velocity vector in xz- 
plane, positive downward (fig. 3), deg 

sidewash angle between free-stream-velocity 
vector and resultant-velocity vector in xy- 
plane, positive toward left wing tip (fig. 3), deg 

Symbol 

S 
b 
T 
A 
X 
A 

Airfoil section 

A local sweep angle, deg 
X taper ratio 
+ perturbation velocity potential, ft2/sec 
4.9 two-dimensional perturbation velocity potential 

(also referred to as chordwise accumulation of 
vorticity when increased by a factor of 2.0), 
ft2/sec 

p=1/1-M2 
Subscripts: 
a additional or lift-induced characteristics 
n characteristics of airfoil section normal to local 

lines of constant percent thickness 
s characteristics of streamwise airfoil section in 

two-dimensional flow 
4 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 characterist-ics. 
Bars indicate centroidal locations of the vortice,c.. 

MODELS AND TESTS 

The models about which the flow surveys were made con- 
sisted of both swept- and unswept-wing-fuselage combina- 
tions. Drawings of the wing-fuselage combination are 
presented in figure 1. The wing of the swept-wing-fuselage 
combination had 45" sweep of the quarter-chord line, an 
aspect ratio of 4.0, a taper ratio of 0.3, and NACA 658006 
airfoil sections parallel to the plane of symmetry. The wing 
of the unswept-wing-fuselage combination had 0" sweep of 
the one-half-chord line, an aspect ratio of 3.0, a taper ratio of 

Swept Unswept 

FIGURE 1.-Ge3metric characteristics of test models. A11 dimensions are in inches. 
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0.5, and NACA 658004 airfoil sections parallel to the plane 
of symmetry. The fuselage consisted of an ogival nose sec- 
tion, 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 a t  a velocity of 100 miles per hour. Experimental 
results are presented for angles of attack from -8" to 24" 
for the swept-wing-fuselage model and from -8" to 16" 
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 conjunction 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 tllc 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 support, possible errors 
in misalinement, and inherent wind-tunnel misalinement 
angles indi~ates that the downwash data are accurate within 
approximately f l . O O ,  the sidewash data are accurate within 
approximately f1.5", and the dynamic-pressure-ratio data 
are accurate within approximately f 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. I t  is generally convenient to express the direction 
in terms of the angles e in the vertical plane and u in the 
lateral plane and to express the magnitude in terms of local 
dynamic pressure q,.  In order to determine the foregoing 
flow characteristics by use of theory, a knowledge is required 
of the induced velocities contributed by the various surfaces 
responsible for disturbing the free-stream flow. The dis- 
cussion 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 characteris- 
tics are defined schemetically in figure 3. 

FIGURE 2.-Photograph of swept-wing model with a,ngularity survey 
rake installed. 

Long~tudinol plane 

Loterol plane 

FIGURE 3.-Sketch showing coordinate system alld positive directio~ls 
of velocities and angles. 

In the calculatioii procedures employed, i t  was assumed 
that the flow was potential and planar, and, hence, the 
effects of boundary-layer separation 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 semispan. For the swept- 
wing configuration, the ratio of fuselage diameter to wing 
span is 0.13. For the lateral locations for which the swept- 

Y wing calculations have been made @=0.50 and I - -0 .75 ,  b/2 - 
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 approximately 3 percent for the out- 
board location. For tlhe midsemispan location of the un- 
swept wing, which has a ratio of fuselage diameter to wing 
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FIGURE 4.-Downwash induced by circular-cross-section fuselage alone based or1 swept-u7i11g semispan. s=0; x/1=0.5. 

span of 0.16, the fuselage-induced upwash angle is approxi- 
mately 10 percent of the wing angle of attack. 

The foregoing discussion has considered only the effects 
of the fuselage 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, i t  is evident from figure 4 that the presence of the 
fuselage should be considered. In  this respect, the analyses 
of references 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 velocities 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 independent 
of angle of attack and are primarily a function of the local 
airfoil-section thickness distribution, modified by plan-form 
characteristics. Extensive theoretical investigations of the 
zero-lift velocity distributions on the surface of unswept 
and sweptback wings have been reported in references 8 to 11 
and indicate that the isobars, that is, lines of constant pres- 
sure, 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 
backwash velocities is negligible for aspect ratios that are 
of present interest (aspect ratios of 4 and 3 for the swept 

and unswept wings, respectively). I n  view of this, and with 
consideration of the simple sweep theory of reference 6, 
the present report considers the airfoil sections normal to 
the local lines of constant pressure to be two dimensional in 
nature. 

The perturbation velocities of the two-dimensional-airfoil 
thickness distribution may be determined by either con- 
formal transformations as reported in references 12 to 14 
or by use of the appropriate singularity distribution as de- 
termined by the methods of reference 5 or 15. The present 
report utilized the method of reference 5 in combination 
with the simple 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 
procedure utilizes, primarily, four horseshoe vortices dis- 
tributed in the chordwise direction a t  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 a t  points that lie mid- 
way between any two adjacent chordwise vortices (where 
possible) for regions near the wing chord, and thereby 
minimize the objectionable singularity efft%% mentioned 
previously in the "Introduction." This procedure is here- 
inafter referred to as the finite-s&$j mebeod. An illustrative 
calculation of the lift-induced velocities "beneath the swept 
wing is presented in table 11. 

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 
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zero as the uirig chord plane was approached. This charac- 
teristic is not consistent with reality in that the lateral 
gradient in load or vorticity implies the existence of side- 
wash 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 a t  the wing chord plane 
may be estimated and 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 neces- 
sary in the present methods, were computed by the equations 
given in reference 16 and are presented in tables 111, IV, 
and V for a large range of distances. 

The spanwise load or vorticity distributions were deter- 
mined by the method of reference 17. I n  order to eliminate 
errors involved in estimating the lift-curve slopes of the 
wings under consideration, the comparisons of theory with 
experiment were made a t  the same lift coefficient. 

The calculated first-order effects of compressibility were 
obtained by use of the three-dimensional Prandtl-Glauert 
transformation as given by Gijthert in reference 18. The 
procedure vtilized in the present investigation is described in 
appendix A. 

COMPARISON OF THEORY AND EXPERIMENT 

In analyzing the flow-field characteristics and in correlating 
experimental and theoretical characteristics, i t  is often 
desirable to have as a reference level the experimental force 
and moment characteristics of the models. These data for 
the models of the present investigation are presented in 
figures 5 and 6. 

Flow angularities are presented in terms of the angles e 
and u. In  the sign convention adopted (fig. 3),  positive 
values of E indicate a downflow, positive values of u represent 
an outflow (toward left wing tip), and values of q,/g, greater 
than unity indicate regions of superpressure relative to free- 
stream conditions. I t  should be noted that the induced 
angles E and u must be combined with the geometric angles 
of attack and sideslip, respectively, to be applicable for use 
in load-estimation procedures. 

The effects of vertical location on the flow characteristics 
below the swept wing are shown in figure 7. The effects of 
wing lift coefficient on the flow characteristics 15 percent 
of the local wing chord below the one-half and three-quarter 
semispan locations of the swept wing are presented in figures 
8 and 9, respectively, and for the midsemispan location of the 
unswept wing in figure 10. The calculated effects of com- 
pressibility for a subcritical Mach number of 0.80 and for 
a vertical location 25 percent of the local wing chord below 
the midsemispan location of the swept wing are presented in 
figure 1 I. 

SWEPT-WING MODEL 

Examination of the flow characteristics beneath the mid- 
semispan of the swept-wing model a t  zero lift (fig. 7 (a)) 
indicates the existence of significant chordwise gradients for 
all the flow parameters. The severity of these gradients 
diminishes as the distance from the wing is increased. 

Comparison of the values predicted by theory with the 
experimental values indicates that the representation of the 
airfoil-section thickness distribution by a two-dimensional 
singularity distribution (ref. 5) modified by simple sweep 
theory (appendix A) gives excellent qualitative agreement for 
all vertical locations considered. The magnitudes of the flow 
parameters due to thickness are, in general, also well pre- 
dicted, although the downwash angles are underpredicted 
for the regions immediately 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 Inore 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 presumed to be due to 
the assumption in the theory of the two-dimensional type 
of chordwise load distribution that implies full leading-edge 
suction 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 de- 
creased. 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 report. 

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

Since i t  hasbeenshown that the decay in the flow distortions 
can be calculated, i t  would be desirable to consider in more 
detail the predictability of the flow throughout a more com- 
plete lift range. A comparison of the theoretical and experi- 
mental flow fields existing 15 percent of the local wing chord 
beneath the midsemispan location of the swept wing is pre- 
sented in figure 8. 

With a change in sign of the flow angles a t  the most nega- 
tive lift coefficient (CL = - 0.53), the conditions existing on 
the upper or suction side of the wing when a t  positive lift 
may, because of model symmetry, be examined. The flow 
parameters indicate the existence of 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 a t  approxi- 
mately thislift coefficient in the positivelift range (CL=0.49), 
which signifies a loss of lift a t  the wing tip and indicates the 
existence of nonpotential flow. The potential-flow theory 
utilized cannot then be expected to predict the magnitude of 
the flow parameters for these conditions. 
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x/c 

FIGURE 7.-Flow character 

- 5 0 5 10 
x/c 

(a) CL=O. 
(b) C~=0.49. 

a t  the midsemispan location of the swept wing for several vertical heights. 
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0 -.5 .5 1.0 
x/c x/c 

(a) Downwash angles. 

FIGURE 8.-Flow characteristics a t  the midsemispan location of the swept wing for various lift coefficients. z/c= -0.15. 
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-.5 0 .5 1 .o -.5 0 .5 1 .o 
X/C x / c  

(b) Sidewash angles. 
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41 - 
4m 

x/c 

(c) Dynamic-pr 

-.5 0 .5 1 .o 
x/c 

.essure ratios. 
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q1 - 
qm 

x / c  
(a) Downwash and sidewash angles. (b) Dynamic-pressure ratios. 

FIGURE 9.-Flow characteristics a t  the three-quarter semispan location of the swept ming for various lift coefficients. z/c= -0.15. 
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- 5 0 5 10 

x / c  

(a) Downwash angles. 

FIGURE 10.-Flow characteristics a t  the midsemispan location of the unsm 

x/c  

iept wing for v a r i o ~ s  lift coefficients. z/c= - 0.15. 



REPORT 1327-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

(b) Sidewash angles. 

FIGURE 10.-Continued. 
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. 8 L I I I I I I I I I I I I I I I  
-.5 0 .5 1 .o -.5 0 .5 1 .o 

x/c x/c 

(c) Dynamic-pressure ratios. 

FIGURE 10.-Concluded. 
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FIGURE 11.-Calculated effects of Mach nu1 nber on flow characteristics beneath the midsemispan 

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 through- 
out the positive lift range to CL=0.89, which is rather sur- 
prising since a t  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 i t  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 

x / c  
location of the swept wing. z/c= - 0.25. 

Y -  rn--0.75. AS the lift coefficient is increased, however, 

the agreement between theory and experiment is seen to 
deteriorate for the downwash 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 aforementioned in conjunction with the proximity of the 
rolled-up tip vortex for CL=0.49. I n  spite of the defects in 
predicting the downwash angles, the sidewash angles and dy- 
namic pressures are seen to be reasonably well predicted. I t  
should be noted that the experimental downwash angles are 

reasonable agreement over the entire lift-range with the I slightly lower at the outboard location in fig. 
exception of the extreme cases, CL= -0.53 and 1.09 where 
nonpotential conditions exist. 

I n  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 character- 
istics are still essentially two dimensional in nature a t  

9 (a) than a t  the inboard location -- -0.50 in fig. 8 (a)), 1 (&- 
whereas the sidewash angles are slightly higher. The dy- 

namic Pressures appear to be relatively unaffected by span- 
wise station for the two stations presented (figs. 8 (c) and 
9 

UNSWEPT-WING MODEL 

A comparison of the flow characteristics a t  a distance 15 
percent of the local wing chord beneath the unswept wing is 
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presented in figure 10. The predicted downwash character- 
istics (fig. 10 (a)) are, in general, subject to the same dis- 
cussion 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 overpredic- 
tion for the swept wing (fig. 8 (a)). The cause of the non- 
potential 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. 

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 determining 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 a t  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 pre- 
dicted 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 investigation since several geometric differ- 
ences exist other than the angle of sweep. If i t  is assumed, 
however, that, for the midsemispan locations, the zero-lift 
flow characteristics are essentially two dimensional, as indi- 
cated by the ability of two-dimensional theory to predict 
the flow characteristics, some insight is gained as to the effect 
of sweep. Comparison of the zero-lift downwash angles and 
dynamic pressure of the swept wing (fig. 8) with the colnpa- 
rable characteristics for the unswept wing (fig. 10) indicates 
that sweep has little effect on these parameters. The differ- 
ences 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,) 

EFFECTS OF COMPRESSIBILITY 

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

The calculated compressibility effects, for a subcritical 
Mach number of 0.80, on the flow characteristics a t  a dis- 
tance 25 percent of the local wing chord beneath the mid- 
semispan 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 in- 

creases in both the downwash and sidewash angularities as 
well as the dynamic-pressure ratio, although the basic-flow 
structure appears to be relatively unchanged. I n  consider- 
ing Mach number effects for the lifting condition, as calcu- 
lated by the finite-step method, i t  is convenient to examine 
the effects from two standpoints, namely, the case where a 
is held constant and the case where CL is held constant. 
For the constant a! case (fig. 11), the effect of increasing the 
Mach number is to cause large increases in the positive and 
negative magnitudes of the doivnwash angles over the com- 
plete 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 a t  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 incom- 
pressible conditions. I n  the case of the sidewash angles, 
however, although the compressible values are slightly higher 
at  the leading edge, they are reduced over the chord proper. 
The compressible dynamic-pressure ratios still appear to be 
reduced a t  the leading edge, but to a lesser extent than for 
the constant a condition, and are actually increased beyond 
the quarter-chord locations. 

CONCLUDING REMARKS 

A theoretical and experimental investigation of the sub- 
sonic-flow fields beneath swept and unswept wings indicates 
the existence of significant chordwise gradients in the flow 
characteristics. These gradients diminish in severity as the 
distance from the wing chord plane is increased. Increasing 
the lift coefficient caused large changes in the local down- 
wash and sidewash angles and in the dynamic-pressure 
ratios. The effect of wing sweep a t  zero lift was to cause 
increased sidewash angles. 

The theoretical predictions of the flow-field characteristics 
~vere qualitatively correct in all cases considered, although 
there were indications that the magnitude 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 underpr edicted. 

The effects of compressibility, as calculated by first-order 
linear theory, indicated significant increases in the chord wise 
variations of flow angles and dynamic-pressure ratios for 
both the zero-lift and lifting cases. The effects of com- 
pressibility 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. 



APPENDIX A 

DETAILED THEORETICAL CONSIDERATIONS 

The purpose of this appendix is to present a inore detailed 
description 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 

( & , = 0 . 5  and 0.75). For regions closer to the fuselage, how- 
.. , 

ever, 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 
report also employs this procedure in determining the flow- 
field ,characteristics but includes in the nonlifting case f i s t -  
order three-dimensional effects incurred either by sweep or 
taper or both; and in the lifting case, both spanwise and 
chordwise distributions of vorticity are considered in an 
approximate manner. 

NONLIFTING CASE 

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

In three-dimensional flow, the problem of determining the 
perturbation 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). For regions not too close to the wing root 
or tip the use of simple sweep theory (ref. 6) offers an approxi- 
mate but much simpler means of determining the perturba- 
tion velocities. 

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 distribution, for an untapered 
wing where the isobars are parallel as in two-dimensional 
flow, was chiefly affected by the velocity component normal 
to the wing leading edge (and hence, normal to the isobars). 
In  determining the zero-lift or thickness-induced velocities 

1s 

of a swept wing, i t  is, therefore, necessary to consider the 
thickness distributions of the airfoil sections and the com- 
ponent of the free-stream velocity normal to lines of constant 
pressure. 

Exainination of the extensive theoretical investigations of 
the zero-lift longitudinal or backwash velocity distributions 
on unswept and sweptback wings reported in references 8 to 
11 indicated that in regions sufficiently removed from the 
wing root or tip the isobars tend to be parallel to lines of 
cmstant percent thickness. For wings that utilize a con- 
stant thickness ratio and thickness distribution over the 
entire span the isobars will (excspt for regions near the wing 
root or tip) coincide with lines of constant percent thickness 
and constant percent chord. Further investigation is needed 
to determine the applicability of the present approximation 
for wings that have varying thickness ratio or thickness dis- 
tribution in the spanwise direction. The airfoil sections 
normal to lines of constant pressure will hereinafter be re- 
ferred to as normal sections in order to differentiate them 
from the streamwise sections. The wings of the present 
investigations utilized a constant airfoil section over the span 
which, of course, in the approximation accepted, causes the 
isobars to correspond to lines of constant percent thickness 
and constant percent chord (fig. 12). 

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 stream- 
wise chord locations a t  which the flow-field characteristics 
are desired are indicated by the circular symbols. Since 
the vertical distance of the points in question is the same in 
both planes, the nondirnensional distance relative to the 
normal chord is greater than that relative to the streamwise 
chord by l/cos A. This must be kept in mind when com- 
puting the flow field about the normal sections. 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 (conformal mapping or 
singularity solution). For points ahead of the wing leading 
edge, the sweep angles of the normal sections generating the 
perturbation velocities a t  these points (as indicated by the 
dashed lines in fig. 12) were assumed constant and equal to 
the sweep angle of the leading edge. 

Once the perturbation velocities along and perpendicular 
to the chords of the normal sections (u, and w, respectively) 
have been determined, i t  is then necessary to determine the 
components of these velocities relative to the streamwise 



SUBSONIC-FLOW FIELDS BENEATH SWEPT AND UNSWEPT WINGS 19 

FIGURE 12.-Geometric characteristics of wing used in simple swekp 
t.heory . 

chord (fig. 12). The downwash velocity w remains un- 
changed since i t  is perpendicular to both chords. 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) deter- 
mines the direction of the resultant-velocity vector VR rela- 
tive 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 wing tip 
for regions of subvelocity (VR<V). 

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

u=un COS A (Al) 

v=u, sin A (A2) 

and the flow angles in the vertical and lateral directions are, 
respectively, 

u, sin A 

The dynamic-pressure ratios are defined by 

nl (V+u)*+zo2+v2 
P m  v 

or, since 
(w" v" < (V+ u) 

then 
U, COS A 2 &"Pb2Y%(l+T) 

am V2 

In the foregoing development, i t  was assumed necessary, 
because of wing taper, to determine the thickness distribu- 
tions of each of the sections normal to the lines of constant 
pressure, and then to calculate the perturbation velocities 
generated by these sections. I t  is obvious that fulfillment 
of this assumption would entail a prohibitive amount of 
computational labor. I n  order to reduce the computations 
to practical proportions, i t  is necessary to introduce certain 
simplifying assumptions. I t  was, therefore, assumed that 
the given tapered swept 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 sweep angles in equations (Al) and (A2). 

In  order to evaluate the changes in the airfoil thickness 
distribution incurred by the foregoing assumption, the thick- 
ness distributions of the normal sections (as indicated by 
sections 1 to 7 in fig. 12) were determined and were found 
to have maximum 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. I t  is evident from this figure that wing taper 
causes some small variations in the thickness distributions, 
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 658008 airfoil section 
is only of the order of 10 percent greater than the free-stream 
velocity (for zero lift, see ref. 20): it may safely be assumed 
that these differences in thickness distributions, due to wing 
taper, are negligible. 

FIGURE 13.-Thickness distributions of airfoil sections normal to  
local sweep lines of sweptback wing. 
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Since i t  has been shown that the given swept wing can be 
approximated by an infinite-span, swept, untapered wing 
without incurring any appreciable differences in the airfoil- 
section thickness distributions, some useful relationships be- 
tween the assumed infinite-span, swept, untapered wing and 
an infinite-span, unswept, untapered wing should be noted. 

Comparison of an infinite-span, swept, untapered wing 
with an infinite-span, unswept, untapered wing of the same 
streamwise thickness ratio indicates that the normal-section 
thickness ratio of the swept wing is increased by l/cos A 
relative to the streamwise section and that the normal com- 
ponent of the imposed velocity is decreased by cos A. (See 
sketch 1.) I t  can, therefore, be reasoned that, since the 

Sketch 1. 

perturbation velocities are linear functions of thickness, for 
small thickness ratios (as indicated by an analysis similar 

to that of ref. 21), the increased thickness effects - -- C co: A) 
are canceled by the reduced velocity V cos A. The perturba- 
tion velocities relative to the normal section of the swept 
wing are then approximately equal to the perturbation veloci- 
ties relative to the streamwise section of the unswept, un- 
tapered wing; that is, 

where us is the backwash velocity generated by the stream- 
wise thickness distribution in two-dimensional flow with a 
free-stream velocity equal to V. 

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

u=u, cos A (A8) 

V=U, sin A (A91 

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

be rewritten as 

€=tan-' wIV 
us cos A 

us sin A -- 

~ = - t a n - ~  
v 

Us COS A 

The dynamic-pressure ratio is now 

I n  the above equations the difference in the nondimen- 
sional vertical distance in the plane of the normal section (eA) and in the plane of the streamwise chord ( r / e )  

must be accounted for. 
The present report utilized the singularity-distribution 

method of reference 5 in order to calculate the two-dimen- 
sional perturbation velocities in the field surrounding the 
NACA 65A-series airfoils of the swept and unswept wings. 
These velocities were then modified by the use of equations 
(A8) and (A9) to account for the three-dimensional-flow 
effects of either sweep or taper or both. The calculated 
velocities induced a t  the midsemispan location of the swept 
wing a t  zero lift are presented in figure 14, and the flow-field 
parameters determined from equatioils (AIO) to (A12) are 
presented in figure 7(a) for comparison with experiment. 

LIFTING CASE 

The general practice of accounting for the wing lift-induced 
velocities, by employing a single lifting line (approximated by 
a number of horseshoe vortices), becomes increasingly inac- 
curate as the vortices are approached. (See ref. 1 .) I n  order 
to obtain more realistic values of the lift-induced velocities 
for regions close to the wing, a more detailed accounting of 

FIGURE 14.-Calculated velocities induced a t  midsemispan location 
of the swept wing a t  zero lift for several heights. 
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the chordwise distribution of vorticity is required. I t  should 
be noted that, if the actual load distributions are known, they 
would probably greatly enhance the accuracy of the calcula- 
tions. I n  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 chordwiseload distribu- 
tions were assumed to be two dimensional in shape with the 
local circulation strength dictated by the span-load distribn- 
tion. 

The shape function of the two-dimensional chordwise 
vorticity accumulation 4, is given by reference 16 and may be 
expressed, with a change in variable, as 

I t  was further assumed that this chordwise accumulatior~ 
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, a t  points in 
the .field (in the immediate vicinity of the local chord) lying 
midway ljetween any two adjacent vortex locations, thus 
effecting some cancellation of the objectionable effects of the 
single lifting line. 

Integration of equation (A13) gives the chordwise accumu- 
lation of vorticity as 

"4s =I[ J ~ + s i n - l J Z ] " " ' 2  

Vac 2 C (ZIC) , (A141 

The chordwise limits necessary to insure equal circulation 
strengths (X/C)~ and (X/C)~ must be determined by trial and 
error. After these limits are determined, the centroidal loca- 
tions of the vortices may be found by 

which upon integration gives 

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, indicated that one and two 
vortices were insufficient. Utilization of eight vortices, of 
course, was found to give the best approximation of those 
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 were found, 
from equations (A14) and (A16), to be approximately 
x/c=0.013, 0.092, 0.272, and 0.621. 

The vortex arrangements thus chosen to represent the 
wing 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 

where Fu, F,, and F, are the geometric functions associated 

FIGURE 15.-Vortex arrangement assumed t o  approximate swept- 
wing lift characteristics. 
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with a unit horseshoe vortex. The equations of these 
functions, as given in reference 16, with the appropriate sign 
changes and nondimensionalized with respect to the semi- 
width s of the vortex, are presented in appendix B. The 
values of these functions over a wide range of distances are 
presented in tables I11 to V. 

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

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

czcv = ---- 
2 (A2 1) 

Equations (A17) to (A19) may now be expressed as 

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 velocities for each 
unit of lift coefficient for the swept wing is presented in table 
11. The velocities induced a t  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 quali- 
tative variation with vertical distance, whereas the sidewash 
velocities did not. Examination of the sidewash velocity 
factor F, (see eq. (B6)) indicates that when a finite number 
of horseshoe vortices are used the sidewash velocity for 
small vertical distances must approach, a t  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, ap- 
proach zero as the wing chord plane is approached. I n  
reality, this condition does not exist since the lateral gradient 
in loading or vorticity implies the existence of sidewash 
velocities a t  the wing surface. Clearly, then, sidewash 
velocities calculated by use of the finite-step method (eq. 
(A23)), where the sidewash velocity is zero a t  the wing sur- 
face, would yield much smaller values for points close to the 
wing (fig. 17) than would a method accounting for the finite 
sidewash a t  the wing surface. 

(a) Swept wing. 
(b) Unswept wing. 

FIGURE 16.-Theoretical span-load distributions. 

Unpublished theoretical studies (eqs. (A25) to (A32)) 
made by Percy J. Bobbitt of the Langley Laboratory have 
indicated that a more realistic value of the sidewash velocity 
variation with vertical distance could be obtained by esti- 
mating the sidewash velocity a t  the wing chord plane due to 
the lateral gradient in the velocity potential (referred to 
herein as the chordwise accumulation of vorticity) and then 
by fairing the maximum sidewash velocity in the wing field, 
as calculated by equations (A23) and (B6), to this chord- 
plane velocity. The sidewash velocity a t  the wing chord 
plane may be determined from the lateral gradient in the 
chordwise accumulation of vorticity which may be expressed 
as 

which may be nondimensionalized as 
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FIGURE l7.-Calc1ilated additional velocities a t  the midsemispan 
location of the swept wing for unit lift coefficient. 

I n  the absence of experimental information regarding the 
chordwise accumulation of vorticity 4 for the wings of the 
present investigation, the two-dimensional vorticity accumu- 
lation given by equation (A14) was assumed. In  order that 
the total circulation of the system be correct, the total chord- 
wise circulation strengths must be corrected to agree with 
strengths of spanwise vorticity distribution. Thus, equation 
(A14) may be expressed as 

Since 
24s, ,,= rs 

evaluation of equation (A27) a t  the trailing edge of the 
chord (xlc = 1.0) gives 

The three-dimensional vorticity equation given by equa- 
tion (A21) may be nondimensionalized as 

r 1 ClC - 
b- A CLca, 

VCL 2 

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

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

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

An approximate expression for the sidewasb velocity 
existing a t  the wing chord plane may now be obtained by 
substituting equation (A31) into equation (A26) : 

Inasmuch as i t  is difficult to express the geometric char- 
acteristics of the swept wing in analytic terms amenable 
for use in equation (A32), the required differentiation may 
best be performed graphically. An illustrated example of ' this procedure is presented for the swept wing in figure 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 locations very close to the wing chord 
plane. These characteristics have previously been reported 
in reference 22 for somewhat different circumstances. The 
effects of increasing the number 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 
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Equotions (A23) and (B6) (vortices 
at 10 spanwise locations) I 

---- Modified theory; equations (A23) 
and (06) faired to estimated 
veloc~ty at chwd plane (eq. (A32)) 

FTGURE 19.-Variation of sidewash velocity with vertical distance 
below swept wing. x/c=0.20. 

I -  Vortices at 10 s anwise locations. 
Equations ( ~ 2 3 f a n d  (B6) 

Vortices at 20  spanwise locations. I -- Equations (A231 and (B6) I 

FIGURE 20.-Effect of number of spanwise horseshoe vortices on 
sidewash velocity variation with vertical distance beneath the 
unswept wing. x/c= 0.10. 

I The total flow-field characteristics may be written as 

FIGURE 18.-Schematic illustration of graphical differentiation to  
determine sidewash velocity on chord plane of swept wing. 

(A341 

%=(I+& vCL cL>?+(& cL>'+(sL cL>' (A35) 
P- 

u = - t a ~ - I ( ~  - US sin A+% v:6L C, ) (A371 
us cos A 

1 +----- +--- CL 

-- ~ + U " C O S A + - U " C L  - v Pm VCL 
COMBINED EFFECTS 

In  order to determine the total flow characteristics, it  is 
In  order to eliminate errors involved in estimating the lift- 

curve slopes of the wings under consideration, the compari- 
necessary to combine the lifting and nonlifting velocities. sons of theory with experiment were made a t  the same lift 
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coefficient. A comparison of the theoretical flow fields with 
experiment, under lifting conditions, beneath the midsemi- 
span location of the sweptback wing as calculated by equa- 
tions (A36) to (A38) is presented in figure 7 (b). 

EFFECTS OF COMPRESSIBILITY 

In determining the first-order compressibility effects on the 
flow-field characteristics, the three-dimensional Prandtl- 
Glauert transformation, 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 a t  a point P on the surface of a 
thin body B in compressible flow may be obtained in three 
steps: 

(I) The x-coordinates of all points of B are increased by the 
factor l/P, where P = J m 2  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, a t  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 velocity as the original compressible flow. 

(3) The values u, u, and w of the incremental velocities a t  
the point P on the original unstretched body B in com- 
pressible flow are then found by the equations 

I t  is pertinent to note that the result of step (I), 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 geometric parameters of the 
given wing in compressible flow and its transformed equiv- 
alent wing in incompressible fluw may be expressed as 

tan A 
* ' = t a r 1  (a) 

The perturbation velocities in the field due to the trans- 
formed wing in incompressible flow, as indicated by step (21, 
may now be calculated by the methods mentioned previously 
in this appendix. I t  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. (AM).) 

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 fore- 
going general procedure, are appropriate inasmuch as they 
may somewhat reduce the necessary computations. 

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, i t  may be observed from equation (A44) 
that the thickness ratio is reduced by P. Also, if i t  is noted 
from equations (A39) to (A41) that the perturbation veloc- 
itiesmust be increased by inverse functions of 6, i t  is apparent 

A'=PA (A46) I FIGURE 21.-Equiva,lent swept-wing plan form for M=0.80. 
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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)). 

I n  view of the foregoing discussion, it  is readily seen that 
the downwash velocity w remains unchanged since the re- 
duced thickness effects (eq. (A44)) are canceled by equation 

(A41). The downwash w a t  location-; below the wing 
P c 

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

I n  the case of the backwash and sidewash velocities, 
although some cancellation of the thickness effects are 
realized, a simple transformation of vertical distances is not 
immediately possible since these velocities are also a function 
of the transformed wing sweep angle (eqs. (A8), (Ag), and 
(A47)). Some saving is possible, however, by considering 
equations (Ag), (A9), (A39), (A40), and (A47), and noting 
by use of equation (A44) that uSf=pus, from which the 
followipg may be deduced: 

sin A' 
V = U ~  sin A 7 sm A 

u cos A cos A' u=-k-- 
p cos A 

where again the corresponding vertical locations in com- 
pressible 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 (AlO) 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. 

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 per- 
turbation velocities a t  corresponding vertical locations (given 
by eq. (A43)) may then be expressed, by use of equations 
(A22) to (A24) and (A39) to (A41), as 

From consideration of equation (A39) 

substituting equation (A54) into equations (A51) to (A53) 
gives 

-- l;cL-b (a' 

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



DOWNWASH, SIDEWASH, AND BACKWASH FUNCTIONS DUE TO A UNIT HORSESHOE VORTEX 

The positive directions of distances and velocities used in 
determining the induction characteristics of a unit horseshoe 
vortex are defined in sketch 2. 

' r  
Sketch 2. 

DOWNWASH EQUATION 

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

where 

Some identities, due to the symmetry of the aforemen- 
tioned equations, which increase the useful range of table I11 

are given by 

(A: Ay Az) -(C F, - 1 - , -  =F - ,--,- 
S S S 

and 

SIDEWASH EQUATION 

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

where 

A z - r - 7 Ax 

Some identities, due to the symmetry of the aforemen- 
tioned equations, which increase the useful range of table IV 
are given by 

Ax Ay Fv (:' -, -, "") - =F v ( - ,--,-$I 1 
S S S 

=-Fv ($!,-$, az) t 
I 

037) 
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and 

F v ( ( _ @ A y A z )  , -, - =Po ( -- 
S S S  S  S  

BACKWASH EQUATION 

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

where 

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

and 

( A x  AY A z )  J =-Fu - 9 - , -  

S S S  
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SUBSONIC-FLOW FIELDS BENEATH SWEPT AND UNSWEPT WIKGS 

TABLE I.-FUSELAGE ORDINATES 

1- 1.91.27 in. -1 

Ordinates, percent length 
- 

Station Radius 



REPORT 1327-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TABLE 11.-SAMPLE CALCULATION OF LIFT-INDUCED VELOCITIES BENEATH T H E  SWEPT-WING MODEL BY USE OF 
EQUATIONS (A22) TO (A24) 

[L biz 0.5; = 0 . 4 5 ;  z=-0.10 T * c  I 

*The vertical distance z/c= -0.10 is identical with Az/s=-0.5 and is constant for this table. 



GURSONIC-FISOW FIELDS BLIiErlTH SWEPT AND UNSWEPT WINGS 

TABLE 111.-DOWNWASH FACTOR F ,  FOR VARIOUS VALUES OF Az/s 

(a) Az/s=+0.50 
I -. I , 
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TABLE 111.-DOWNWASH FACTOR F ,  FOR VARIOUS VALUES OF Az/s-Continued 

(b) Az/s=&l.00 



SUESONIC-FLOW FIELDS BENEATH SWEPT AND UNSWEPT WINGS 

TABLE 111.-DOWNWASH FACTOR F, FOR VARIOUS VALUES OF Az/s--Continued 

(d) Az/s=&2.00 



REPORT 1327-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TABLE 111.-DOWNWASH FACTOR F ,  FOR VARIOUS VALUES OF Az/s-Continued 

f f )  Az/8=&3.00 



SUBSONIC-FLOW FIELDS BENEATH SWEPT AND UNSWEPT WINGS 

TABLE 111.-DOWNWASH FACTOR F ,  FOR VARIOUS VALUES OF Az/s--Continued 

(h) Az/s=&6.00 
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TABLE 1V.-SIDEWASH FACTOR F ,  FOR VARIOUS VALUES OF Az/s 

(a) Azl8=0.50 



SUBSONIC-FLOW FIELDS BENEATH SWEPT AND UNSWICPT WINGS 

TABLE 1V.-SIDEWASH FACTOR F ,  FOR VARIOUS VALUES OF Az/s-Continued 

(b) Az/s=1.00 



REPORT 1327-NATIONAL ADVISORY COMMITTEE FOR' AERONAUTICS 

TABLE 1V.-SIDEWASH FACTOR F ,  FOR VARIOUS VALUES OF Az/s-Continued 

(d) Az/s=2.00 

I I I I I 

-0.00000 
-. OOWO 
-. oom 
-. OOMJO 
-. 00000 
-. 00000 
-. 00000 
-. 00000 
-. 00000 
-. 00000 
-. 00000 
-. 00000 
-. 00000 
-. 00000 
-. 00000 
-. 00000 
-. 00000 
-. 00000 



SUBSONIC-FLOW FIELDS BENEATH SWEPT AND UNSWEPT WINGS 

TABLE 1V.-SIDEWASH FACTOR F ,  FOR VARIOUS VALUES OF Az/s-Continned 

(f) az/s=3.00 





SURSONIC-FLOW FIELDS BENEATH SWEPT AND UNSWEPT WINGS 

TABLE V.-BACKWASH FACTOR F ,  FOR VARIOUS VALVES OF Az/s 

(a) Az/s=0.50 

(b) Az/s=1.00 

0.00393 
,00393 
,00392 
.00390 
,00387 
,00384 
,00376 
,00358 
,00321 
,00279 
,00238 
,00199 
.00137 
,00066 
,00047 
,00035 
,00026 
.00020 

0.00201 
.00201 
. 00200 
. 00200 
.00199 
,00198 
,00195 
,00189 
,00176 
,00160 
,00143 
,00126 
,00095 
,00052 
,00039 
. 00030 
.OOOB 
.00018 
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TABLE V.-BACKWASH FACTOR F ,  FOR VARIOUS VALUES OF Azls-Continued 
(c)  Az/s=1.50 

(f) Az/s=3.00 

0.00985 0.00536 
.00984 ,00536 
.00981 ,00535 
,00977 ,00533 
.00971 ,00531 
.00964 .00529 
,00945 .00522 
.00906 ,00507 
.00822 ,00475 
.00725 ,00435 
.00626 ,00391 
.00532 ,00347 
.00376 ,00265 
.00188 ,00149 
.00136 ,00113 
.00101 .OM)86 
.00076 .00067 
.00058 .00052 



SUBSONIC-FLOW FIELDS BENEATH SWEPT AND UNSWEPT WINGS 

TABLE V.-BACKWASH FACTOR F ,  FOR VARIOUS VALUES OF Az/s-Continued 

(g) 4z/s=4.00 

(i) 4z/8=8.00 
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