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The effect of Mach nu&er on the characteristics of the downwash 
andwake behind anunswept, tapered wing of aspect ratio 2.67 with 
full-span, 23-gsrcent-chord, leading- and trailingedge flaps has been 
determined from wind-tmnel tests. The wing section was uniformly 
&percent chord thick between the 25- and 7'5qercent-chord points, and 
tapered to sharp leading and trailing edges. The reeults are presented 
for Mach nu&ers between 0.50 and 0.95 and beOween1.09 and 1.29 with 

r ranges of leading-edge flap deflection from -20° to 10' and of trailing- 
edge flap deflection from O" to 40'. The Reynolds ntmibers, based on the 
mean aerodynamic chord, varied from 0.94 X 10s to 1.27 X 10e. The down- 
wash angles at the 25-, 5CL, and 62.~per&ent--semispan stations were 
measured for angles of attack between -l2o and l2O at a distance of 1.80 
mean aerodynamic chord lengths downstream from the midchord line of the 
wms. The location and thickness of the wake at the 5mrbent-semispan 
station were measured for angles of attack between -7.4’ and 13.0° at a 
dFstance of 4.74 mean aerodynamic chord lengths downstream from the 
midchord line of the wing. i 

In general, the variation of downwash angle with angle of attack 
was not significantly affected by M&h nu&er. In the Mach nuniber 
ranges imrestigated, differences in the rates of change of downwash 
angle with lift coefficient (at zero angle of attack) for the. various 
cotiinations of flap deflection were found which are believed to be due 
principally to dffferences in spanwise load distribution. For the wing 
with undeflected flaps, the calculated values of the rates of change of 
downwash angle with lift coefficient appeared to be in accord tith the 
trend of the experFzlhenta1 values at the subsonic Mach numbers. I 

The effects of Mach nuniber, angle of attack, and flap deflection on 
* the wake thicbss were; in general, those that would normally be 

I 
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expected. The variation of wake location wFth angle of attack was non- 
linear for the canfigurations involving large flap deflections, and was 
essentially independent of Mach number. For the wing wFth undeflected 
flaps the experimental and calculated locations of the wake (vortex 
sheet j expressed as a function of lift coefficient were in reasonable 
agreement. 

i- 

IXTRODUCTIO~ 

Previous investigations of the downwash and wake behind lifting 
surface8 at subsonic and supersonic Mach nunibers have been concerned 
largely with wFngs having no control surfaces, although some attention 
has been given to the effects of tiailu+dge flap deflection in the : 
investigations reported in references 1 and 2. The results presented 
in these references, however, are only for high-aspect-ratio wings at 
low speed. In general, little is hown of the effects of control-surface 
deflection at high subsonic aud at supersonic Mach nunibers. 

The present investigation was undertaken in the Ames l-by 3-l/2- 
foot high-speed wind tunnel to provide some experFmental evidence of the 
effects of leading- and trailing-edge. flap deflections on the character- D 
istics of the downwash and wake behind a low-aspect+ratio wing at sub- 
sonic and supersonfc Mach numbersi In this iuvestigation, measurements 
have been-made of the downwash angles at three spanwise stations and of 
the location and thickness of the wake at one spanwise statlon behind a t 

semispan model for various angles of attack and co&&nations of flap 
deflections. Conqmrisons between the experimental and calculated effects 
of-Mach nmiber on these characterfstics are included for the case of _ . . 
uudeflected flaps. , 

SYMBOLS 

C chord length of VW section 

F wing meanmaerodgnamic chord length. ( ;Tz) 

% lift coefficient 

M Mach number 

9 free-stream dynamic pressure 

-’ 
. 
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. 
R Reynolds number based on mean aerodynamic chord 

4. S wing semispes 

S wing sxea 

t wing thickness 

x,y,z Cartesian coordinates in the longitudfn81, lateral, and vertical 
directions, respectively, with the origin at the quarter-chord 
point of the msan aerodmc chord, and with the x axis 
coinciding with the line of intersection of the plane of the 
wing and the vertical plane of synm~try 

a wing angle of attack, degrees 

s downwash engle measured with respect to the free-stream direction, 
YieGees 

6f trailingedge flap deflection, measured in a plane normal to the 
hinge line (positive when the trailing edge is below the chord 
plane), degrees 

% leading-edge flap deflection, measured in a plane normalto the 
hinge line (positive when the leading edge is above the chord 
plane), degrees 

% jet-boundary correction factor to the downua sh angle 

The tests were conducted In the Ames l-by 3-l/2-foot high-speed 
wind tunnel, which was equipped with a flexible throat to permit opera- 
tion at both subsonic and supersonic Mach numbers. 

A semispsn mdel of a wing having an aspect ratio of 2.67, a taper 
ratio of 0.5, and an unswept 5hrcentihoz-d line was used in the 
investigation. The wing sectfons were symmetrical and tapered from a 
thickness of 8 percent of the chord between the 25- and 'I>percent.- 
chord points to sharp lead- end trailing edges. The wing was equipped 
Withfull-sRan, 25-percen-tichord, plain, leading-andtrailing-edge 
flaps having hinge lines which codncided with the 25- and -percent- 
chord lines. The model was constructed of steel to the dimensions shown 
in figure 1, and its surfaces were ground and polished. The lead-- 
and trailing-edge radii were approximately 0.002 inch. 

. 
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A circular plate mounted flush with the tunnel wall (fig. 2) served 

as a support for both the model and the apparatus for nleasuring the dowt+ 
wash angles. The angle of attack. of the model was varied by rotat- 
the entire plate assenibly. 

_ - 

. 

The downwash angles were measured by means of the small probe illus- 
trated in figure 1. The head of-the probe was hemispherical and contained 
two orifices located symmetrically with respect to the probe axis in a 
vertical plane through thfs axis. The downwa sh angle relative to the 
free-stream direction was determined by-pitching the probe to the angle 
at which the pressure dffference between the orifices was zero. The 
downwash angles could be measured to the nearest 0.1' by mans of this _ 
probe. Total-pressure surseys of the wake from the model were made with 
a rake consisting of fifty l/l&inch-diameter tubes spaced at quarter- 
inch intervals. (See fig. 2.) 

TESTS 

Downwash angles were measured at the 25, 50-, and f%!.>pez%ent- 
semispan stations at a distance of 1.80 mean aerodynamic chord lengths 
downstream from the midchord line of the win@; and 0.51 lly3an aerodynamic 
chord lengths above the extended chord plane of the wing (fig. 1) at 
angles of attack from-IL2o to 12' and at Mach n-era from 0.50 to 0.B 
and from 1.09 to 1.29 for the following cotiinations of lead- and 
trailing-dge flap deflections: . . . . . . . . 

. -- 

at 

6 nJ degrees 6f, degrees 

0 0 
-10 0 

lo 0 
0 20 

10 20 

At Mach n&era near unity, the range of angle of attack was limited by 
wind-tunnel choIra. Satisfactory measurements of the downwashangles 
could not be made at the angles of attack for iThich the probe was located 
in the turbulent flow fn the region of the wake. For these t+sts, the 
Reynolds nu&ers, based on the loean aerodynamic chord, varied from about 
0.94 x lo6 to 1.27 x 10e, as shown in figure 3. 

I- 

The Investigation of the wake, which was made Independently o?? that 
of the downwash, included measurements at several angles of attack 
between-+j'.4° and 13.0° of the locations of the boundaries of the wake 
and of the point of maximum total-pressure defect, but not of the 
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magnitudes of the pressure defects. The wakemeasurementswere deter- 
mined at the 5Wpercent-flemispan station at a distance of 4.74 man 
aerodynamic chord lengths downstream from the mfdchord line of the wFng 
at Mach numbers from 0.50 to 0.85 and at 1.20 -and 1.29 for the following 
conibinations of flap deflections: 

6 n, desees Eif, degrees 

0 0 
10 0 

0 20 
10 20 

-10 20 
-20 40 

. All the tests were made with the gaps between the ting and the flaps 
unsealed. 

CCBRECTIOmSTODATA 

Sixearn-angle surveys with the model removed from the tunnel were 
made in a vertical plane at each spamrise station for the range of Mach 
numbers investigated. The stream angles, which were generally less than 
*0.3O, were applied as corrections to the measured downwash angles. 

The geometric angles of attack were corrected for the effects of 
the tunnel walls at sxibsonic Mach numbers by the method of reference 3. 
The correction, which is shown in reference 4 to be independent of Mach 
nu&er, is given by the expression 

Corrections for the tunnelall effects at subsonic Mach numbers 
were applied to the measured dowrxash angles accord- to the method of 
reference 5. This correction reduces to the express$on 

AE = 2.24 f$& 

in which the factor SM was determined for an elliptic spanwise load- 
on a 54rd+semispan lifting lfne located in the center of the 3-l/2-foot 
dimension of the tunnel. Values of SM corresponding to the various 
subsonic Mach numbers were.determined from figure 4 of reference 6. 
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REmS AX!3 DISC!USSION 

Downwash Characteristics 

Variation of downwash angle with angle of attack.- The variations 
ofthe downwash angle with ande of attack for the various combinations 
of leading- and tr&lirg-edge-flap deflections are presented in figures 
4, 5, and 6 for the 25, 5o-, and 62.%percent-semispan stations, 
respectively. The increase in the slopes of the curves with increase 
in angle of attack, evident in these figures, is characteristic of 
downwash measurements made at a point situated above the wake at a 
fixed distance from the wing chord plane, and is due to the decrease in 
the distance between this point and the wake as the angle of attack is 
increased. -. 

The irregularities appearing in some of the curves of figures 4, 5, 
and 6, notably those corresponding to the leading-edge flap deflection 
of -loo and to several of the supersonic Mach n-era, cannot be sati+ 
factorily explained on ths basis of the available data. The influence 
of the wake snd the effects of shock waves may have been contributing 
factors. Th6 failure of the curves for the case of undeflected flaps to 
pass through the origin at the higher Mach ntmibers may possibly be 
attributed to undetermined local stream angularities due to the presence 
of the model and to small misalinements of the flaps. It would be 
expected that these same effects influenced the downwash characteristics 
behind the wing with the various conibiaations of flap deflections. 

Rate of change of downwash angle with angle of attack.- The effect 
of Mach number on the rate of change of downuash angle with angle of 
attack at zero angle of attack (i.e., (da/du)a,o> is shoun in figure 7 
for each of the curves presented in figures 4, 5, and 6. It is observed 
in figure 7 that the effects of Mach number on (da/da)* corresponding 
to the various flap deflections differ considerably at Mach n+bers 
greater than about 0.8. The differences are believed to be due princi- 
pally to the previously noted irregularities in the variation of downwash 
angle with angle of attack. . . . -. 

.- 

Since the downwa sh is directly related to the lift of the wing, some 
similarity would be expected between the effects of Mach number. on 
(de/da)ct,o (fig. 7) and (XL/da)&. Values of (dCdda>,, for the 
several combinations of flap deflections were determined fromthe data of 
references 7, 8, and 9 (obtained from tests of the wing model of the 
present investigation) and are presented in figure 8 as a function of 
Mach nu&er. Calculated lift-curve slopes are also included in figure 8, 
but only for the wing with undeflected flaps. A comparison of figures 
7 and 8 reveals that the expected similarity is evident at the subsonic 
Mach numbers below 0.8 for each co&ination of flap deflections, and at 
the supersonic Mach numbers only for the case of undeflected flaps. 

.m 

. 
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The effect of flap deflection on the rate of change of downwash 
angle would be mected to be less pronounced if expressed in terms of 
lift coefficient rather than angle of attack. Curves of (ds/dCI,)m 
as a function of Mach number therefore were determined from figures 7 
and8, endare presented infigureg. The spread of the curves in 
figure 9 is believed to be due largely to differences in the spanwise 
load distributi~ for the several co&inations of flap deflections. 

The spanwise variation of (ds/dCI>@ for Mach numbers of 0.50 
and 0.80 is shown in figure 10. . The rapid reduction in the outboard 
direction of the values for the case of negative leading-dge flap 
deflection would indicate that the spanwise loading for this case was 
largely concentrated near the vertical pletne of symmetry. 

Values of (ds/dCI)c=O in the vertical plane of symmetry of the 
wing were calculated for the wing with undeflected flaps and are compared 
infigure llwiththe corresponding experimentalvaluesbetweenthe 25- 
and 62.~percent+semispan stations for Mach nlmibers of 0.50, 0.70, 0.80, 
0.90, and 1.25. The calculations for the subsonic Mach numbers were 
determined by the lifting-line method of reference 1, assuming the span- 
wise load distribution on the wing to be elliptical. This spanwise 
loading was approximated by superposing five unswept U--vortices at the 
location of the quarter-chord point of the mean aerodynamic chord. The 
effects of compressibility were included using the relations for line- 
ized compressible flow. The calculation for the supersonic Mach number 
was msde by the lifting?line method of reference 10. The calculated 
values of (ds/dCL>m appear to be in accord with the trend of the 
experlznental values except at the supersonic Mach nu&er, for which the 
actual spanwise load distribution is believed to have differed consider 
ably from the assumed elliptic distribution. 

Wake Characteristics 

The positions of the boundaries of the wake and of the point of 
maximum total-ressure defect at the 5C!-percent-semispan station at a 
distance of 4.74 mean aerodynamic chord lengths downstream from the mid- 
chord line of the wing are presented in figure 12 for the various combi- 
nations of leading- and trailing-edge flap deflections. The locations 
of the boundaries of the wake and of the point of maximum total-pressure 
defect above the extended chord plane of the wing are shown for angles 
of attack ranging from -7.4O to 13' and for Mach nu&ers between 0.50 
and 0.85 ana at 1.20 and 1.29. 

It is noted in figure 12 that, except at the supersonic Mach numbers 
for the wing at the highest angles of attack, the point of maximum total- 
pressure defect lies approximately midway between the boundaries of the 
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wake. The asymmetry of the whke boundaries at the supersonic Mach 
nu&ers is believed to be the result of cained effects of shock waves 
and boundary-layer separation on the wing. The variations of wake thick- 
ness accompanying changes in Mach nuuiber, angle of attack, and flap 
deflectian are such as would normally be anticipated on the basis of the 
corresponding drag characteristics. (see references 7, 8, and 9.) 

A discussion of the location of-the wake is facilitated by means of 
figure 13 in which the-variation of the location of the point of m~tximum 
total-pressure defect with angle of attack is shown for the various corn- 
bin&ions of flap deflections at several Mach numbers. The locations 
are seen to be essentially independent of Mach nu&er except in the cases 
of positive leading-edge flap deflection at a Mach number of 1.29 (indi- 
cated by broken lines). The nondependence of wake location on Mach 
nuniber has been observed experimentally in the investigation reported in 
reference 6, in which the wake characteristics were determIned behind a 
triangular wing without flaps. It is also evident in figure 13 that the 
effect of angle of attack on the location of the wake is nonlinear for 
the combinations involving large deflections of the flaps. 

In figure 13, an abrupt upward displacement of the point of maximum 
total-pressure defect is noted at the highest angles of attack for the 
wing with undeflected flaps. This upwarddisplacement, as explained in 
reference 6, is believed to correspond to the appearance, at these high 
angles of attack, of the rolled- port1o.n of.the wake in the vicinity 
of the plane of the survey rake as a result of an increase in the part 
of the spanwise load carried near the vertical plane of symmetry. Evi- 
dence of the rolled--up portion of the wake is not apparent in the data 
for the wing with deflected flaps. 

The location of the points of maximum totalqessure defect (vortex 
sheet) with respect to the extended chord plane of the wing for the case 
of the undeflected flaps is shown in figure 14 as a function of lift 
coefficient. Calculated vertical locations of the vortex sheet at the 
5C&percent-semispan station and of the center of the tivortex.corg 
were determined fromreferences ILL and 12 for an assumed elliptical 
spanwise 1oadirg;and are also included in this figure. The locations, 
when calculated with respect to the extended chord plane of the wing, 
depend on the angle.of attack, which, since the lift curves corresponding 
to the various combinations of flap deflections were essentially linear 
(reference 71, can be more conveniently expressed in terms of the lift- 
curve slope. Experimental rather than calculated lwurve slopes 
were employed in order to eliminate the influence of the known diffe& 
ences in these slopes in a comparison of the calculated and experimental 
wake locations. Rather than present the calculated locations of the 
vortex sheet and tipvortex core for each Mach nu&er, regions are shown 
having boundaries which were determined by the maximum and minimum slopes 
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given in figure 8 (viz., 0.0432 and 0.0536 corresponding to Mach numbers 
of 0.50 and 1.09, respectively, for the wing with undeflected flaps). 

It is observed in figure 14 that the experimental points for lift 
coefficients less than about 0.2 lie below the calculated region, and 
thus indicate that the vortex sheet was located below the extended 
chord plane of the wing at zero lift. (See also fig. 13). This effect 
is believed to have been due to misalinement of the flaps. If the 
dounward displacement of the e-rime&al points in figure 13 were taken 
into account, the agreemnt between the experimental and calculated wake 
locations would be considered satisfactory. It is seen in figure 14 
that at the highest lift coefficients only the experimental points for 
the lower Mach nu&ers lie within or near the calculated region for the 
tip-vortex core. 

The present investigation employing a wing of aspect ratio 2.67 
with leading- snd trailing-edge flaps reveals that, in general, there 
are no marked effects of Mach nu&er on the variation of downwash angle 
with angle of attack for the various cofiinations of flap deflections 
at a distance of 1.80 mean aerodynamic chord lei@hs downstream from the 
midchord line of the wing. In the range of Mach Illllljbers investigated, 
the rates of change of dm sh angle with lift coefficient (at zero 
angle of attack) differ for the various flap deflections due, it is 
believed, to differences in spanwise load distribution. For the wing 
with undeflected flaps, the calculated values of the rates of change of 
downwash angle with lift coefficient apgeas: to be in accord with the 
trend of the experimental values , except at the supersonic Mach number 
at which the comparison was made. The actual spanwise load distribution 
at this supersonic Mach number is believed to have differed considerably 
from the assumed elliptic distribution. 

The effects of Mach n&er, angle of attack, and flap deflection on 
the wake thickness at the 50-percent-semispan station at a distance of 
4.74 mean aerodymmic chord lengths downstream from the midchord line of 
the wing are generally consistent with those that might be anticipated. 
Except for the cases of positive leading-edge flap deflection at a Mach 
number of 1.29, the location of the wake is essentially independent of 
Mach nuniber. The variation of wake location with sngle of attack is 
nonlinear for the configurations involving large deflections of the 
flaps. For the King-with undeflected flaps, the experimental and talc- 
lated locations of the wake (vortex sheet) expressed as a function of 
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lift coefficient are in reasonable agreement except at several of the 
highest lift coefficients. 

Ames Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Moffett Field, Calif. 
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