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INVESTIGATION OF 'I’.EE DOWNWASH AND WAKE BI{E[IIID A TRIANGULAR
WING OF ASPECT RATIO 4 AT SUBSONIC AND
SUFPERSONIC MACH NUMBERS

By Harold J. Walker and Iouis S. Stivers, Jr.
SUMMARY

The effects of Mach number 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 triangular wing of aspect ratio 4 have been
determined from semispan model tests.

The streamwise sectlons of the wing were symmetrical double wedges
having a thickness—chord ratio of 0.08 with the maximum thickness at the
midchord point. The downwash angles corresponding to angles of attack
between —10° snd +10° were measured at a distance of approximately 0.8
- root—chord length downstream from the trailing edge, and at four spanwise
stations between 25 and 75 percent of the wing semlspan in each of Hwo
planes sbove the extended chord plane of the wing. The Reynolds number
of the tests, based on the meen eerodynamic chord, ranged from 0.8 to 1.1
million. The results of the investigation are presented together with
calculated cheracteristics.

In general, a change in Msch munber produced only small changes in the
downwash angle. An increase in Mach number was accompanied by & gradual
decrease in the rate of change of downwash angle with 1ift coefficient at
zero angle of attack.

Satisfactory agreement between the experimental and calculated down—
wash characterlstics near zero angle of attack could be obtained at sub—
sonic Mach numbers if the characterlstics were referred to 1ift coefficlent
rather than angle of attack., A less favorsble agreement, however, was
found at supersonic Mach numbers.

The vertical location of the wake at a distance of 3.4 root—chord
lengths downstream from the treiling edge of the wing was essentially
unaffected by Mach number at a given 1lift coefficient. At subsonic Mach
numbers asg high as 0.86, the wake profiles were nearly symmetrical at the
lower angles of attack; whereas at a Mach number of 1.29 the profiles
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extended farther above the position of maximum total—pressure defect than
below.

INTRODUCTION

The downwash behind lifting surfaces has been the subject of seversgl
experimental and theoretical investigations, which, in general, have been
concerned with limited ranges of Mach nunber and types of plan form. For
the range of Mach numbers corresponding to low—speed flow, a comprehensive
study of the relationship between the downwash and the influence of the
displacement and rolling up of the wake behind unswept wings of high aspect
‘ratio is reported in 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 &ffect of compresslbility 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 numbers, the downwash has
been calculated in reference 3 for wings of several plan forms by means of
the conical—flow method, end in references 4 and 5 for triangular wings
Tthrough use of the concept of doublet distribution; but In neither method
1s the displacement and rolling up of the wake considered. From the exper—
imental Investigations of the downwash behind rectangular and triangular
wings at a Mach number of 1.53 (references 6 and 7), it may be concluded
thet, for wings of low aspect ratio, the rolling 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, particuler
attention has been glven to these propertles of the wake for wings at sub—
sonic end supersonic Mach nunbers.

The present investligation was undertaken to ascertaln 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 gep between the experimental investigations
conducted at low subsonic Mach numbers and those conducted at supersonic
Mach numbers. A limited number of comparilisons between the present results
and the corresponding characteristics calculated by the methods of refer—
ences 1, 4, 5, and 8 are included to indicste the extent to which the meas—
ured characteristics cen be predicted by theoretical methods.

SYMBOLS

c local wing—chord length

Co wing root—hord length
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crL 1ift coefficlent (l;—‘;t>
d downstream digtance, measured from t]ie q.uar‘!:,er—cho;'d polint of the

mean aerodynamic chord
M Mach number

free—stream dynamic pressure

R Reynolds number based on mean aerodynamic chord
s wing sem:i'.span
s wing area -

X,¥;Z Cartesian coordinates in the longltudinal, lateral, and verticel
directions, respectively, wlth the origin at the apex of the
leading edge of the wing and with the =x axls lying slong the
intersection of the plene of the wing and the vertical plane of

symmetry
o . wing angle of attack, degrees
B WA o)
SM  Jet-boundary correction factor for the downwash angle
€ downwash angle msasured from the free—stream d.:‘_rect-ion, degrees

APPARATUS

The tests were performed in the Ames 1— by 3—1/2'—foot high—speed wind
tunnel, which has a .closed throat and is vented to the atmosphere in the
settling chamber. The tumnel was eguipped with a flexible throat which per—
mitted operation at subsonic and supersonic Masch numbers.

The model consisted of a semlspan triangular wing having a 11-50 semi—
vertex angle {corresponding to an aspect ratio of 4), and was constructed
of steel to the dimensions shown in figure 1. Sectlons of the wing in_a
streemwise dlrection were symmetrical double—wedge profiles having a
thickness—chord ratlo of 0.08 with the meximum thickness located at the
midchord point. The wing surfaces were ground and polished, and the
leading— and trailing—edge radil were approxlimately 0.002 inch.

A circular plete mounted flush with the tunnel wall, as shown in
figure 2, served as a support for both the wing model and the apperatus for
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measuring the downwash angles. The angle of attack of the model was
varied by roteting the entire plate assembly. =~~~ o

The downwash angles were measured by meens of the small probe
shown in figure 1. The head of the probe was hemispherical in shape and
contalned two orifices located symmetrically wlth respect to the probe
axis 1n a vertical plane through this axis. Total-pressure surveys of
the wake from the model wing were made with a rake comsisting of 50
tubes spaced at quarter—inch intervels. (See fig. 2.)

TESTS

Downwesh angles were measured at the 25—, 50-, 62.5—, and 75—
percent—semispan stations at distances between 0.8 and 0.9 root—chord
length downstream from the trailing edge of the wing. The measurements
at these locations were mede at vertical distances of 0,20 and 0.40
root—chord lengths above the extended chord plang of the wing. (See
fig. 1.) The investigation covered a range of anglea of attack from
-10° to +10° and a range of Mach numbers from 0.50 to 0.95 and from 1.09
to 1.29. The corresponding Reynolds numbers for these tests, based on
the mean aerodynamic chord, varied from 0.85 x 10%® to 1.10 x 10°% as
shown in figure 3. Downwash angle measurements could not be made at
certain of the highest positive angles of attack because of the influ—
ence of the weke on the pressures indicated by the probe. At the
highest subsonic Mach numbers, the highest angle attalmable 1n the nega-—
tive range wes that at which the flow in the tuhrel became choked.

Wake profiles at the 50—percent—semispan statlon were Investigated
at a distance of 3.k4 root-chord lengths downstream from the tralling
edge. The investigation covered a range of angles of attack from 0° to
10° at Mach numbers of 0.50, 0.70, 0.80, 0.86, and 1.29.

CORRECTICNS TO DATA

Stream-angle surveys with the model removed from the tumnel were
made in a vertical plsne at each spanwlse stetion for the Mach numbers
of thils Investigation. The measured stream angles were generally less
than O.3° and were applied as corrections to the measured downwash angles

behind the wing. :

For the subsonic range of Mach numbers, the angles of attack were
corrected for the effects of the tunnel walls by the method of refer-
ence 9. The correction, which 1s shown In reference 10 to be Indepen—
dent of Mach number, 1ls given by the expression

M o= 0.341 Cy,
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The corresponding correction for the measured downwash angles, as calcu—
lsted by the method of reference 11, -is gilven by the expression

Ae = l.ll-93 BM CL

where the factor By 1s dependent upon the location of the point at
which the downwash angle 1s measured. The veriation of &y was found
t0 be small over the ranges of spanwlse and verticel locations at which
the measurements were mede. Hence, the vdlues of By used to determine
the downwash-angle corrections were slimply calculated for polnts along
the line of intersection of the horizontal and vertical planes of
symmetry of the wing (at zero angle of attack). These values, which are
shown in flgure 4, correspond to an elliptic spanwise loading on a
5—inch—semispan unswept 1lifting line located 1n the center of the 3—1/2—
foot dimension of the tumnel, and Include the effects of compressibllity
based on the relatlions for linearized compressible flow.

For the supersonic range of Mach numbers, the downwash angles and
the location and thickness of the wake were measured at positions which
were essentially devoid of ebrupt changes I1n pressure due to shock waves.
Accordingly, the messuremsents made with the probe and the wake-survey
rake are belleved to be reliable.

The disﬁlacement thickness of the boundery lsyer on the tunnel wall
at the position of the model was found to be approximately 0.12 inch
within the Mach number range of the Investigation. Some drainage of the
low—onergy alr from the boundary layer of the wind tumnel into the
regions of low Induced pressure on the swrface of the wing may have taken
place in the course of tests; however, no attempt was made to assess the
effects of thie possible draeinage.

RESULTS AND DISCUSSION

Downwash Characteristics

Varietion of downwash angle wlth angle of attack.— In figures 5
and 6, respectively, the veriation 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 spanwlse locatlons investigated. These data show
that, 1n general, an Increase in angle of attack is accompanied by a
gradual incresse 1n the slope of the curves. (See especielly fig. 6.)
This increase in slope is due to the fact that the polnts at which the
downwash was measured were located above the trailing vortex sheet (or
weke), and that the distance between these points and the vortex sheet
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decreased as the engle of attack was increased. Thls effect of the dlis—
placement of the vortex sheet has been calculated in references 1 and 7.

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

Rate of change of downwash angle wlth angle of attack.— The effect
of Mach nuwber on the.rate of change of downwash angle with angle of
attack at zero angle of attack (1.e., (d€/da)y.g) 15 shown in figure 7.
Calculated values of (d€/da),.q 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 variatlon of the
downwash flow neer the verticel plane of symmetry t0 be smmll, the cal—
culated values in the present case, which were determined for the
verticel plane of symmetry, are believed to be comparseble with the
experimental downwesh angles at the 25-percent—semispan stetion. TFor
the subsonic Mach numbers, the calculated values of (d.e/dcx.)m=0 were
determined by the method of reference 1, using five U—shaped vortlces
to approximate an elliptic spanwise loadlng on the wing. The 1lifting
lines of the vortices were lacated so as to pass through the quarter—
chord point of the mean aerodynamic chord. The relations for linearized
compreasible flow were included in the calculations to determine the
effect of compressibility. For the supersonic Mech numbers, calculated
values of (d€/da),_qg were obtained from reference 5, in which a
lifting-surface theory 1s used to determine the downwash behind a flat
trlangular wing. Because the comparisons between experiment and theory
are to be limited to smell angles of attack, the effects of the dlsplace—
ment and rolling up of the vortex sheet are mneglected In all these
calculations. '

In figures 5, 6, end 7, good agreement between experiment and
theory 1s indicated et the lower Mack numbers. In figure T 1t i1s
observed that, except at the highest subsonic Mach numbers, the effect
of Madh number on the experimental values of (d€/da),—g is mnot signi-—
ficant. A similar trend is noted in figure 8 with regard to the
experimental lift-curve slope, which was determined for the same wing in
the Investigation of reference 12.

Although the varlations with Mach number of the experilmental values
of (defda)y-0 for the 25-percent-semispan station, shown in figure 7,
are somewhat similar to those shown for the calculgted slopes in the
plane of symmetyry, the differences between the magnitudes of the respec—
tive slopes are someswhat greater than those which may be attributed to
the difference in spanwise location. This 1s perticularly evident at
the higher subsonic and at the supersonic Mech numbers. BSlnce the down—
wesh 1s more directly relsted to the 1lift coefficlent than to the angle

CONFIDERTIAL



i J

NACA RM A50T1he . G T

of attack of the wing, 1t would be expected that any difference between
the experimental and calculated values of (dCp/da)y—g would produce
corresponding differences between the experimentel and calculated values
of (defda)y-o» Accordingly, experimentel and calculated velues of
(d-e/dCL)a;o were determined and asre presented as a function of Mech
number in figure 9. In the subsonic Mach mumber range, the results from
exXperiment and theory now compare qulte favorably, but in the supersonic
range the experimental values appeer to be higher than those predicted
by theory. The higher experimentel values for the supersonic Mach
numbers are belleved to have resulted from a greater loading near the
verticel plene of symmetry of the wing than that predicted theoretically
(elliptic loeding).

It is indicated in figure 7 that the slope (d€/da)y-g decreases
with distance from both the weke center and the vertical plans of
symmetry of the wing. The experimentally determined spanwise variation
of (de/d-“)a,r::o is shown In figure 10. These results, in the supersonic
Mach number range, are in qualitative agreement with the experimsntal
and calculated results reported in reference 7 for a triangular wing of
espect ratio 2 and & Mech number of 1.53.

Weke Characteristics

Partlal sketches of the wake profiles at the 50-percent—semispan
location at a distance of 3.4l root—chord lengths downstream from the
tralling edge of the wing are presented in figure 11. The locations of
the positlions of maxrimum total-pressure defect and of the boundaries of
the wake wlth respect to the extended chord glane of the wing are shown
for angles of attack ranging from 0° to 10.5% and for Mach numbers of
0.50, 0.70, 0.80, 0.86, and 1.29.

From flgure 11, three significant observations may be made:

1. For each Mach number, an increase in angle of attack is accom—
penied by an upward displacement of the wake above the extended chord
plane of the wing, arnd by an increase in the thickness of the waks.

2. Tor each angle of attack, an increase ln Mach number gives rise,
for the most part, to soms thickening of the wake, but to little or no
change in the locatlon of the wake.

3. The weke profiles at the highest angles of attack differ
markedly from those at the lower engles, and the profiles at the super—
gonic Mach number deviate to & consliderable extent from those at the
subsonic Mach numbers.
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An examination of the profiles in detall is facllitated by grouping
them into the types I, IT, and IIT i1llustreted in figure 12. The type I
profile, which is approximately symmetrical about the position of
maximum totel—pressure 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 10°) in the subsonic Mach number range of the
present investlgation. This type has a very pronounced maximum total—
preasure defect, denoted by A In figure 12, situated directly above a
Tather weak local maximm defect, denoted by B. It was remsoned that at
these angles the tralling vortex sheet from the wing had rolled up to
such an extent that the tlp-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—vortex core) and the smaller maximum
defect (B), to the unrolled portion (vortex sheet), as illustrated in
figure 13. An Inboard movement of the tip vortex core to the vicinity
of 50-percent—semlispan station would be greater than that predicted for
the case in which the spanwlse loading is assumed to be elliptical. As
has been shown in reference 8, such an inboard shift mey result from an
increase in the portion of the loed carried near the vertical plane of
symeetry. Although the spanwlse loading for the wing of the present
investigation was not known, an inboard shift of the loading for tri-
angular wings has been observed 1n the experimental investigation.
reported in reference 13, o L

The type III profile, which 1s characterized by a more extensive
reglon of large total-pressure défect (denoted by C, fig. 12) above the
poslition of maximum defect, existed only at the supersonic Mach number,
1.29, at positive angles_pf attack. The greater defect in the upper
portion of the profile at this Mach number possibly may be attributed to
the combined effects of boundary-—layer separation and shock waves
originating on the wing. (See reference 14.) The profile for the angle
of attack of 10.2° at Mach number 1. 29 18 believed to be a combination
of types II and ITI. The maximum defect in thls case probably corres—
ponds to the rolled-up portion of the wake. The defect corresponding
t0 the unrolled portion is not discernible.

The variation of the wake locatlion with 1ift coefficlent at the
various Mach numbers 1s shown in figure 1k, At 1ift coefficients near
0.55 (approximately 10° angle of attack), two groups of points are shown
which correspond to the centsrs of parts A and B of the type II profile
shown in figure 12. Calculated vertical locatlions of the vortex sheet
at the 50-percent—semlispan station of the wing 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 order 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 IT proflile and the rolled—up and unrolled portions 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 1ift coefficient, and,
for linear 1lift curves, may be expressed In terms of the lift-curve
8lope. In order to eliminste any uncertainty In the correspondence
between the experimental and calculated wake locations which could be
attributed to the known difference between the experimental and calculs-—
ted lift—curve slopes, the experimental slopes were used. The experi—
mental lift—curve slope varies with Mach number as shown in figure 8;
but, rather than present the wake locations for particular Mech numbers,
reglons are glven, the boundaries of which were determined from the
maximm and minimum values of the slope (which occur at Mach mumbers of
0.92 and 1.29, respectively).

It mey be seen in figure 14 that the experimental variation with
1ift coefficient of the vertical location of the wake above the extended
chord plane of the wing i1s nearly linear, and 1s essentlally independent
of Mach number. The experlimental polnts generally fall within the
caleculated regions, and the agreement is considered to be very good.

CONCLUDING REMARKS

It can be concluded from the foregolng investigation that no pro—
nounced changes in the downwesh angles at polnts 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 1.2G. An increase in Mach number
within these ranges was sccompanied by a gradusl decrease in the rate of
change of downwash angle with 1ift coefficient at zero angle of attack.
At any particular Mach number, the downwash angle for a given angle of
attack decreased with distance from the wake and./or the vertical plans
of symmetry of the complete wing.

If based on lift coefficlent rather than angle of attack, the cal—
culated and experimental downwash characteristics at the subsonic Mach
numbers were generally in good agreement. At supersonic Mach numbers
less satisfactory agreemsnt was obtained whether the characteristics
were based on 1ift coefficlent or angle of attack.

For a given 1ift coefficient, en increase in Mach number within the
afore-mentioned ranges produced little or no change in the location of
the wake at the 50—percent—semispan stetion 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 wing increased with an
increase in 1ift coefficient. The edges of the wake. appeared to have
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rolled inboard to the 50-percent—semispen statlon at angles of attack
near 10°. At Mach numbers as high as 0.86, the wake profiles were
essentially symmetrical at the lower angles of sttack. At a Mach number
of 1.29 the profiles extended farther above the positlion of maximum
totel-pressure defect than below. The correspondence between the experi-—
mental and calculated vertical locations of the wake and tip~vortex core
above the extenpded chord plane of the wing was found to be good.

Ames Aeronautical Iaboratory,
Natlional Advisory Commlttee for Aeronsutics,
Moffett Fleld, Callf.
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