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DEVELCPMENT C7 WING INIET

By Stanley F., Raeclsz
SU M '\"\.ﬁ

An investigationwas made in the Langley two-
dimensionsl low-turbulence tunnels to develop a wing-
inlet section having maximum 1ift and critical speeds
a8 high es thcse of the ccrresponding basic alirfeil
secticn. Low inlet losses were cesired for an exten-
sive range of 1ift ccefficient 2nd low rate. The

investigaticn consisted in messurements of the 11ift,
drag, internal-flow, and >ressur -iigtributicn charac-

teristies of u lh"~00ﬂ'-tv airfoil section with
several lesding-edge ailr 1n1,ts. As a result of suc-
cessive modifications, two wing-inlet sections raving
maximum 1ift coefficlents exceeding the maximum 1ift
coefficient of the basic airfoil section and negligible
inlet losses trroughout an extensive range of 1lift
coefficient and inlet-velocity ratio have been developed.
The critical Mach number cf the inlet lips (the forwsrd
0.5C chord) of one of the wing inlets was higher than
that of the »lain airfoil section. The criticsl Mach
number of the entire wing-inlet section, however, was
limited tc a vslue scmewhat lower than that cf the nlain
airfoll section by the high sucticn pressures in the
vicinity of the exit, which was located on the upper
surface between 0.50 chord =nd 0.560 chord.

D

INTRCCUCTICN

Some of the more important problems involved in

developing wing sections with lesding-edge inlets fecr

- admitting cooling air are those of obtaining the required
quantities of cooling air flow withcut excessive internal
losses and of obtaining the desired maximum 1ift and

- critical sneeds. Attemnts to éeV91Cﬂ wing-inlet sections
having the desired airfoill and Pool'nc ckaracterlst es

often result in scme comoromises.
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A research program was undertaken in the Langley
two-dimensional low-turbulence tunnels to develop a
leading-edge air inlet for an airfoil section of the
1OW«qrag type. It was desired that the wing-inlet

section have a maximum section 1ift coefficient of

1.26 at a Reynolds number of 3 x 10° end a critical Ma

number of O. J? at a section 1lift cosfficisnt of C.ly,
or values not lower than those for the plain sirfoll
section. he renge of inlet-velocity ratio as & function
of the 1lift coefficiant for which low inlet lossss were
desired is shown in figure 1. Prograssive modificetions
e trial »¢‘ﬂ-1nlJt scetion of 2-foot chiord
develop a wing-inlet section having
tspistics. Although exact mzsthods for
nlet 6files are not indicated by
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SYMBOLS

The symbols and coefficlents used in ths presentation
of results are as follows:

e P section angle of attack, given with respect to
refersnce line, degrces

¢ chord of original wing-inlet section mecasured
alo refersnce line

cy ssetion 1ift cosfficient bascd on actual chord

F section drag coefficisnt based on ectual chord

Cyn /e scction pitching-momsnt coefficient at quarter-
& chord point
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velocity measured at pcint indicsted by subscript

mass density

coefficient of viscosity
dynamic pressure . lsz
2.

tetal pressure measured at pcint indicated by
subscript

loss in total pressure measured at inlet or
exit as indicated by subscriot

height between inlet walls measured at inlet
or exit as incdicated by subsecript (fig. 2)

local static pressure

8 Vi
POVOc

7

critical Mach number, that free-stream Mech
number at which the speed of sound is first
atteined at any pcint on the airfoil surface

[O)
]

wing flap deflection, degr

Reynolds number based on actual chord

pressure ccefficient

inlet-velocity ratio

‘ Subseripts:

free stream
inlet
exit

internal
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The two-dimensional models tested in the investi-
ion were constructed cof laminated wood and had chords
£ 2 feet and spans of avnproximstely 3 feet. Prepna-
ion of the surfaces for tests consisted in glazing
al defscts and then sanding tne entire surfaces
with No. 100 carborundux: naper on rubber blocks.

I..Jv

Tns plain airfo gsection, which formed the bas
airfoil section for LLV wing~-inlet sections, is

to airfoils of the NACA 7~-series (referﬂﬁc= AL
section 1lift coefficient of ‘0.3, whieh is ‘approximetely
the design 1lift bO“fflClunb, the chordwise positions

of minimum pressure &re &epproximately 0.%5c¢c and 0.50c
for the upper and lower surfaces, respectively. Th
maxlmuf thickness is “)WPCXJL'Zelv 0.17c. Two models,
one with a vlain trailing edg: end one with a flap of
0.22c end a vane of (.0¢ '
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Test deta at a Reynolds numbsr of approximately
250 5% 106 were obtained in tie Langley two-dimensional
low-turbulence tunnel (designated LIT ). ,Test data at
Reynolds numbers of asproximately 6 x 10° and 9 x 10°
were obtained in the angle two-dimensional low
turbulence pressure tunnel (;vdlwnctwu THT )« 1ifs. dsta :
were obtained from pressure measurcments along the floor
and ceiling of the tunnsl tsst ssction. Drag

R RIS (SRS W e T
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cheracteristics were determined *rom wake-qurvey
measurements. Details of the te thods for the
two-dimensional low-turbulence tunnels ere dis-
cusded In reference 1.

Surface pressures for the wwng—wnaet section were
measured with small static tubes of ©0.0l0-inch outside
diameter which were mounted close to the airfoil surface.
Orifices in the model surfaces were used to nieasure

he pressure-distribution characteristics of the nplain

Yo

© g

gairfoll seetion.

Flow measurements were made at both the inlet and
exit of ths duc te section to determine the inlst loss,
the inlet-velocity retic, and tnu tuta'-hrﬁbSLPQ loss
through the ducted section. The inlet loss wes deter-
mined from measurements made with three total- -pressure

tubes located at the 0.10c ststion as shown in figure 2.
The inlet-velocity ratio and the loss in totsl pressure
were determined from measursrents of flow at the exits

Measurements of the flow et the exit were made with a
rake consisting of one static-pressure snd four total-
pressure tubes having outside diameters of approximately
OLO inch. 8Small exit heights »ermitted the use of
on*y two or three tocql—ureusure tubes. For large
exit heights, two or more survey rakes 1oc?tcd L
t

)
@
0.

several soanmlse stations werzs u
average exit flow.

The internal drag coefficient was
the following equation, which neglects
Zhe Ve
cd" o e
int
cVy

No heat was added to simulate actual cooling conditions.

d for tunnel-wall

The test data have beencor te
discussed in reference i

i
effects, according to the method
by the following equations:

ec
S

¢ = O.9p7clr

cq = O.?EScd'

Cmc/u = O.990cmc/h'
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Gy = 1.015a01 !
QG = 1.0l2g ¢

¢ the primed quantities renresent the values
sured 1r the tunnel. All test data were obtained
ree-stream Mach numbers less than 0.17.

RESULTS AND DISCUSSION

Plain Airfoil Section

e

The 1ift, dreg, end pitching-mowment characteristics

D2
foil section at Revnoluh numbers of
and 9 x L 16 and the characteristics
ion with double clo teu £lap are
“f*~c of the double—
.NE wonent charac-
for this type of
e nun section
ge rough-
o3 1‘3\1 for
essure-
io i1l seetion
f ate that
the rdngv of section 1lift coerfici QiVln, Lavorable
nressure gradient over the forward sortion of ule girfoll
extends from a2 section 1lift cosffi cient of ~0.0k to .
ghtly less than 0.50. Th ak pressure couLf clent
dion 1i1ft coeffiicient $o ;.19 corresponds to
Maech number (estimated by the methods of

Q.07 .

pPGSsuted in
slotted flap
teristics are of e
high-1ift device. The incraaSA in th
drag ccefficient caused by standard
ness (raference 1) is similar '
other airfoll sections of this ¢
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Original Wing-Inlet Configuration

inlet section with the original inlet. A comparison
of the 1lift characteristics, oresented in figure h(a),
with those of the »lain airfoill sectiom (fig. 3(a))
indicates a 22-vercent reduction in the maximum section
1ift coefficisnt. Test data at Reynolds numbers up to

Figure i oresents the characteristics of the wing-
q

e

B % lO6 (not presented) indicated no favorable scale
effects on the maximum section 1lift coefficlents. A
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.

Inltlal tests of the model: were made with no internal

resistance... The-data presented in figure lL(v) show

that the inlet loss is low for ﬁnly a smell range of

1ift coefficient. The rapid rise in the inlet losses

causes kigh total-pressure losses through the ducted

section, as indicated by the total-pressure loss

measured at the exit (fig. L(a)). The high internal

losses probably cause exces sively thick bcundary layers

behind the exit and consequently trhe high drag shown

in figure L(a). The vressure-distribution dsta presented

in figures L(c) and l(d) indicste the critical Mach

number for the first 0.5(c to be 0.66 at a section lift

coefficient of 0.22 and an inlet~velocity ratio of 0.28.

The eritical Mach number of the entire WiPF—’nlpt
section, however, is reduced to 0.63 because of the peak

pressure in the v1cln1tv of the exlt, Under all ccn-

ditions tested, the critical Msch number. was limited

by the high suction pressures 1n the.vicinlty of the exit,

Inlet 2

In an attempt to increase the maximum section 1ift
coefflcient, the leading-edge radii of the inlet Iiips
were lncreased. The 1lip stagger was anreased to permit
the upper 1lip to guide the air flow intec the inlet at
hlgr nmees of attacL, and the 1116# veL001‘* ratio for
a given exit opening was reduced by Increasing the inlet
height. These modificaticns, which were made in an
attemnt to reduce the inlet loss at high 1ift coefficients,
are Shown in figure 5.

The section characteristics of the ducted model
with inlet 2 are presented in figure 6. A comparison
of the 1ift characteristics with those of the original
inlet (fig. l(a)) indicates that the maximum section
1ift coefficient was considerably increased and exceeded
that of the plain airfoil section (fig. 3(a)). The
increase in the maximum section 1ift coefficient can be
attributed largely to the 1ncrea°e( idp .radii,  The
drag charscteristics, presented in figure 6(a), indicsate
that the rapld rise LP the section drag coefficient
occurs st higher 1ift coefficients in compsrison to
that obtained for the oricinal inlet (flg. bla}yy &k
high 1i1ft coefficients, the inlet losses of inlet 2 are
lower . than these of tLe original inlet; and the range
of 1ift coefficient for low inlet loss is therefcre more
extensive (figs. ki (b) and 6 (b)). The inlet losses at low




8 NACA ACR No. L6B18

1ift coefficients, however, are scmewhat excessive,
Seversl modifications were made in attempts tc obtain
low inlet losses at low 1ift coefficients without
increasing the inlet losses at high 1ift coefficlents.
Successive attemots led to the ﬁevplooment of inlet 5.

Inlets 3 and L

Inlet 3.- Preliminary tests of the trial inlet
shapes, which led to the development of inlet 3, in-
dicated that the range of 1ift coefficient for low inlet
loss csn be shifted slightly by verying the inlet 1ip
stagger. The 1lip taﬁg@r was therefore decreased, as
shown in figure 7, in an ﬂttﬂmﬂt to decrease the inlet
losses at low 1ift coefficients. In an effort to com-
nensate for the expected increase in the inlet loss at
high lift coefficients, the llps were thickened 1n-
ternally to form a gredually expanding diffuser that
would tend to allow the uppzr 1lip tc guide the internal
flow. In like manner, at low 1ift ccefficients the
lower 1lip wowld tend tc¢ guide the internal flow,

Figure 8 shows the exit mcdiflcations that were
made to increase the exit area. The exit modifications
consisted in increasing the camber and chcrd of the
exit flap and, bhecause of the lerger flap chord, 1t was
necessary to modify the exit 1lip as shown in the sketch.
Previous configurations of the ducted airfoil secticn
were tested without simulated hest-exchanger resistance.
The ducted section witn inlet 3 wss tested with a
baffle plate simulating heat-exchasnger resistzance in
order to include the effects of internal resistance on
the section cheracteristics. The position of the
simulated heat-exchanger in the inlet and its construction
are shown in figures 7 and 9, respectively. The
baffle plate had a ratio of pu“ area to total area of

CQ\/?

Figure 10 presents the section characteristic

of the wing-inlet sectlon th% inlet 3. A ccmwar;smn

of the 1ift charscteristic nresented in figure 10(a)
with those of the plain alrfOLI section (fig. B(a))

shows thot the maximum section 1ift coefficient is con-
siderably higher than thet of the plain airfeil section.
Elon=ciuli@ (a) also shows thaet the inlet lossesg are negli-
o ble for an extensive range of inlet-velocity ratio and
1ift coefficient. The low inlet losses can be attributed
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to the fact that separation at the inlet 1s probably pre-
vented by the guiding action of the inlet lips. Figure
10(b} shows the pressure distributions cver the lower
lip. The critical Mach number corresponding to the

pesk pressure coefficient at a section 1ift coefficient
of 0.1%5 18 0,51, or ccnsiderably dower than that cof the
plain eirfcil section.  Attempts were therefore made

to increase the critic2l Mach number by thickenling the
external lower lip with modeling clay to form inlet ls

Inlet .- Figure 7 shows the mecdifications made to
form Tnlet L. A compariscn of the pressure distributions
over the lower lip of inlet li (fig. 11) with thcse obtzined
over the lower lin of inlet 3 (fig. 1C(b)) indicates the
critical spesed of inlet i to be higher than that of inlet 3.
The critical Mach number of the lower 1lip of inlet L is 0.68
at a section 1ift coefficient of 0.28, or slightly higher
than that of the plain airfoll sectiocn. The slightly lower
maximum section 1ift coefficient of inlet I} (fig. 11).
may have been caused by a change in the initet-velocity
ratio or by some surface irregularitles inasmuch as the
lower 1lip of inletl} was constructed-of modeling clay.

The internal-flow characteristics of inlet l} should be
similar tc those of inlet 3 becausge the inlets have the
same profiles with the exception of the external lower
lin. The section characteristics of inlet l are there-
fore mcre favorable than those cf inlet 3 because of
the higher critical Mach number of the lower lip.

Although the section characteristics ef inlet |
may be considered satisfactory, this inlet hss the
structural disadveantage of requiring an extensive fairing
between the ducted and plain airfeil sections. An
attempt was consequently made to cdevelop an inlet con-
flguration that could be feired intc the plain airfoil
section without an extensive blicster.

Inlet §

Smooth model.- Figure 12 is a sketch of inlet 5,
which wes developed from tests of a trisl cenfiguration.,
The internal contours. were similar to thcse of inlet 3,
but the leading edge of the inlet was located farther
rearwsrd ‘to retain approximately the szme inlet height
as that of inlets 3 and L without extending the external
contours beyond those of the plain airfoil section.
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Figures 13(a) to 13(e) present the characteristics

oP the cuctec section in the Smooth condition. A com-
sarison of these 1ift characteristics (fig. 13(a))’
with t%oqe of the plain airfoul section 61F..3(a))
indicates that the maximum section 1ift coefficlent of
the ducted uectlon is at least as high as that of the
plain airfoil section for an extensive range- of inlet-
velocity ratio. The dsta presented in figure 13(b)
1nd1cjte negligible inlet losses for the desired range
of 1ift coefficient and inlet- veloecity ratio shown in
figure 1. The vressure distributions shown in figures
13(c) and 13(d) indicate an extensive renge of 1ift
coefficient for a favcreble pressure gradient over the
uprer 2nd lower inlet lips.

The critical Mach number of the inlet lips (the
forward 0.50c) is C.67 at a section 1ift coefficient of
0.15 and at an inlet-veloclty ratio of 0.3, or slightly
higher than that of the rlain alrfcil section. The
high suction pressures in the vicinity of the exit,
however, reduce the critical Mach number of the entire
wing-inlet section te C.6l. An increase in the critical
Mach number of the ducted wing sectlion czn prchably be
obtained by locating the exit farther rearward or by
undercutting the exit (ss shown in reference %) and
extending the exit 1lip to direct the exit flow parallel

to the airfoil surface.

Lift, drag, and flow data at a Reynolds number of

6 x 106 are presen teﬁ in figure 13(e). A comparison of
the 1ift characteristics with those obtained at a Reynelds

le
number of 2.3 x 106 (fig. 13(a)) indicates favorable
scale effects on the maximum section 1ift coefficient.
The minimum section drag coefficient (fig. 13(e)) is
considerably higher than that expected for a plain airfoill
section having pressure-distribution characteristics
similar to those of inlet 5. The increase in the minimum
section drag coefficlent may therefore be attributed
largely to the exit flow.

Leadinq—cdge rouvrnes - Test data showing the
effects of leading-edge rcg hness on the 1ift and flow
characteristics are preoentec in figure 13(f). These
data indicate thet leading-edge rcughness on cne or both
inlet lips causes no appreciable change in the internal-
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flow characteristics. The maximum section 1ift coef-
ficient s unaffected by leading-edge roughness cn the

lower inlet 1lip. A comparison cf the 1ift charac—
teristics for both the smocth &and rouvgh conditions
1nﬂlcet*3 that leading-edge roughness on the upper
inlet 1ip reduces the maximum section 1ift coefficient
by aoprOYIWately the same decrement as that obtained
for the plein alrfoil ssetion'(fie, *5(a)),

Transition Section .

The falring requir ed between the plain airfoil
section and inlet 5 is scmewhat large, and a
substantial decrease in the maximum section 1ift
coefficient might be cbtained on a three-dimensional
wing because of the shape c¢f the Iinlet end closurs.
Tests were therefore made cf & ha alf-span ducted airfeil
sectlcn with inlet 5 to give zan indlcation of the
effects cf the leading-edge fesiring on the 1ift
characteristics. The transition section was formed by
attaching the leading-sdge contcur of the plain airfoil
section tec the wing-inlet secticn with inlet
a helf-span ducted sirfoill section. Figure 1[i shows
various views of the mcdel and the fairing between

the plain and ducted airfoil-sections. A partition
between the ducted and plain airfoil sections restricted
the internal flow to the ducted airfoi ctlien,

}.—l
0 ¢
D

A comparison of the 1ift cheracteristics presented
in figure 15 with those of the plain airfeil section
(fig. 3(2a)) indicates that the maximum section 1ift
coefficient of the transition section is nesrly the
same as that of the plain airfoil section. The drag
data presented in fipure 15 indicate that stalling first
occurs over the plain airfoil section.

Comparison of Characteristics of Ducted and
Plain Airfoil Sections

Maximum 1ift.- The variation of maximum secticn
1ift coefficient with inlet-velocity ratio 1s shown in
figure 16(a). The highest maximum section 1if
coefficients were obtained with inlet li. The maximum
section 1ift coefficient of the ducted mocel with inlet U
is higher than that of the plain airfoil section for
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inlet-velocity ratios ranging from a value somewhat
lasc than 0.30 up to a value of 1.26. The maximum
1on 1ift coefficient of the ducted airfoil section.
with nlet 5 1s higher than .that of the plain airfoll
section for inlet-velocity ratics between C.1% and 0.85.

Inlet losses.- Figure 16(b) shows the range of lift
coefficient and inlet- va1001fv ratio at which uhe inilies
loss 1s negligible. Inlet h has negligible inlet losses
for a more extensive range of inlet-velocity ratio and
1ift coefficient as compared with those of inlets 1
and 5. Negligible inlet lossses throughout the rsnge of
inlet-velocity ratio and 1ift coefficient at which low
inlet losses are generally desired can be chtained with
either inlet li or inlet 5.

Critical Mach number.
critical. Mach nqueh'cx
and the critical Mach numbhe

e 16(c) shows the

3 ic
= (= % - S0 ey / \
et 5 (the forwdrd C,50cy
4
:
5

e plain airfoil

section.. Atithe od ‘cendition, {the ierltical
Mach number is sli higher than that of the plain
airfoll .section

Fffect of exlt on critical Msach num“hr - Figure 16(
shows tre criticel Mach numher corresponding to the peak

oressure over the exit flap for bcth the c¢riginal and
modified exits. A compsrison of figures 16(d) and 16(c
indicstes that the peak nressure over the exit flap

reduces the critical Mach number by approximately C.06

at the high-speed condition. These data indicate that an
important factor tc be considered in the design of an
exit is the effect of the exit ¢n the ceritical Mach

As the result of an investigation of 2 low-dre g
airfoill secticn with several leading-edge ailr an ts
the Langley two-dimensicnal low-turbu leLCA tunns s,
two leeding-edge air inlets having the fcllowing
characterlistics havs been develcued:

[

3

(1) Maximum 1ift ccefficients hicher than the
maximum 1ift COEfflCant of the plain
airfoll section for an extensive range

B
of inlet-velocity r)“\o

d) -
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igible inlet losses for an extensive range
of inlet- -velocity rétio and 1ift coefficient

The critical Mach number of one of the wing inlets

(the forwsrd 0.50c) was slightly higher than that of

the plain airfoll section. The critical Msch number

of the entire wing-inlet section, however, was limited
to a value somewhat lower than that of the plain airfoil
section by the high suction pressures in the vicinity
of ‘the exit which was located on the upper surface
between 0.50 chord and 0.60 cherd.
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Fig. 3b NACA ACR No. L6B18
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Fig. 11 NACA ACR No. L6B18
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(a) Profiles of inlet 5 and plain airfoil section. aQ
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Figure 14.- Details of the half-span ducted airfoil section.
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NACA LMAL 40023

(b) Three-quarter view of model inverted showing fairing
between ducted and plain airfoil sections.

Figure 14.- Continued.
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Top view showing exit of ducted section.

Figure 14.- Concluded.
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Figure 15.- Aerodynamic characteristics of the transition section with inlet 5, modified exit, and baffle plate in duct;
he, 0.360 inches; R, 2.4 X 10%; test, LTT 388.
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Figure 16.- Comparison of the characteristics of the wing-inlet section.
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(b) Operating limits for zero inlet loss.
Figure 16.- Continued. )
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(c) Comparison of predicted critical Mach number of inlet 5 and plain airfoil section.
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(d) Predicted critical Mach number corresponding to pressure measured at exit.

Figure 16.- Concluded.
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