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INVFSTIGATION OF TEE DOWRWASE AND WAICE BEHIXD A TRIAWDLAR 

WTE OF ASE!ECT RATIO 4 AT SOBSOKIC AND 

smsomc MACH NlsMBws 

By Harold J. Weller and Louis S. Stivers, Jr. 

The effects of Mach nu&er in the ranges between 0.50 and 0.95 and 
between 1.09 and 1.29 on the characteristics of the downwash and on the 
location of the wake behind a trisngular wing of aspect-ratio 4 have been 
determined from semispan model tests. 

. 
The streamwise sections of the wing were symmetrical double wedges 

having a thickness-hord ratio of 0.08 with the maximum thickness at the 
midchord point.. The d&nwa sh angles corresponding to angles of attack 
between -10' snd +lO" were measured at a distance of approximately 0.8 
root-chord length downstream from the trailing edge, and at four spsnwise 
stations between 25 and 75 percent of the WFng semispan in each of two 
planes above the extended chord plane of the wing. The Reynolds nu&er 
of the tests, based on the mean aerodynamic chord, ranged from 0.8 to 1.1 
tillion. The results of the investigation are presented together with 
calculated charactiristics. 

In general, a change in Mach nu&er produced only small changes in the 
downwash angle. An increase in Mach number was accompanied by a gradual 
decrease in the rate of change of downwash me with lift coefficient at 
zero angle of attack. 

Satisfactory agreement between the experilllental and calculated down- 
wash characteristics near zero angle of attack could be obtained at sub- 
sonic Uach numbers if the characteristics were referred to lift coefficient 
rather than angle of attack. A less favorable agreement, however, was 
found at supersonic Mach numbers. 

. 

. 

The vertical location of the wake at a distance of 3.44 root-chord 
lengths downstream from the trailing edge of-the wing was essentially 
unaffected by Mach number at a given lift coefficient. At subsonic Mach 
numbers as high as 0.86, the wake profiles were nearly smtrical at the 
lower angles of attack; whereas at a Mach number of 1.29 the profiles 

UNCLASSIFIED 
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extended farther above the position of maxfmum total-pressure defect than 
below. b 

lXCRODUCTION 

The do%nwash behind lifting surfaces has been the subject of several 
experimental and theoretical investigations, which, in general, have been . 
concerned with limited ranges of Mach number and types of plan form. For 
the range of Mach numbers corresponding to low+peed flow, a comprehensive 
study of the relationship between the downwash and the Lnfluence of the 
displacement and rolling up of the wake behind unswept VFngs of high aspect 

'ratio is reported ti reference 1. In this reference, it is shown for the 
configurations investigated that, in order to realize satisfactory agree- 
ment between experiment and theory, the displacement of the wake must be 
taken into account, but that the rolling up of the edges of the wake may 
be neglected. The effect of corapressFbility on the downwash at subcritical 
Mach numbers, as determined by the Prandtl-Glauert theory, is discussed in 
reference 2. In the supersonic range of Mach nu&ers, the downwash has 
been calculated in reference 3 for wings of several plan forms by means of 
the conical-flow method, and in references 4 and 5 for triangular wings 
through use of the concept of doublet distribution; but in neither method 
is the displacement and rolling up of the wake considered. From the exper- 
imental Fnvestigations of the downwash behind rectangular and triangular . 
wings at a Mach number of 1.53 (references 6 and 7), it may be concluded 
that, for wings of low aspect ratfo, the rollicg up, as well as the dis- 
placement of the wake, must be considered in calculations of the downwash , 
flow at moderate and high angles of attack. In reference 8, particular -- 
attention has been given to these properties of the wake for wings at sub- 
sonic and supersonic Mach nuuihers. 

The present investigation was undertaken to ascertain experimentally 
the downwash characteristics and the location of the wake for a triangular 
wing at subsonic and low supersonic Mach numbers. The investigation should 
bridge, to some extent, the gap between the experimental investigations 
conducted at low subsonic Mach numbers and those conducted at supersonic 
Mach numbers. A limited number of co~arisons between the present results 
and the corresponding characteristics calculated by the methods of refer- 
ences 1, 4, 5, and 8 &e included to indicate the extent to which the meas- 
ured characteristics can be predicted by theoretical methods. 

SYMBOLS 

. 

C local wing-chord length 

CO wing root-chord length 
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. CL lift coefficient lift 
( > gs 

d downstream distance, measured from the quarter-chord point of the 
mean aerodynkfc chord 

M Mach number 

4 free-stream dynamic pressure 

R Reynolds number based on mean aerodynamic chord 
w 

0 wing semispan 

S wingarea 

x,y,z Cartesian coordinates in the longitudinal, lateral, and vertical 
directions, respectively, with the origin at the apex of the 
leading edge of the wing snd with the x axis lying along the 
intersection of the plane of the wing and the vertical plane of 
symmetw 

. 

a wing eagle of attack, degrees 

B d-F=T 

6M jet-boundary correction factor for the downwash angle 

E: downwash angle masured from the free-stream direction, depees ' 

AFTlxRATus 

The tests were perfomd in the Ames l-by 3-l/2-foot high-speed wind 
t-e& which ha6 a closed throat and is vented to the atmosphere h the 
settling chamber. The tutmel was equipped with a flexible throat which per- 
mitted operation at subsonic and supersonic Mach numbers. 

The model consisted of a semispan triangular wing having a &so semi- 
vertex angle (corresponding to an aspect ratio of 4), and was constructed 
of steel to the dimensions shown in figure 1. Sections of the win$ in a 
streamwise direction were symmetrical double-wedge profiles having a ' 
t,hi&nese-&ord ratio of O.C8 with the maximum thicknees located at the 
tidchord point. The wing surPaces were ground and polished, and the 
leading- and trailing+dge radii were approximately 0.002 inch. 

A circular plate mounted flush with the tunnel wall, a8 -shoun in 
figure 2, served as a support for both the wing model and the apparatus for 
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measuring the downwash angles. The angle of attack, of the model was 
varied by rotating the entire plate asse&M.y.~ . 7 

The downwash angles were measured by means of the sxmll probe 
shown in figure 1. The head of the probe was hemispherical in shape and 
contained two orifices located symmetrically with respect to the probe 
axle in a vertical plane through this axis. Total-pressure survey8 of 
the wake from the model wing were nrtde with a rake consisting of 50 
tubes spaced at quarter-inch intervals. (See fig. 2.) 

Downwash angles were measured at the 25, 5&, 62.5, and 7% -- 
percent-semispan stations at distances between 0.8 and 0.9 rootcchord 
length downstream fromthe'trailing edge of the wing. The measurements 
at these locations were mde at vertical distances'of 0.20 and 0.40 
root-chord lengths above the extended chord plane df the wing. (See 
fig. 1.) The investigation covered a range of-angles of attack from 
-10' to +lO" and a range of Mach numbers from 0.9 to 0.95 and from 1.09 
to 1.29. The corresponding Reynolds numbers for these tests, based on 
the mean aerodyaamic chord, varied from 0.85 x lo* to 1.10 x 10' as 
shown in figure 3. Downwash angle measurements could not be made at 
certtiin of the highest positive angles of attack because of the lnfl~+ . c 
ence of the wake on the pressures indicated by the'probe. At the - ;. 
highest subsonic Mach ~numbers, the highest angle attainable in the nega- 
tive ran&e was that at which the flow in'.the ttiel became choked. 4 

Wake profiles at the 50--percent-semispan station were investie;ated 
at a distance of 3.44 root-chord lengths downstreamfrom the trailing 
edge. The investiepstlon covered a range of angles of attack from O" to 
loo at Plletch numbers of 0.30, 0.70, 0.80, 0.86, and 1.29. 

CCREUETICNS TO DATA 

Stremwmgle surveys vith the model removed from the tunnel were 
mde 1n.a vertical plane at each spanwise station for the Mach numbers 
of this investi&ion. The measured stream angles were generally less 
than 0.3O and were applied ae corrections to the &asured downwash angles 
behind the wing. 

For the subsonic range of Mxh numbers, the angles of attack were 
corrected for the effects of the tunnel walls by the method of refer- 
ence 9. The correction, which is shown in reference 10 to be indepen- 
dent of Mach number, is given by the expresslon 

fb = 0.34lCL 
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The corresponding correction for the measured downwash angles, as calcu- 
lated by the method of reference ll, -is given by the expression 

. . As =1.4gj $.gCL 

where the factor % is dependent upon the location of the point at 
which the downwash angle is measured. The variation of SM was found 
to be small over the ranges of swnwiee and vertical locations at which 
the measurements were lnade. Eence, the v&lues of % used to determine 
the downwash-angle corrections were simply calculated for points along 
the line of intersection of the horizontal and vertical planes of 
synunetry of the wing (at zero angle of attack). These values, which are 
shown in figure 4, correspond to an elliptic spanwise loading on a 
5-inch-semispan unswept lifting line located in the center of the 3-l/2- 
foot dimension of the tunnel, and include the effects of cvessibility 
based on the relations for linearized compressible flow. 

For the superspnic range of Mach numbers, the downwash angles and 
the location and thiclmess of the wake were measured at positions which 
were essentially devoid of abrupt changes in pressure due to shock waves. 
Accordingly, the measurements made with the probe and the wak-urveg 
rake are believed to be reliable. 

The displacement thiclrness of the boundary layer on the tunnel wall 
at the position of the model was found to be approximately 0.l2 inch 
within the Mach number range of the investigation. San.draimge of the 
lowenergy air from the boundsry layer of the wind tunnel into the 
regions of-low induced pressure on the surface of the wing may have taken 
place in the course of tests; however, no attempt was lnade to assess the 
effects of this possible drainage. _ 

RIWIJITS 

Downwash 

AND DISCUSSION 

Characteristics 

Variation of downwash angle with angle of attack.- In figures 5 
and 6, respectively, the vsriation of downwash angle with angle of 
attack for the two vertical locations, 0.20 and 0-40 root-chord lengths 
above the extended chord plane of the wing, are presented for the range 
of Mach numbers and spanwise locations investigated. These data show 
that, in general, an increase in angle of attack is accompanied by a . gradual increase in the slope of the curves. (See especially fig. 6.) 
This increase in slope is due to the fact that the points at which the 
downwash wae measured were located above the trailing vortex sheet (or 
wake), an@ that the distance between these points and the vortex sheet 
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decreaeed as the angle of attack was increased. This effect of the dis- 
placement of the vortex sheet has been calculated in references 1 and 7. 

For reasons which are not completely understood, some of the curves 
for the supersonic Mach numbers do not pass through the origins of the 
Slots. - 

Rate of change of downwash angle with angle of attack.- The effect 
of Mach number on the rate of ohange of downwaeh angle with angle of 
attack at zero angle of attack (i.e., (ds/da),a) is shown in figure 7. 
Calculated values of (ds/du)a3C are also shown in this figure, and 
curves based on these values are included in figures 5(a) and 6(a). 

Since previous calculations have shown the spanwise variation of the 
downwash flow near the vertical plane of symmetry to be small, the cal- 
culated values in the present case, which were determined for the 
vertical plane of symmetry, are believed to be comparable with the 
experimental dowmash angles at the 2>percenMemispan station. For 
the subsonic Mach nmibers, the calculated valuea of (ds/da)a=O were 
determined by the method of reference 1, using five -haped vortices 
to approxilnate an elliptic spanwise loading on the wing. The lifting 
lines of the vortices were located so as to pass through the quarter- 
chord point of the mean aerodynamic chord. The relations for linearized 
compressible flow were included in the calculations to determine the 
effect of compressibility. Far the supersonic Mach numbers, calculated 
values of (as/da),0 were obtained from reference 5, in which a 
lifting-surface theory is used. to determine the downwaeh behind a flat 
trianglllsr wing. Because the cc&parimns between experiment and thecry 
are to be limited to small angles of attack, the effects of the displace- 
ment and rolling up of the vortex sheet are neglected in all these 
calculations. 

. 

.I 

In figures 5, 6, and 7, good agreement between experiment and, 
theory is indicated at the lower Mach.nmibers. In figure 7 it is 
observed that, except at the highest subsonic Mach numbers, the effect 
of Mach nmiber on the experimental values of (ds/&),a is not signi- 
ficant. A similar trend is noted in fi&re 8 with regard to the 
experimental lift-curve slope, which was determined for the same wing in 
the investigation of reference 12. 

, 
-> 

Although the variations with I&ch number of the experimental values 
of (da/da&C for the 2>percent-semiswn station, shown in figure 7, 
are somewhat similar to those shown for the calculated slopes fn the 
plane of symmetry, the differences between the magnitudes of the respec- 
tive slopes are somewhat greater than those which rosy be attributed to 
the difference in spanwise location. This is prtfcularly evident at 
the higher subsonic and at the supersonic Mxh numbers. BWce the dawn- 
wash is more directly related to the lift coefficient than to the angle 
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of attack of the wing, it would be ex$ected that any difference between 
the experimental and calculated values of (dC~da),,o would produce 
corresponding differences between the experimental and calculated values 
Of (dc/&>a,o* Accordingly, experimental and calculated values of 
(ds/dCL)&=. were determined and are presented as a function of Mach 
number in figure 9. In.the subs&c Mach number range, the results from 
experiment and theory now compare quite favorably, but in the supersonic ' 
range the experimental values appear to be h$gher than those predicted 
by theory. The higher experimental values far the sqersonic I&oh 
numbers are believed to have resulted from a greater leading near the 
vertical plane of synm~try of the King than that predicted theoretically 
(elliptic loading). 

It is indicated in figure 7 that the slope (ds/dc),q decreases 
with distance from both the wake center and the vertical plane of 
eymmetry of the wing. The experimentally determined spanwise variation 
of (as/&),,, is shown in figure 10. These results, in the supersonic 
Mach number range, are in qualitative agreement with the experWenta1 
and calculated results reported in referenoe 7 for's triangular wing of 
aspect ratio 2 and a Wch number of 1.53. 

Wake Characteristics 

Partial sketches of the wake profiles at the 50-percentiemispan 
location at a distance of 3.44 rootihcrrd lengths downstream from the 
trailing edge of the wing are presented in figure ll. The locations of 
the positions of &mumtotal-pressure defect and of the boundaries of 
the wake with respect to the extended chord 

B lane 
o to 10.5 

of the wing are shown 
for angles of attack ranging from 0 and for Mach numbers of 
0.50, 0.70, 0.80, 0.86, and 1.29. 

From figure ll, three significant observations may be made: 

1. L For each Nach number, an increase in angle of attack is acca 
panied by an u-d displacement of the wake above the extended chti 
plane of the King, and by an increase in the thiclmess of the wake. 

2. For each angle of attack, an increase in mch number gives rise, 
for the most part, to some thickening of the wake, but to little or no z 
change in the location of the wake. 

3. The wake profiles at the highest angles of attack differ 
markedly from those at the lower angles, and the profiles at the super- 
sonic Mach number deviate to a considerable extent from those at the 
subsonic Mach numbers. 
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An examination of the profiles in detail is facilitated by grouping 
them into the types I,.II, and III illustrated in figure 12. The type I . 
profile, which is approximtely symmetrical about the position of 
maximum totaLpressure defect, corresponds to that generally observed at 
low angles of attack and at subcritical Mach numbers. Accordingly, no 
further discussion of this type is required. . 

Type II is. representative of the profile that existed at the ,highest 
angles of attack (about loo) in the subsonic J&h number range of the 
present investigation.~ This type. has a very pronounced maximum total- 
pressure defect, denoted by A in figure 12, situated directly above a 

.- .-__ 

father weak local maximum defect, denoted by B. It was reasoned that at . 
these angles the trailing vortex sheet from the winghad rolled up to .- -. 
such an extent that the tip-vortex core appeared in the plane of the 
survey rake. The larger maximum defect (A) then corresponds *to the 
rolled-up portion of the wake (tip-vmtex core) and the smaller maximum 
defect (B), to the unrolled portion (vortex sheet), as illustrated in , 

figure 13. An inboard mOveme& of the tip vortex co?e to the vicinity 
of 50-percent-semispan station would be greater than that predicted for 

7.- 

the case in which the spanwise loading is assumed to be elliptical. As 
has been shown in reference 8, such an inboard shift may result from an _ 
increase in the portion of the load carried near the vertical plane. of 
symmetry- Although the spanwise loading for the wing of the present 
investigation was not known, an inboard shift of the loading for tri- ..:I 
angular wings has been observed in the experimental investigation, I . 
reported in reference 13? -. : : . . ._ - -- 

The type III profile, which is characterizedby a more extensi.ve- 7, 
regicm of large total-pressure defect (denoted by C, fig. 12) above the 
position of -mum defect, existed only at the supersonic Mzh number, . . 
1.29, at positive angle8 of attack. The greater defect in the upper 
portion of the profile at this Mach number possibly my-be.attributed to 
the combined effects of boundary-layer separation and shock waves 
originating on thewing. (See reference 14.) The profile for the angle 
of attack of 10.2' at Mch number 1.29 is believed to be a combination 

I .,-. 

of types II and III, The ~&~imum defect in this case probably come& 
ponds to the rolled-up portion of the wake. -The defect co~esponding 
to the unrolled portion is not discernible. 

The variation of the wake location with lift coefficient at the 
various Mach numbers is shown in figure 14. At lift coefficients near 
0.55 (apprax1mEbtel.y 100 angle of attack).,'two groups of points are ah& 
which correspond to the centers of parts A and B of the type II profile 
shown in figure 12. Calculated verticallccations of the vortex sheet 
at the 5O-percent-lsemispan station of the %Lng and of the center of the 
tip--vortex core, determined from references 8 and 15, also are included 
in figure 14. These calculations are presented in arder to indicate the 
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extent to which the location of the wake may be predicted, and to verify 
the previously assumed correspondence between the component parts of the 
type II profile and the rolled-up and unrolled portians of the wake. 
The location of the wake above the extended chord plane of the wing is 
dependent upon both the angle of attack and the lift coefficient, and, 
for lineer lift curves, nay be expressed in terms of the lift-curve 
slope. In order to eliminate any uncertainty in the correspondence 
between the experimental and calculated wake locations which could be 
attributed to the lmown difference between the experimental end calculaT 
ted Uft4urve slopes, the experimental slopes were used. The experi- 
mental lifTScurve slope varies with Mach number as shown fn figure 8; 
but, rather than present the wake 1ocatiollEl for particular Mach numbers, 
regions are gfven, the boundaries of whfch were determined from the 
mximum and m.im values of the slope (which occur at Mach numbers of 
0.92 and 1.29, respectively). 

It may be seen in figure 14 that the experimental variation with 
lift coefficient of the vertical location of the wake above the extended 
chord plane of the wing is nearly linear, and is essentfally independent 
of Machnumber. The experimental points generally fall withln the 
calculated regions, and the agreement is ccnsidered to be very good. 

. 
It can be concluded from the faregoing investigation that no pro- 

nounced changes in the downwash angles at points behind a triangular 
wing of aspect ratio 4 occurred in the ranges of Mach numbers between 
0.50 and 0.95 and between 1.09 and 1.29. An increase in Mach number 
within these ranges was accompanied by a gradual decrease in the rate of 
change of downwash angle with lift coefficfent at zero angle of attack. 
At any particular B&h number, the downwash angle for a given angle of 
attack decreased with distance from the wake and/or the vertical plane 
of symmetry of the complete ting. 

If based on lift coefficient rather than angle of attack, the cal- 
culated and experimental downwa sh characteristics at the subsonic Mach 
numbers were generally in good agreement. At supersonic &.ch numbers 
less satisfactory agreement was obtained whether the characteristics 
were based on l3ft coefficient or angle of attack. 

For a given lift coefficient, an increase in Mach number within the 
afore-mentioned ranges produced little or no change In the location of 
the wake at the 50-percentrsemispan station-at a distance of 3.44 root- 
chord lengths downstream from the trailing edge. The displacement of 
the wake above the extended chord plane of the w3.ng increased with an 
increase in lift coefficient. The edges of the wakeappeered to have 

4 
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rolled inboard to the ~O+ercenLsamispan station at angles of attack 
near loo. At &ch numbers as high as 0.86, the wake profiles were 
essentially symmetrical at the lower angles of attack. At a &ch number 
of 1.29 the profiles .-tended farther above the position of ma.ximum 
total-pressure defect than below. The correspondence between the experi- 
mental and calculated vertical locations of the wake and tip-vmtex core 
above the exteqded chord plane of the wing was found to be good. 

Ames AeronauticalJabmatory, 
National Advisory Committee far Aeronautics, 

Moffett Field, Calif. 
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Figure 5. - Variation of angle of downwash w/th angfe of attack at 
severa/ Mach numbers ; x, I.86 c, and- z, 0.20 co. 



NACA RM A50114a 

-4 

0 

0 

L 11 II f I II 1 I I I I. 

-12 40 -8 -6 -4 -2 0 2 4 6 8 10 12 

Ang/e of at?Wk, u, deg 

-. 

(b) y=O.SOs . 

Figure 5. - Continued. 



XACA RM A50114a 

4 

22 
. 

0; 

8 
-25 

-4 

0 

0 

0 

0 

0 

0 

0 

-12 -/O -8 -6 -4 -2 0 2 4 6 8 10 t’2 

Angie of attack, a, &g 

/cl y= 0.625 s. 

f7gure 5. - Continued. 



20 

4 

2$ 
. 

0; 

-4 

4 - b NACA RM A50114a 

__ _ . ..__ - ._ - .---- - 
i I I I I I 11 

0 

0 

-/2 -10 -8 -6 -4 -2 0 2 4 6 8 ti 1’2 
Angle of attack, a; deg 

I 

- 

.- 

td)y=O.75s. 

Figure 5: - Conchded. 



NACA RM A50Tlka 21 

. 

I iv=/.29 I I I I I I I I t 

- Expefimenfal 
----- Ca/cu/oted for plane y=O 

-12 40 -8 -6 -4 -2 0 2 4 6 8 10 I2 

Angle of attack, a, deg 

(a) ~~0.25 s . 
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