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WIHD-TUNGEL IWVESTIGATION CF RECTANGULAR AIR-DUCT ENTRANCES
IN THE LEADING EDGE OF AN TACA 23018 WING

By Dévid Biermann and Charles H. McLellan
SUMMARY

A preliminary investigation of a number of duct en-
trances of rectangular shape installed in the leading edge
of a wing was conducted in the NLCA 20~foot tunnel to de-
termine the external drag, the available pressure, the

critical Mach numbers, and the effect on the maximum lift..

The rosults showed that the most satisfacitory en-
trances, which had practically no effecct oun the wing char-
acteristice, had their lips approximately in the vertical
rlane of the leading cdge of the wing. This reguirement
necessitated extending the lips outside the wing contour
for all except the small entrances. Full dynamic pressure
was found %to be availabls over a fairly wide range of an-
gle of attack. The critical Mach number for a small en-
trance was calculated to be about as high as that for the
plain wing but was slightly lower for the larger entrances
tested.

INTRCDUCTION

The Hational Advisory Committee for Aeronautics con-
ducted in 1938 a preliminary investigation of a radial-
engine cooling system that admitted cooling air into air
ducts located in the lecading edge of wing roots in the
propellor slipstrecam. Thesc teaiimihowed congiderable
promise, provided that suitable and efficient entrances
could be made. These tests Belng a preliminary investi-
gatlon of a complete cooling system, only a limited amount
of attention could be given to the various components of
the system. A program was therefore started to test duct
entrances of various size and shapc to provide design in=
formation that could be used noi only in connection with
a wind-duct cooling system but also with any duct system
requiring entrances in the leading edge of the wing.

Duct entrances in - the leading edge of a wing should
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have the following properties: (a) low external drag;
{(v) no adverse effect on the stalling characteristics of
the wing; {¢) maximum pressurc available throughout the
take-off, climb, and high-speed flight conditions; and
(d) nigh critical Mach number for high-speecd airplanes.

This paper presents the results of preliminary tcsts
made to study these features. In order to simplify this
investigation, most of the tests werec made with the limit-
ing condition of no air flow in the duct. This condition
is beclieved $0 have the highest external drag that would
be obtained with any internal flow condition.

APPARATUS AND METHODS

The tests wero conducted in the NFACA 20-foot wind
tunnels 4 wing of 5-foot choré and 15-foot span of NACA
23018 scction was used as the basic model; to this wing
werc added various rectangular leading-edge duct centrances, -
(Sce figs. 1 and 2.) The varicus entrances tested are
identificd by sketches in the figures which present the
tests results.

The 1ift and the drog of the wing with duct entrances
were measurcd .on the usual force balance systens Pressurcs
within the entrances were measured to determine the total
pressurc available and the veloelty o
tests in which internal air flow exzis
t
r

bar

ed. Pressure-
twter surfaces of
al ach numberse

distribuition surveys were nadc over

Host of the polar tests, for which only 1ift, drazg,
and available pressure were mcasured, were made with no
cooling air allowed to flow through the duct. In the
tests for which the effect of cooling-air flow on the ox~
ternal drag was investigoted and in all tests to detcr-
nine the critical Mach numbers of the entrance lips, air
was 2llowed to flow through the duct and out through a.
variable~arcoe exit located in the lower surface of the
winge.

At the beginning of the
werce Jound %o have no appro
acteristics
Sceveral chock tests were

i
e %

tihicrefore nade with the wake-survey
nmethod described in referczance

1 to deternmine the drag nmore



accurately. 4 wake-survey comb (similar to the one de-

scribed in reference 1) was mounted on a carriage behind
the wing and was capable of traversing the central part

of the spane. (See fizg. 3.)

T:e wakec-~survey ncthod was also used to isolate the
external drag of the entrance for the few tecsts in which
air was allowed to flow through tthe duct. The wake from
the cooling air, which emerged from the lower surface of
the wing, was restraincd from mixing with the wake fron
the upper surface of the wing by & thin plate fastened
to the trailing sdge of the wing and extending behind it
to the survey conb. The increased drag of the upper sur-
face obtalned in this nanner was assumecd to be propor=
tional %o the external drag of the entrance with air flow-
ing through the duct.

The critical Mach numbers of several entrances were
calculated by the method given in reference £ from neas-
urenents of pealk negative pressures over the upper and

the lower lips.

RESULTS AND DISCUSSIOXN

The results are presented in the following nondimen=-
sional unitss

wing 1if3t .. s s
CL = -2 L 1ift coefficient
qs ‘
total drag ns s
CD = = . drag coefficient
q8
total drag - drag of wing alone
Cp. = = 26 o , duect entrance
d g X entrance arca 4

drag-coefficient -~

+

F
X

e

CLS 1if%t coefficient at point of loecal stall
p/q total pressure ratio within entrance

M Mac

by

nunber (V/a)

Mcr Mach number at which compressibility occurs



where ¢ dynanic pressure
S wing area
jo) total precssure in duct cntrance

v velocity
and a velocity of sound in air

Vl velocity within entrance

o wing chord
t wing thickness
a uncorrected angle of attack

In figures 4 to 13 the results are prescnted for the
tests of the entrances having no internal air flow. Pige-
ure 6 also shows the coffoct of flow on the pressure dis-
tributions The conputed critical Mach numbers are given
for scveral eatraces in figurecs 14 to 18,

Although curves of 1ift, drag, and pressure plotted
against angle of attack or in the form of polars are ideal
nethods of presenting the results, the anount of data in-
volved nmakes these moethods too cumbersomc. The results
are therefore presented for the most part in the form of
sunnary tables with the figures showing the entrancec pro-
files.

Typical Curves Showing Results

In figure.4 the polar curve for the wing alonc is
given together with the polar curves for a typical "good®
entrance and a typical "poor" entrance. It nay be noted
that the drag of the wing was scarcely affected by the
presence of entrance OF at o 1ift coefficient 0.2 but
that entrance AE increased the wing drag about 10 pere-
cents ZEntrance ON had little effect on the lift coef-~
ficient at the stall; but eantrance AE precipitated a
stall at a lift coefficicnt of only 0.55.

Figure 5 shows curves of the total pressures avail-
able in the duct entrance in terms of dynamic pressure
plotted against the angle of attack of the wing., Full



dynanic pressure is available for both entrances up to an
angle of attaock of about 6°, beyond which the pressure
gradually decreases. The pressure criterion used in this
analysis is the angle-of-atteck range at which at least
0.9 dynanic pressure is available. This angle range is
from =40 to 11° for duct ON., Of further interest is the
effect of the stall on the pressures for entrance AE.
The pressure within entrances, in general, gradually de-
creascs after o certain angle of attack is reached, but
it may be noted that the pressure remains fairly high for
high angles of attack after the entrance precipitates &
local stall, '

The pressure-distribution plot shown in figure 6 is
only on internediate step in calculating the critical Mach
hunber; the principal points of interest are the shape of
the curves and the magritude of the peak negative pres-
surcsi the values of the peak negative pressures detcermine
the critical speedse.

Entrance
Characterigstics, ¥o Cooling-Air Flow

In figures 7 to 13 are tadulated the values of t he
1ift, the drag, and the pressure criteria for the entrances
tested under the condition of zero cooling-air flow. This
condition of zero flow is probably nore severe than any
flight condition obtainable from all considerations because
the flow of cooling air lessens spillage and the need for
large curvaturc lips. It should be pointed out that en-
trances which appear good from these tests will probably
be good under all conditions and that entrances which ap-
pear poor may not be necessarily poor under nore favorable
flow conditions.

Figure 7 gives the results of the flush~ecntrance tesits.
A progressive cutting into either the lower or the upper
surfaces of the wing as a means of increasing the entrance
size 1is scen to increasc the drag ccefficient of the en-
trance rapidly, particularly for the upper surface. With
the upper surface cut back to B or A, the 1lift coeffi-
cient at point of local stall was greatly decreascd because
of an early separation at the ’upper lip, T
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Pigure 8 shows the effect of progressively noving the
lower lip forward. The effect was generally beneficial
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fronm drag considerations but had wvery little cffect on
the 1ift coefficient at the point of local stall.

In figures 9 and 10, the results are given for the
series of tests covering the progressively forward move=
ments of both the upper and the lower lips for two sizes
of entrance, Although the lip thickness was varied in

‘sone cases, the results show that the optinum location

for the planc of opening is near the leading edge of the
wing. The flush entrance AE, which had a high drag and
a low 1ift coefficient at local stall CLS’ was greatly

improved by being moved slightly forward and by increas=

ing the curvature of the upper lip. Although the effects
of entrance location and of the lip curvature are not iso-
lated in figure 9, they are in figure 10, in which figure
the location is shown to be the most important variable,

In figure 11, the results are given for a series of
entrances of different width. The drag per unit of en-~
trance area slightly decrcascd as the width was incrcascd.
This rcsult suggests that the sides of the centrance were
proninent sources of drag. The wake-survey results also
show a high concentration of energy loss at sach side of
the entrances. These tests show the need for more careful
design of the transition from the entrance to the wing at
each eud of the opening. Intrances with more gradual
transitlion of the end of the opening into the wing would
probably have less drag than the square ends used for these
testse

Wake—-survey drag tosts were made to check the force
tcsts for three of the entrances, The results (fig. 11)
are in failr agreencnt with Cqp at Cp . =

d “nin

In figure 12, a comparison is made betwecen two large

entrances, CP and O, that differ chiefly in their

-vertical location, ZEntrance ON, the lips of which are

about cquidistant from the chord line, is better than en-
trance CP, which has lower lips, The smaller entrance
C¥ has a lower drag per unit of area than either of the
cther two.

Figure 13 shows the effect of variations in upper-
surface curvaturce. DLittle effect in either the drag or
the maximun 1ift coefficient was found by changing the
curvature of the upper 1lip of the largest entrance, dbut
the drag of the smaller entronce was definitely increased
by addiang thickness to the upper lip.- Check drag tests



with the wake=survey apparatus indicate a somewhat higher
drag than that obtained with the force balance; the drag
measured was small, however, when either nmethod was used.

IEffect of Cooling-Air Flow on the External Drag

In order to determine the effect of flow on the ex-
ternal drag of one of the best entranccs tested, air was
allowed to flow iato cnitrance RL' and out through a hot-
tom 2xit, as shown in figure 1. The drag of the upper
portion of the eantrance, which is an unknown fraction of
the total external drag of the entrance, was separated
fron the drag assocciated with the internal flow by making
a wake survey of the flow over only the upper surfacc of
the wing. The results, which are only gualitative, show
that the external drag of this entrance renmaias about con-
stant for internal-flow veclocities dbetween the values of
0 a2d 0.6 free~-strean velocity but that it rapidly decrcases
at higher volues of interncl velocities. In other rescarch
at thc laboratory on entrances of different shape, the ex-
ternal drag has been found to decrease with increasing in-
ternal flow but not nccecessarily in the same manner as was
found in this investigation.

Critical-Speed Determination

Several surface-pressure surveys were nade to deter-
nmine the Mach nunbers at which the local speed of sound
over the entrance lips would be obtained; this value is
known as the critical Mach number. The surveys were mnade
over the cuter surfaces of several representative entrances;
the results arc given in figures 14 to 18, Critical Mach
numbers conputed with the use of figure 22 of reference 2
arc presented for several values of cooling=-air veloclty
and anglecs of attack of the wing that are rcopresentative
of high-speed flight.

In figure 14(a) the critical Mach nunbers are given
for the flush lip C of entrance CL'. The critical speed
is slightly higher for the lip than for the wing alone ex-
cept for a small range of flow and angle-of-attack values.
The critical speed for the lower Llip L' (fig. 14(Db)) is
higher than for the wing alone except for a range of snall
flow and low angle-of-attack values, which are probadbly
out of the useful range. Entrance CL!' 1is thereforc seen
to have a critical specd that is a little, if any, lower



than that of the wing within the probadbly useful range of
the flow cocfficicnt and the angle of attack.

Figures 15 to 17 give the critical Mach numbers for
a series of entrances that have variatiorns in the curve
ture and the thickness of only the t6p 1ip. (See flgs.
11 and 13 for the shape of llps.) Lip I' has critical
Mach nunbers excecding those. of the wing aloane for a lin-
ited range of low angles of attack and high flow veloci-
ties. The critical specds are very low for low flow ve-
locitiecs and relatively high angles of attack. The thick-
egr lips R and Q have somewhat higher critical speeds
thon 1lip If, The critical speed for lip {, for exan-
pley, is 3 to 11 percent lower, in the useful range, than
for the wing alone., The lower lip L! is satisfactory
over the useful range in that the critical Mach number
is higher than for the wing alone.

Pigure 18 gives the results for entrance H!L! and
shows that this eantrance has a critical speed 13 to 27
percent below that for the wing in the useful range.

CCHCLUDIIG REMARKS

The recsult of these tests, which were of a prelimi-
nary nature in that they covered a wide range of entrance
sizes and shapes with a simplified test provedure, indi-
cates that duct entrances with their lips approximately
in the vertical plane of the wing leading edge had only a

slight effect on the maximum 1lift, the nininum drag, and
the critical specd of an NACA 23018 wing . Satisfactory
pressures within the ducts were also found to be available.
Moving the upper or the lower lip in the rearward direcc-
tion had, in general, an adverse c¢ffect on the wing chare
actcristicse.

Further tests intended to perfect a few of the best
entrances are planncd in which & nore refined test pro-
cedure will be followed.

Langley Meomorial Aeronautical Laboratory,
National Advisory Committce for karonautlc
Langley Pield, Va,
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NACA : Figs.
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Figure 6.- Typical pressure distribution.
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