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AN INVESTIGATION OF THE DOWNWASH BEHIND A HIGH-ASPECT-RATIO WING
WITH VARTOUS AMOUNTS OF SWEEP IN THE
LANGIEY 8-FOOT HIGH-SPEED TUNNEL

By Richard T. Whitcomb
SUMMARY

Downwash angles have been measured at polnts at two vertical posil-
tions at the probable tail location behind a high-aspect-ratio wing
with an NACA 65-210 section with no sweep and 30° and L45° of sweepback
and sweepforward in conjJunction with a fuselage at Mach numbers up
to 0.96 in the Langley 8-foot high-speed tunnel. The results of these
meagurements show the variatlions of downwash with normal-force coefficlent
end Mach number, but not the absolute values of downwash for any condition.
The results Indlcate that the downwash angle for a glven normal-force
coefficient behind the wing without sweeD Increases rapidly when the
Mech number is incressed beyond the force break and decreases sharply at
a Mach number approximately 0.1 greater than that at which it Increases.
The changes in the downwash angle for given normel-force coefficient
with Mach number behind the wing with 30° of sweepback are qualitatively
gimilar to those that occur behlnd the wing without sweep, but they are
delayed by sweep by approximately the same Mach number lncremsnt as 1s
the force break. The downmash angle for a given normal-force coefficient
behind the wing with 45° of sweepback changes very slightly when the Mach
numbsr is Increased up to the highest test value, as do the normal-force
and proflls-drag coefficients for a glven angle of attack. The vari-
ations of the downwash angles for given normal-force coefflcients with
Mach niinber for the wing with 3O of sweepforward are very erratic,
varying considerably wlth normasl-force coefficlent and survey position.
The rates of variation of downwash angle with normal-force coefficient
for the wing with 45° of sweepforward are very large at moderate normal-
force coefficients.

INTRODUCTION

Véry little detailed information concerming the effect of compressi-
hility on the flow around swept and unswept wings at high subsonic
speeds ls available. In order to obtain additional information on
compressibility effects, extensive pressure measurements have been made
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on and behind a high-aspect-ratio wing with NACA 65-210 sectlons and no
sweep and modlified to ohtaln 30° and 45° of sweepback and aweepforward.
Tests were made for all sweep configurations of the wing in conjunction
with a2 midwing fuselage. These measurements have been made at Mach
numbers from 0.6 to 0.96 in the langley 8-foot high-speed tunnel. The
normal-force, piltching-moment, profile-drag, and aerodynamic-loading
coefficienta for the wing and fuselage obtained from these pressure
measurements are presented 1in reference 1. Presented herein is an
analysls of the effects of compressibllity on the downwash as determlined
from yaw-head measurements made at two vertlcal positions in the region
of the probable tall locations of conventional airplanes.

APPARATUS

The wing-fueelage combination used for this investigation 1s described

in reference 1. The model was supported in the tunnel by means of the
vertical steel plate as described in reference 2, and aweep was obtained
by rotating the wing with respect to the platé. The plan form of the
gsemigpan combination with 30 of sweepback 1s shown iIn figure 1. The
general dlmensions of the various swept configurationes are given in
table I.

The downwash angles at the two vertical positions behind the various
configurations were. measured by two emall yaw heads with the dimenejons
shown In figure 1. Total pressures at the positions of the yaw heads
were meagured by means of total-pressure tubes placed at the centers of
the yaw heads as shown 1in the same figure. The yaw heade were attached
to the fuselage by means of a curved strut as shown in figure 1. The
positions of the yaw heads with reference to the various configurations =
are given in table I. The yaw heads were calibrated at the test Mach
numbers by rotating them thrcugh varlous angles with respect to the
support.

ERRORS AND CORRECTICHS

The differences between the readings of the two yaw tubes of a given
yaw head for the callbration and test runs have been converted to non-
dimensional coefficlient form by dividing the differences by the local-
dynamic-pressure values determined, assuming the local-statlc-pressure
values to be equal to the stream static pressure. The effect aof such an
assumption on the downwash angles i1s assumed to be negliglible. The yaw-
head calibrations obtained for a glven stream Mach number have been used
to determine the downwash angles at that stream Mach number regardleas
of the values of local Mach number. The effect of variations in Mach
number on the calibrations is small, however, and the errors introduced
into the results by the use of such a method are negliglble for moat
conditions.
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An analysis of possible sources of error indicates that, for the con-
ditions at which there is only & smsll variation of ths local Mach number
from the stream Mach number, the maximum error in the change in the down-
wash angle prcduced by elther a change in normal-force coefficlient or
Mach number is less than 0.1°. For the few conditions where the yaw head
became enveloped by the wake and the conditions at the yaw heads differed
consideraebly from those present during the calibration runs, the downwash
angles presented may be conelderably in error. The wake enveloped the
yaw hoads principally at the gigher ngrmal-force coefficients and Mach
numbers for the wings with 30 and L5 of sweepforward.

The settings of the yaw heads for glven runs may have inadvertently
been in error by some angle less than 1.0°. Therefore, although the changes
in the downwash angle produced by variations of the normal-force coefficlent
or Mach number are usually in error by less than C.1°, the absolute maggi-
tude of the downwash angles presented may be in error by as much as 1.07.

The cross flow at the survey positions was probably very small, and
the error due to such cross flow is therefore probably negligible for
all test conditioms.

The Mach numbers have not been corrected for tummel-wall Interference.
Estimations of the order of megnltude of this interference, using the
expresslions presented in reference 2, indicate that the corrections to
be applied to dynamic pressure and Mach numbers for all conditlions except
that of no sweep at a Mach number of 0.925 are less, and in most cases
much less, than 1 percent. The corrections to be applied tc the Mach
nunbers for no sweep at a Mach number of 0.925, the maximum test value
for this configuration, may be as large as 3 percent. The downwash
angles have been corrected for tumnnel-wall interference, using the
equations presented 1n reference 3 which are for an unswept wing. The
downwash corrections applied at Mach numbsrs of 0.6 and 0.925 wers
approximately 6 and 8 percent of the measured values, respectively.

RESULTS

The downwash angles have been determined for the same Mach numbers
and angles of attack as those at which the pressure measurements were
made on the wing (table ITI). The variations of downwash angles with
normal-force coefficient at the varlious Mach numbers and for the two yaw-
head positlons and ths five sweep angles are presented in figure 2. The
varlations of the downwash angles wlth Mach number for normal-force coef-
ficlents of 0.2, 0.4, and 0.6 for the various sweeps are presented in
figure 3. The normal-force coefficients used are those obtalned for the
complete wing-fusslege comblnation and are defined in reference 1. Thesse
coefflcients are very mearly equal to the 1ift coefficlents for ldentical
conditions. Any dlscrepancy is less than that due to the probable maxl-
- mum error in the measured angles. The variations of the normal-force
coefficlents for complete wing-fuselage comblnatlon with angle of attack
are presented in figure 4. The symbols used on the figures are defined
in table I.
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When the Mach number wes increased from 0.60 to 0.96, the Reynolds
numbers for the unswept wing based on the mean chord varied from

1.05 X 10™ to 1.25 X 10°. The Reynolds numbers for the swept wings were
greater than these values by the ratios of chords of the swept winge to
the mean chord of the unswept wing (table I).

DISCUSSION

1

Unswept configuration.- For test angles of attack up to those at
which the wing begins to stall (fig. 4(a)), the variations of downwesh
angle with normal-force coefficlent are very nearly the same at most
Mach numbers up to the highest test value, 0.925 (figs. 2(a) and 2(b)}).
The data obtained at a Mach number of 0.6 indicate that when wing astall
occurs the downwash angle 1lncreases abruptly. This incresse may be
attributed to the presence of the strong wake that passes below the
point of measurement; as pointed out in reference 4, the turbulent
mixing and diffusion of the wake causes a gradual reductlon of 1ts
displacement thickness, with a consequent inflow of the surrounding air
toward the center of the wake, corresponding to an increage of downwash
above the wake and a decrease of downwash below the wake. The wing stall
and the 1ncrease iIn downwash assoclated with 1t may probebly be affected
by increasing the Reynolds number.

‘At a Mach number of 0.89 and very low and negative normal-force
coefflclents, the varlation of downwash with normal-force coefficlent is
greater than the varlationg for the other conditlone.

As the Mach number 1s lncreased to the value at which the flow over
the surface of the wing separates due to the onset of shock, that 1s,
the force-break Mach number, as indlcated in figure 10 of reference 1
and by the dashes In figure 3, the downwash for a glven normal-force
coefficient decreases gradually, due to the contractlon of the potentlal-
flow fleld around the wing in the stream dlrection descrilibed in refer-
ences 3 and 5 (figs. 3(a) and 3(b)). The exact variation of downwash
with Mach number between Mach numbers of 0.6 and 0.8 is not indicated,
however, due to the lack of test polnts in this range.

When the Mach number 1s increased beyond that of force break, the
downwash for a glven normal force increases abruptly. This increase may
be attributed primarlly to the fact that, when the force-break Mach number
of the wing 1s exceedsd, the 1nboard sectlions of the wing experience a
smaller reduction in normal-force coefficient than do the midsemispan
sections of the wing, as shown In figure 21 of referemnce 1. These
smaeller reductions are due to the unexpected relleving effect that the
g8lender, midwing fuselage has upon the flow over the wing, which is
indicated by unpublished data. As a result, the normal-force coef-
ficlents of the inboard sections for & given over-all normal-force
coefficlent increase, and the downwash behind these sections increases.
The increase may algo be attributed to the fact that the downwash at
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the survey positions 1s affected by the lncrease in the intensity and
extent of the wake behind ths wing associated wilth the onset of shock
and separation of the flow over the upper surface of the wing. As In
the case of the stalled wing, the flow behind the wing tends to move

into the more lntense wake and the downwash above the wake increases.

At the lower normal-force coefficlents whem the Mach number 1s
increased beyond a value which ig approximately O.1 greaster than that
at which the downwash increases, the downwash for a glven normal-force
coefficlent starts to decrease. This 1s probably caused by three  changes
which occur at approximately this Mach number: +the differences between
the normal-force cosfficients of the midasemispan and inbcard positlions
of the wing decrease abruptly, as shown in figure 21 of reference 1;
the strength and extent of the intenee wake produced by separation on
the upper surface of the wing starts to decrease slightly, as 1ndicated
by unpublished date; and the extent of the field of flow in the stream
direction decreages more rapldly because of the rapld Increase in the
extent of the region of supersonic velocitiles.

The nature of the changes of the downwash angle with Mach number
for a given normal-force coefficlent 1s, In general, the same as that
of the changes that occurred behind the same wing wilithout a fuselage
present (reference 5), as shown in figures 3(a) and 3(b). The increase
in downwash when the force-break Mach number 1s exceeded 1s much larger
with a fuselage present than ths Ilncrease 1s when no fuselage is present,
however. This differsesnce may be attributed primarily to the fact that,
at these supercritical Mach numbers, the normal-force coefflcients for
the inboard sectlons with the fuselage present are much greater than
they were when it was not present because of the relleving effect of the
fuselags previously mentioned.

The apparent large dlfferences between the downwash angles for a
given normal-force coefficient at the two vertical statlons and the
presgence of negative downwash for a zero normal-force cosfficient for
many condltions for all sweeps may be due in part to the presence of the
fuselage, but are probably due primarily to errors in the settings of
the yaw heads as mentioned in the section on errors and corrections.

Sweepback of430°.- The variations of downwash angle with the normal-
force coefflcient at a given survey position behind the wing with 30o
of sweepback are approximately the same at all Mach numbers up to those
of force break for all normal-force coefficients up to that of stall
(fig. 4(b)) where the downwash increases abruptly (figs. 2(c) and 2(d)).
The date presented in figure 16 of reference 1 i1ndicate that, with 30°
of sweepback, the stall occurs initially at the tip, and the change in
downwash may be attributed to the Inboard shift of the load on the wing
instead of to an inflow into a larger wake as it 1s for the wing without
sweep. The rate of varlation at a glven survey position 1s somevwhat
greater than that for the wing without sweep ai & glven survey position;
at a Mach number of 0.6 the rates of variation are approximately h.lO/CN

SRR
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for the upper yaw heasd and h.3°/CN for the lower yaw head Ffor the wing

wlth 30O of sweepback, compared with valuss of 3.5 and 3.6 for the wing
without sweep. The differences hetween the valuss obtained at the two
sweeps may be attributed not only to the differences of the fields of o
Tlow for the wing with sweep, but also to the variations of geometric
parameters such as the relative survey positions and the lower aspect
ratio. e

When the Mach number is increased beyond that of force break, the
rates of variation of downwash leg wlth normal-force ccefficient
increase. At a Mach pumber of 0.39 for the lower survey position it
increases by as much as 75 percent. '

The changes In the downwash angle wlth Mach number for a given
normal-force coefficient behind the wing with 30° of sweepback are
generally esimilar to those that occur behind the wing without sweep
but are delayed to somewhat higher Mach numbers (figs. 3(c) and 3(d§).
When the Mach number is Increamed beyond that of force break, as
indicated by the dashes in figurees 3(c) end 3(d), the downwash for a
given normal-force cosfficient increases as 1t does behind the wing ¥
without sweep. The lncrease in downwash for the wing wlth sweepback is '
delayed by approximately the same Mach number increment as 1s the force-
break Mach number for the same normal-force coefficient; the force breaks .
for the wing with sweep occur at Mach numbers approximately 0.0T7 greater
than those at which the increases occur for the wing without sweep, and
the increases in downwash for the swept wing occur at gimilar increments
above those at which they occur for the unswept wing for the same normal-
force coefficients. The increase in downwash 1s due to the same factors
which produced the similar increase behind the wing without sweep: an
inboard shift in the center of load duse to the separation of the flow
over the wing as shown in figure 22 of reference 1, and an expansion
of the wake ahead of the yaw head.

The data for the higher normel-force cosfficlents indlcate that the
downwash started to.decrease when the Mach number was increased heyond
a value approximately 0.1 greater than that at which the increase in
dowowash occurred, as 1t did 1in the case of the wing without eweep. The
change can probably be atiridbuted to several of the same factors which
produced the simllar change in the downwash behind the wing without
sweep, that 1s, the reduction of the amount of meparation and rapid con-
traction of the field of flow.

The maxlmum increases in downwash at a glven survey position behind
the swept wing are somewhat greater than the maxlmum increase at the
same yaw head behind the unswept wing for the same normel-force ococef-
ficient. Thig difference may probadbly be attributed to the more pro-
nounced inboard shift 1n the center of load on the swept wing shown in
Tlgure 22 of reference 1 and to “the fact that survey positions are lower
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and farther forward in terms of the reference chord, which leads to a
larger effect of a given increase in the relative extent of the wake in
terms of the reference chord. :

Sweepback of Ezi.- The variations of downwash angle with normal-
Torce coefficient for the wing with 45° of gweepback are very nearly
the same for all Mach numbers up to the highest test value, 0.96, and
for normal-force coefficlents up to approximately 0.5 (figs. 2(e)
and 2(f)). When the normal-force coefficient is increased beyond this
value, the downwash angles increase rapldly. This increase 1s due to
the onset of separation at the tip of the wing, which leads to an
inboard shift in the center of 1lift, as shown in figure 16 of reference 1.
At normal-force coefficlents of less than 0.5, the downwash angle for a
glven normal-force coefficlent decreases very gradually when the Mach
number 1s increased up to the highest test value (figs. 3(e) and 3(f)).
The rate of decrease is probably somewhat less than that for the umswept
wing and the wing with 30° of sweepback due to the slower contraction of
the field of flow for the wing with a larger amount of sweep.

The results presented in reference 1 indicate that thsre are no
abrupt changes in the normael-force and proflle-drag coefficlents for a
given angle of attack agsociated with an onset of shock and separation
for the wing with hﬁ of sweepback up to the highest test Mach numbers
for this conflguration, and it would therefore be expected that there
would be no abrupt changes in the downmash for a glven normal-Fforce
coeffcisnt behind this wing with h5 of sweepback, such as there were
behind the wing without sweep and 30° of sweepback, up to the highest
test Mach numbers since such changes are associated with the onset of
shock and separation on the surface of the wing.

Sweepforward of 300.- The variation of downwash angle wlth normal-

force coefficlent at both survey positions behind the wing with 30° of
sweepforward for a Mach number of 0.6 1s very nearly linear up to a
normal-force coefficient of approximately 0.5 (figs. 2(g) and 2(h)).
Beyond this value of normal-force coefflcient, the downwash angle
increages as a result of Inflow into the large weke which develops behind
ths wing-fuselage Juncture, as shown In figure 17 of reference 1, because
of separation at this Juncture.

The vearlations of the downwash angles for givan normal-force coef-
ficients with Mach number for the wing with 30 of sweepforward are very
erratic, varying conslderably with normal-force coefficient and survey
position (figse 3(g) and 3(h)).

At the upper survey position and the lower normal-force coefflclents,
the downwash increases and then decrsases abruptly. The changes occur at
somewhat lower Mach numbers than do the similar changes behind the wing
with 30 of sweepback. The relatively early increase 1in downwash may be
attributed te an inflow into the wake ahead of and Jjust inboard the yaw
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head produced by separation at the wing-fuselage juncture. TUnpublished
data Indicate that thls separation occurs at relatively low Mach numbers
in comparison with those at which separatlion occurs on the outer sectlions
of the gweptforward wing or on the sweptback wing. The followlng rela-
tively early decreame of downwash for the pame condition can probably

be attributed to the envelopment of the yaw head by the expanding wake.
Unpublighed data indlcate that this envelopment occurs at approximately
the same Mach number as that at which the decrease 1n downwash occurs.

At the lower survey position and the lower normal-force coefficients,
the downwash does not increase and then decrease abruptly as it does at
the upper survey posltion. It would be expected that the changes at
thls lower survey position would be similar to, but more severe than,
those at the upper survey position, as 1s the case for the wings without
sweep and wlth eweepback. The reason for the difference between ths
actual and expected changes is unknown.

At the higher normal-force coefficlents, the downwash for a given
normal-force coefficlent decreases abruptly at a relatively low Mach
number. This decrease may be attributed to the same factor which caused
the similar but smsller decrease at lower normal-force coefficlents,
that 18, to the envelopment of the yaw head by an expanding wake. The
fact that the reduction in downwash ls earlier and more abrupt at these
higher normal-force coefficiente can be attributed to a much earlier
and more severe onget of meparation at the wing-fuselage Juncture for
these conditlons, which 1s indicated by unpublished data.

Because of these early, erratic changes in the downwash, an airplane
with such a sweptforward wing and a tall at the survey positions may
sncounter large changes In trim. BSince the erratic changes In the down-
wash angle behind the wing are due to the separation at the wing-fuselage
Juncture, 1t might be possible that they could be reduced by & consider-
able amount by reshaping the wing and fuselage near the Juncture to
reduce this separatlion.

Sweepforward. of 45°.- The rates of variation of downwash angle with
normal.force cosfficient behind the wing with h5° of gweepforward lncrease
gradually from values which are relastively large in comparlison with those
for the wing wilthout sweep for low normal-force coefficients to extremely -
large values at the hligh normal-force coefficlents at all test Mach
numbers (figs. 3(1) and 3(J)). Because of this increame, the rate of
variation of downwash with normal-force coefficient exceeds the rate of
variation of angle of attack with normal-force coefficients (fig. 4).

For example, thies cccurs at & normal-force coefficient of approximately 0.5
for a Mach number of 0.6 at the lower yaw-head position. These results
indicate that a tall placed at a relatlve position corresponding to the
gurvey posltlions behind a wing with this amount of sweepforward will
contribute a destabillizing effect teo an alrplane at moderate normal-force
coefficients. This Increase in the rate of varlation of downwash with

~
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normal-force coefficlent is due to a gradual lncrease in the strength and
extent of the separated flow st the wilng-fuselage Juncture, as indicated
by unpublished data. As mentioned previously, ths alr flows into the
wake and the downwash above the wake Increases.

This incrsase in the rate of variation of downwagh angle with normal-
force coeffliclent 1s greater at the lower survey posltion than at the
upper position because the efiect of wake 1s stronger at the lower
posltion. The increase 1s generally more pronocunced at the higher Mach
numbers up to the highest test value, 0.96, than at the lower values due
to an increase in the extent of separation with Mach number, indlicated
by unpublished data. For the lower survey position at the higher normal-
force coefficlents, the rate of variation decreases wlth Mach number
becauvse, as shown by unpublished data, at these conditions the weke starts
to envelop the lower yaw head as it d1d behind the wing with 30° of sweep-
forward at Phe higher Mach numbers.

The downwash for a gliven low normal-force coefficlent generally
decreases when the Mach number 1s increased up to the highest test value,
as it does behind the other configurations {figs. 3(1) and 3(J3)).

CONCLUDING REMAFRKS

The results of dowmwash-azngle measursments, made at two vertical
positions behind a high-aspect-ratlo wing with an NACA 65-210 airfoll
section and sweep angles of 0°, +30°, and +45°, in conjunction with a
a fuselage at Mach numbers up to 0.96, indicate the followling:

1. The downwash angle for a glven normal-force coefflcient behind
the wing without sweep increases rapidly when the Mach number is Increased
beyond the force break and decreases sharply at a Mach number approxi-
mately 0.1 greater than that at which it Increases.

2. The changes in the downwash angle for a given normal-force coef-
ficient with Mach number behind the wing with 30o of sweepback are quali-
tatively simlilar to those that occur behind the wing without sweep, but
they are delayed by sweep by approximately the same Mach number increment
as 1s the force break.

3. The downwash angle for a given normal-force coefficient behind
the wing with 45° of sweepback changes very slightly when the Mach number
is lncreased up to the highsst test value, as do the normal-force and
profile-drag coefficlents for a given angle of attack.

4. The variations of the downwash angles for glven normal-force
coefficients with Mach number for ths wing with 30~ of sweepforward are
very erratlc, varying considerably with nmormal-force coefficient and
survey position.
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5. The .rates of variation of downwash angle wlth normal-force coef-
ficient for the wing with U45° of sweepforward are very large at moderate
normal-force coefficients.

Langley Memorial Asrcnautical Isboratory
Natlional Advisory Committee for Aeronautics -
Langley Fleld, Va.
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Description

Sweep of 25-percent
chord line of origli-
nal wing, deg.

Span, in.
Root chord, in.
Tip chord, in.

Chord. at intersection
of wing and fuselage,
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Area of wing assuming
wing straight through
fuselage, sg in.

Aspect ratio assuming
wing straight through
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Taper ratio of wing
outboard fuselmge
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chord of mean aero-
dynamic chord of wing
assuning wing straight
through fuselzge to
points of measurement

Distance from wing chord
line extended to polnts
of measuremsnt

Distance from surface of
plate to points of measure-
ment

TABLE T

37.8
6.0
2.40
5.6k

158.6

2.35

18.00

k.20
3.0

3.19

0.745
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0.222
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0.25

GENERAL DIMENSIONS
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Downwash angle &, deg
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Downwash angle &, deg
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