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A practical method, employing a lofting technique, is presented for 
determining the profile coordinates of an air inlet for the leading edge 
of an airfoil from formulas which are dependent only on the airfoilcoor- 
dinates and m the height of the opening. The ueefulness of thismethod 
is demonstrated by an analysis of the results of a wind-1 investim- 
ticm of leadinede inlets in an airfoil having the NACA 63+x2 section. 
The analysis indicates that satisfactory characteristics were obtained 
for this airfoil with inlets desipd frcm the formulas. The analysis 
includes a study of the effects of variations of inlet geo?.@ry (3~1 the 
experimentally deteennd aerodynamic characteristics of the ducted air- 
foil. 

It was found during the course of the investigation that the base- 
profile concept of thin-airfoil theory could be applied to a ductid air- 
foil with satisfactory results. Witha given inletandits experimental 
velocity distribution as a reference, the change in the velocity dis- 
tributian caused by a change in inlet profile was calculated and the 
reeults agreed well with experiment. Anumerical example is inc1ude.d in 
the appendix. 

Previous studies of wing leadine& inlets have been confined, in 
@;eneral, to thick wings and to applicative where relatively small amounts 
of air were to be supplied to installations such as radiators or carbu- 
retors. References 1 through 3 have ahown by results of experiment that ' 
the problem with a leadinpde inlet in a thick wing (l8+ercent) is 
mainlythat of obtaininghi&pressuresat the entrance to the cooler or 
to the carburetor. The effect of the inlet an the maximum lift was small. 
With a lmercent+thick wing (reference 4), the influence of the inlet 
design cn the maximum lift was greater. Additional data are available for 
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leadinvdge inlets in relatively thick wings (15 to l8+ercent) for 
radiator applications where air flowing through the wing is exhausted 
from the surface of the wing (references 3 through 9) or at the trailing 
edge of the wing (references 10 throu& 12). 

!Fheoretical treatments of the problem of wing leadinwde inlets in 
references 13 and 14 have been concerned with two-dimensional airfoils with 
inlets at the leadinged@ and outlets at the trailing edges. lIh refer- 
ence 13, the velocity distributim over the inlet sectim is calculated 
by a method of conformalmapping which is intricate and laborious. Ref- 
erence 14 is concerned with the exact form of syumetrical inlets for 
uniform velocity distributim. The resulting inlet lips are impractically 
thin. Another type of theoretical development, given in references 15 
and 16, deals with a metrical shape with outer surfaces which extend 
to infinity. The shapes of inlets derived by the methods proposed in the 
latter two references are not readily adaptable to cmventional airfoil 
sections. 

With the use of jet engines in conjunction with leadinmdge inlets 
in thin wings (lO- to l&percent), it is de,sirable to increase the ratio 
of the inlet height to the section thickness over that used in the pre- 
viously mentioned references. The desi@p of such inlets can have.critical 
effects m the aerodynamic characteristics of the wings. To addition, the 
desig3 of the inlet affects the perf ormance of the engine through, mainly, 
its effect cm the mamitude of the ram-pressure recovery. Little infor- 
mation other thsn results of tests of inlets for specific airplanes of the 
armed services has been available on the deal@ of leadin-@ inlets for 
jet engines. 

The investie;ation discussed in this report was undertaken to provide 
a practical means of designing inlets to fit into the leading edgas of 
straight or sli@tly tapered wings and to evaluate the effects of varia- 
tions of the inlet gmmetry and of the velocity of the entering flow. 
This report presents the developnt of formulas for specifying the pro- 
file coordinates for leadinwdge inlets, the experimental results for 
such inlets in an airfoil having the NACA 63l-o~ section, and an appli- 
cation of thinairfoil theory to the calculation of the aerodynamic effects 
of changes to the profile of the inlets. The majority of the inlet shapes 
tested were desimd from the formulas. The inlet profiles considered 
differed widely in entrance height, in upper-lip radius, in stagger of the 
lips, and in external chordwise profile. The ahape of the internal duct 
was considered to be beyond the scope of the investigation because of its 
dependence on the type of installaticm. 
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The symbols which indicate geometric properties of the plain and 
ducted airfoil sections are shown in figure 1. All gecmetric symbols 
are in percent of the chord. 
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A 

B 

C 

CD 

P 

t 

V 

distance from 
line 

ori& of upper-lip leadlnpdga radius to chord 

distance from 
line 

origin of lower-lip leading-ede radius to chord 

airfoil chord l=gth 

external drag coefficient (exclud3ng Inlet internal drag), based 
on airfoil area 

external increment of drag coefffcient caused by Inlet, based on 
aIrfoil area . 

lift coefficient based on airfoil area 

pitchinvnt coefficient about quarter-chord line based on 
airfoil area and aWfoi1 chord 

iqlet entrance height 

distance perpendicular to chord lfne 

total pressure, pounds per square foot 

rmecovery ratio 

critical &ch number 

static pressure, pounds per square foot 

pressure coefffcient 
(pz;po) 

dynamic pressure, pounds Per Bquare foot 

inlet lip radius 

airfoil leadInvdge radfus 

distance parallel to chord line frc$ leading edge of upper lip to 
leading ed@ of lower lip of staggered Inlet. 

maximum thickness of aIrfoIl section 

local velocity over symmetrical airfoil at zero angle of attack 
(Eke reference 17.) 
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Ava 

vb 

avi 

V 

WV, 

X 

Xt 

X 

yD 

yw 

@yD 

Y 
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increment of local velocity caused by addition of camber (Bee 
reference 17.) 

increment of local velocity caused by additimal load distributicm 
associated with angle of attack (gee reference 17.) 

local velocity over ducted airPoll at zero angle of attack 

increment of local velocity caused by chan@)e in Jnle%velocity 
ratio 

fncrement of local velocity caused by chsn~ in external coordInatea 
of inlet 

velocity, feet per second 

inlet+velocity~ ratio 

dfstmce along chord from leadIng edge 

distance along chord from leading edge for inlet with stagger 

distance along chord from leadtig edge to station of maximum 
airfoil thickness 

external ordinate of Inlet aectim, measured perpendicularly from 
line through origin of lip radius parallel to chord line 

ordinate of airfoil section, measured perpendicularly~frc chord 
line 

increment of external ordinate of inlet section 

maximum external ordinate of inlet section at station X, measured 
perpendicularly from line throu& origin of lip radius parallel 
to chord line 

angle of attick of airfoil chord line, degrees 

largest acute angle between chord line and line normal to the upper 
surface that passea through origin of leading-edge radius, degrees 

stagger (acute angle between line normal to chord line and line 
joining orfglns of upper-and lower-lip radii), degrees 

The following subscripts are used In conjunctTm with the above 
symbols and coefficients: 

0 free stream 
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1 local 

L lower 

u uncorrected 

U upper 

1 in duct inlet at rake statim (5 percent of chord behind lead-g 
ekd 

DERIVATION OF INIZT RROFIIX 

A leadinpdga inlet deaised by the method presented in this report 
entails a change In the profile of the airfoilfrmthe leadingedmto 
the station of maximm amoil thickness, Behind the latter station the 
shape of the afrfoilremainsunchanged. 5 method for determining the 
profile for an inlet in an airfoil is presented in two parts, desiepated 
as desi@ateplanddesi@ step 2. Desf* step 1 provides a method for 
the desi@p of a leadlnmdge lnletof arbitraryheight,upper-and lower- 
lip radii, and.stagger for a symnetricala3rfoiL Desfs step 2 is con- 
cerned prlmarily with an alteraticm of the profile deter&ned by step 1 
to improve the internal pressure+ecoverg characteristics at high angles 
of attack. 

Ibsifp of Inlets for Symmetrical Airfoils 

Desim step L-In developfnga leadiuvdge inlet for a symetrfcal 
airfoil (fig. l(a)), the inlet lips can be considered as the forward por- 
tions of the upper and lower halves of the airfoil with the maxirmnn 
ordinates decreased from t/2 to Y. 5 lip sectioneare coneideredto 
extendfromthe leadinge 

7 
to the station of maximum thichess. 5 

upper-lip profile (fig. 1 b)) is derLved by an affine transformatim 
from the origlnalairfoil section as follows: 5 lip ordinates are cal- 
culatedby reducing the airfoil ordinates In proportfm to the thickness 
ratio 6; 5 uppez-lip radius is assumed to vary as the square of the 
thicltness ratio. 5 value6 of the uppemace ordinateaendof'the 
upper--lip radius are thus obtained from 

yqT=yw * ( > 0) 

(2) 

and 
rU= R 
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On the basis of the notatim of figure 1, the maximum airfoil thick- 
ness can be expressed as 

(3) 

Test results have shown that a lower-lip radius of about one-half the 
upper-lip radius calculated from equation (2) is, In general, satisfac- 
tory. With a lower-lip radius equal to me-half that of the upper lip, 
the maximum airfoil thickness is 

t 3 =d+Fru + 2Y (4) 

Substituting equatfou (2) into equation (4) and solving for Y yields 

Y= -t= + t c/t=-6R(d-t) 
6~ 

(5) 

whereas, if equation (3) is used In place of equatim (4), 

-t* + t 
Y= 

h2-4R(d+rL-tt) 
4R (6) 

Substituting this value of Y ti equation (1) will produce ordinates 
which fair smoothly into the upper-lip radius determined from equation 
(2) and Into the airfoil p.refile at the maximum thickness. 5 inner 
surface of the lip is famed by a line tangent to the circle of radius ~ 
r,. and parallel to the chord line. Ordinates calculated by use of equa- 
tion (5) are dependent only on the inlet entrance height for a given air- 
foil seclXLcm. 

5 leading edge of the lower lip is located.in the same plane as 
that of the symmetrical aIrfoil as Fndicatid In figure l(b). ti order 
that the external ordinates fair smoothly into the smaller lower-lip 
radius, the ordinates from equation (1) are reduced linearl,y. The reduc- 
tion in the lower-lip ordinates is obtained.frm 

The value of p is measured from the profile of the symmetrical airfoil 
as shown in figure l(c). 5 external ordinates of the lower lip are I 
then _ _. -_. .._.__,- _- -- . . -- ..- _-' 

y?L = Y%-b.fD (8) . 
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UsPng a linear reductim of ordinstes in this manner introduces a &all 
chauge 3n the ffrst derivative (e/dx) at the position of rttaxlmum thick- 
ne,ss. However, this chane is 80 mall that itmaybe ignored. 5 
inner surface of the lip is formed by a Une tanglsnt to the circle of 
radius rL and parallel to the chord line. Equations (7) and (8) can 
alsobe usedto calculate the change inordinate resultingframen increase 
or decrease in the upper-lip radius compared to the design value of equa- 
tion (2). 

5 leading ems of the upper and lower lips of the inlet desised 
in the foregoing mannerlie-inthe samepleneastheleadingedgeofthe 
plain airfoil. Locating the leadgng edge of the lower lip behind the 
leadinvdge location of the plain airfoil introduces &a-r into the 
inlet profile. 5 angle of stager is shown in figure l(d). 5 ordi- 
nate stations for the staggeredlower lip canbe calculatedbya Near 
change in chordwise location from a value of S (fig. l(d)) at the lead- 
ing edge to zero at the maximurm thickness. While the values of lip radius 
end the ordinates remain unchanged, the modffied chordwise stations are 

Desiep step 2.- 5 results of tests with inlets desiped frcrm step 
lindicatedthat the shape of the Inner surface of the lower lipwas the 
main factor contributing to an abrupt reduction in ram-gressure recovery 
at small'angles of attack. When the lower surface is lowered and rounded, 
as shown in figure l(e), the angl.e+f+ttack range for maximum ram+pressure 
recovery was increased. For a given entrance height, this change permits 
the additicm of a greater amount of camber, or droop, to the up$er lip 
than would be attainable if the lower lip from design step lwere left 
unaltered. For a practical amount of stagg3r, the upper4Lip camber permis- 
sible with the lower lip unaltered is EO lfmited that its aerodynamic C(M- 
tributions are negligible. 

5 coordinates of en lnletwitharounded tier surface of the lower 
lip end a drooped upper lip can be determined as follows: 5 distance 
from the origin of the lower-Lip radius to the airfoil chord line is 
increasedby en emo-unt hL as shown in figure l(e). 5 optimum value 
of hL vari~swiththe amount of lower-lip stagg3r. With20' stagger, 
values fram one-half to three-fourths tImea the lower-lip radius are 
reccnmnended. With 40' &a-r, values from one to cne*d+ne4alf times 
thelower-LIp radius are recanmnended. 5 marImumexternalordinate of 
the lower lip is reduced to a value Y-k. 5 external ordinates are 
calculated from the values given in equation (8) by the relation 

. . step 2 
(10) 
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5 inner surface of the lower lip is joined to the internal duct at a 
statian 2 to 5 percent of the chord behind the lip leadtig ed&. A para- 
bolic curve is used iu fairing this secticm of the lip (fig. l(e)). 

As a result of the stag@md.ng and rounding of the lower lip, it is 
necessary to droop the upper lip in order to mahtain a ccmstant ratio of 
d/t. To do this, the distauce between the origin of the upper-lip radius 
and the chord line is reduced by au amount hU as shown in figure l(e). 
The value of hU is determined by fairing the inner surface of the upper 
lip so that the mean perpendicular height between the inner surfaces of 
the inlet is reduced to the original inlet opening height. It is recm 
mended that the inner surface of the upper lip join the circle of radius 
q tangentially at a point in which the radius is in a position approxi- 
mately normal to the chord line. If a linear reduction of ordinate were 
used as in equations (7) and (8), the chsn@ls in ordinate caused by the 
droop of the upper lip would introduce a siepificant discontinuity in the 
first derivative (dyD/dx) at the position of maximum thiclmess. To insure 
a smooth surface and a uniform first derivative, the external lip ordin- 
n&es which follow from the nev lip+radius locatim are detemined as 
follows: Ameanline is selectedframreference 17havingamaximma 
ordinate at the same chordwise station as that of the plain airfoil; 5 
mean-line ordinatesfrcunthe leadingedge to themaximumthickness are 
expressed as fractions of the maximum mean-line ordinate. These values 
are substracted from l.0,'multiplied by the value of hU, and finally sub- 
tracted from the upper-lip ordinate y% at each etatiou. 5 resulting 
upper lip is shown in figure l(e). 

5 foregoing method (steps 1 and 2) permits the determination of the 
chordwise profile coordinates for the ducted airfoil section. 5 design 
of the internal contour behind the 2- to 5-percent-chard stations is 
dependent upon the type of iustallatiou end is beyond the scope of this 
report. Means offairingthe inletsha~e iuto the airfoil in the spen- 
wise direction are considered in the sectian Discussion under the heading 
End-Closure Shape. 

Desi@p of Inlets for Cambered Airfoils 

lh developing au inlet for a cambered airfoil, the camber is first 
removed to obtain the coordiuates of the corresponding symmetrical airfoil 
section. The inlet is desised for the symmetrical section by desiep 
stepsland2. 5 ordinates thus calculated and measured from the chord 
line of the symmetrical airfoil section axe ccmbined normal to the mean 
line of the cambered airfoil section by the method given iureference 17 
to obtain the inlet coordinates for the cambered airfoil secticm. 

. 

To study the characteristics of inlets derived from the design method, 
an airfoil with various leadinwdge inlets was mounted in one of the Ames 
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T-by U-foot wfnd tunnel8 so that the span of the airfoil extended acro88 
the 74oot dimension of the teet section a8 Indicated in figure 2(a). The 
airfoil had the NACZA 63 4l2 

i 
section and a conetant chord of 4.0 feet. 

The removable inlet set ion covered the central 19.6 percent of the airfoil 
All inlet8 Were mounted in the 883B relative SpeIlWi8e pO8ftim on 

,Jzc?~lrfoil. To facilitati model chaqpe, a simple type of endfairing 
wa8 used duringmost of the fnvestigatfon as ahown dn figure 2(b). An 
inlet with a recmnded end-closure shape is shown In figure 2(a). 

Air w-a8 drawn throughthe Inlets into a hollow spar in the airfoil 
and then through a ducting Sy8tem by a cmpre88or OUt8ide the te8t Chamber. 
Amercury sealisolatid the modeland the scale 8ystemfrom the mechanical 
force8 that would otherwise have been imposed by the external ducting. 
The quantity of air flowdng through the inlet wa8 calculated from the pres- 
8ure drop acro88 a calibrated orifice plate. The inlet~88UD3 1OSSeS 
were measured by a rake of total-and 8tELtiC+I'e88IlJ?e tube8 5 percent of 
the chord behind the leading edge. The rake wa8 normalto the chord line 
at the center of the Inlet. The arithmetic mean of the rake-tube pre88ure 
measurement8 wae ueed to cafculate the r.em+recovery ratio. The pressure 
distribution over the external 8urface8 of the inlets wa8 measured by 
orifice8 that were flu8h with the surfaces and were connected to multiple- 
tube manometers, the readings of which were photographically recorded. 

Tunnel-wall correctdon to the force measurement8 were applied accord- 
ing to the methods di8cussed in reference 18 by the following equaticms: 

Qr= 5 + Oo303 x 

CL = 0.953 
%L 

0-D = 0.9795 c4, 

The test result8 are presented for a Mach number of 0.14 and a Reynolds 
number of 3,840,OOO based on the airfoil chord. 

The external drag of each inlet was computed by Bubtractingthe drag 
of the airfoil without inlet and the drag of the internal-flow system from 
the total drag ae.measured by the wind-tunnel f3Cal.e system. The internal 
drag wa8 computed by the method &ven in reference 19 based on measurements 
of the quantity of afrflowingthrou& the inlet. It may be 888'11 readily 
that as the airfoil and internal drag force8 are large in comparison with 
the total drag force, any accuracy in measurement appear8 a8 a large pro- 
portion of the external drag force. Tn order to reduce thfe error to a 
minimum, particular care was taken 9nmakfngalldragmeasurements;the 
accuracy of the inlet external-drag coefficFent8 is within f 0.0002. 
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The leadfng-edm bdet8 tested are designated a8 either de8igc inlet8 
or modified tits. Pertinent Fnformatim for the determinaticn of the 
coordinates of the individual lip8 tested are presented in table 1. 

The desi@ inlets were derived by the procedure given in de8159 step8 
land 2. A lower-lip radiu8 of 0.30 percent of the airfoil chord wa8 
selected for all inlet8 of the investi@iation. The aerodynamic character- 
ietics of the plain airfoil are given in figure 3, while thoEle of the ai3+ 
foil with the desi@p inlet8 are presented in figure8 4 to 16 for the 
following geometric arrangemente: 

The de8ign tit8 were modified in two different ways. The first 
type of modificatim consieted of reducing the upper-lip radiue below the 
deei@ radius and determining the lip ordinates frC3IL equation8 similar to 
equatione (7) and (8). The aerodynamic characteristica of the airfoil6 
with this type of lip modification are given in figure6 10(b), 11(b), 17, 
l8, and lg. A second type of modtiicatican to the design inlets consieted 
of varying the ordfnates above and below the design value8 by u86 of a 
canic lofting procedure that altered the Inlet proffle and maintained 
amooth curve8. The lip radif remained unchanged during those modifica- 
tion8. The pressure distribution8 on the second type of modified lip8 
are shown in figure8 20 end 21. 

DISCUSSION 

In the application of the test re8ult8 to the de8ig3 of inlets, the 
condition8 under which the data were obtained muat be taken into account. 
Specifically, with the addition of an inlet to the afrfoil, the flow over 
the entee span of the a-oil Was no longer two4Jmensional a8 the inlet 
eection extended over appr0xlnaatel.y one-fifth of the span. Thus the data 
are representative of the airfoil characteristics and-should not be mm- 
strued a8 section characterietice. . 
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Lift and moment .- The lift-coefficient variation with the angle of 
attack of the unducted airfoil is shown in figure 3, while the variation 
for the airfoil with the design inlet8 ia given in figure8 4, 6, 8, and 
10. In the latter figuree, the experilnental value8 of lift coefficient 
ere shown for the lowe8t value of inlet-velocity ratio to give maximum 
lift. Inspection of the lift curves reveal8 that the maximum lift ccwffi- 
cient of the airfoil with any of the design inlet8 for zero internal flow 
wae less than that of the airfoil without the inlet. Increaeing the inlet- 
velocity ratio increaeed the maximutz lift coefficient until value8 equal 
to that for the plain airfoil were obtained. Further increase in the 
inlet-velocity ratio did not increase the maximum lift. Ae shown in figure 
l.2, increasing the inlet entrance height or the amount of stagger increaeed 
the inlet-velocity ratio necessary for obtaining a maximum lift equivalent 
to that of the plain airfoil. The inlet8 did not change the liftiurve 
slope appreciably. Th8 pitching- nt CharaCteri8tiC8 of the airfoil 
with the inlet8 are not presented a8 no change8 in the moment8 were noted 
when compared to those of the plain airfoil Other than those associated 
with the loss in lift at low inflow rates. 

The 1088 of maxfmum lift encountered with small inflow would not be 
detrimentalduringnormal operation for an airplane using a leadinwdge 
inlet for supplying air to a jet engine. For unaccelerated flight near 
maximum lift, the inlet-velocity ratio would be greater than unity and the 
lift provided by the inlet section would be equivalent to that of the 
section without the inlet. In case of an engine failure or a power-off 
lending, however, the loss of maximum lift associated with low inflow 
would be critical. A by-88 systemmay be n8Ce88ary t0 fOZ%Stall this 
reducticm of maximum lift. 

External drag.- The drag characteristic8 of the airfoil with and 
Without a deei@ inlet Were determinedfromthe tunZBl-8Cal.emea8ur8ment8. 
The difference between the refnzltswas ccnsideredto represent the incre- 
ment in external drag coefficient caused by the addition of an inlet to 
the airfoil. These incremental value8 for the varioue deei* inlets were 
found to be independent of the entrance height and are, therefore, pre- 
eented in figure 13 a8 a single curve for 8 t? iven inlet-velocity ratio 
andangle of stagger for stagger angles of 0, 20°, andbOo. In8pection 
of the figure indicates that the external drag increments due to the 
inlet8aZ.e small. The positive drag increment8 for en angle of attack of 
0' and en inlet-velocity ratio of zero can probably be attributed to an 
increase of pressure d?ag due to t&addition of the inlet, to&her with 
a forward movement of the positian of transition from laminar to-turbulent 
flow Fn the boundary layer. The reducticm of the exte,nal-&ag increment 
with increasing angle of attack and inlet-velocity ratio may be associated 
with several factors, such a8 (1) changes in the pressure drag over the 
ducted 88CtiOIYi of the span, (2) Chang38 in the SpanWiSe distribution of 
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load, (3) change8 in the Jocalized flbubble" of separated flow near the 
leading edge along the part of the span occupied by an inlet, and (4) 
changes in the poeition of transitian. 

Ram-pre88ure recovery.- The ram--recovery ratio8 for the design inlets 
are shown a8 functions of the angle of attack in figures 4, 6, 8, and 10. 
jkEq%Ction Of these figure8 indicate8 that for the unetaggered inlet8 there 
were sharp reduction8 in the rem+recovery ratio at low angle8 of attack. 
Stag@r tiCrea8ed the angle-of-attack range for complete pre88ure recovery. 
31 addition, the severity of the reductim In the rem-pressure recovery 
with increasing angle of attack was ti88ened by the increased lip stagger. 

The effect8 of charq338 of lower-lip 8hape EIll the razn-recovery ratio 
end cm the preesure di8t??ibuticXI over the Out&r 8WfaCe of the lower lip 
are ahown in figure 14 for en inlet with a n-1 ratio of entrance 
height to maximum airfoil thiclmees of 0.15 and a lip etagger of 20'. The 
results for the lower lip developed frcxn design step 1 are 8howr-1 in figure 
14(a). This lip redted In poor rv88ure recovery. Ry drooping and 
rounding the Inner 8urface of the lower lip (desiga step 2) a8 noted in 
figure l&(b) and particularly In figure l&(c), the angle-of-attack ran@ 
for maxfmum ram-greseure recovery was increased Cm8iderab~. Rounding 
the tier eurface of the lower lip not &y delayed the internal-flow 
8eparation to a higher angle of attack, but also reduced the effect of 
inlet--velocity ratio on the ramqreesure recovery. The effect of a change 
in the upper4ip radius on the recovery charaChriStiC8 of the inlet w-a8 
anly sli&tt, a8 indicated by a compariaan'of the result8 for the inlet 
with a deeige upper-lip radius (ffg. 4(c)) with the reeults for a modified 
lip radius (fig. l&(b)). 

Achange to the Inner-lip contour, as Indicated in figure 14, may alao 
be considered a8 a &an@ in the inclination of the axis of the internal- 
flow 8yStem. 
measured 9.5O. 

The angle of inclination of the inlet 8ho%n in figure l&(c) 
The effect of Inclination of the duct with reepect to the 

chord line is shown in reference 4 to have a marhd effect upon ran- 
pressure recovery. Inclination of the internal-flow syetem approximately 
loo to the chord line wa8 8hown In the reference to be beneficial to the 
72ap~ressure recovery, 

Pre88ure and velocity distribution,- The pressure-coeffictint dier- 
tributicrna over the center of the upper surface of each desi~p inlet are 
shown in figures 5, 7, 9, and 11. The pre88ure coefficients-between the 
leading edge and the 15- to 2O+ercent-chord stati= w8re greatzz or lees 
than those over the plain airfoil, depending on the inlet-velocity ratio. 
3-1 @psneral, the preflsure coefficient8 for value8 of inljet+velocity ratio 
less than 0.4 to 0.8 were more negative than those over the plain airfoil. 
The critical Mach nmers of the Inlets compared to the plain airfoil are 
shown In figures 4, 6, 8, and lo. The8e critical Mach number8 were eeti- 
mated by the method of reference 20 fram the maximum local Velocitie8 over 
the Inlet lip8 and over the plain airfoil. 
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Co?zparison of the pressure distribution8 for the tilete with those 
for the plain airfOil for station8 between approximately 15- to 2wercent 
chord and *to 6Mercent chord revealed that, in this region, the 
pressure coefficients over the ducted aectiona were less negative than 
tho8e for the plain airfoil for all teat value8 of Inlet-selocity ratio. 
From the *to 6wrcent station to the trailing edge, the pressure 
distributions remained essentially unchanged fram those of the plain 
airfoil. 

Analysis of the pre8sure distributi~s over the deei@ Inlet8 revealed 
that a change in inlet-velocity ratio introduced an increment of velocity 
over the outer surface of the Mets that had a linear variation with inlet- 
velocity ratio. For a given inlet, the increment of local-velocity ratio 
corresponding to an inlet--velocity ratio of unity wa8 evaluated a8 a func- 
tion of chordwise location fram the experimental pI?e8SIU%-diStributiOn 
curves by the relation 

(v&J -&/vo) 
ATi 

( > 
(VJV,~ = n (vl/vo) = m 

7. (VJV,) = I= 
uu 

m-n 

where n and m are two values of inlet--velocity ratio with m greater 
than n. Fig~lre 15(a) present8 the Vah88 of 

&i ( ) v, (v&) = 1 
from the experimental pressure-dietribution data of lip 13 (fig. 7(a)) 
where n = 0 and the value of m 18 indicated In the figure. The data 
shown in figure 15(a) indicate that the velocity-increment ratio can be 
represented by a Sfngb curve. Similar curves for various upper- and 
lower-lip shape8 and for inlet--velocity ratio8 from 0 to 1.6 and an&s 
of attack from 0' to 8O are presented In figure 15(b). Analysis indicated 
that the increment--ratio curve wa8 dependent on the eize and location of 
the leadinvdge radius and independent of the external8hape or the angle 
of attack. Itwasnoted that the effect of change in Inflowrate 011 the 
velocity distribution over an inlet lip tended to vanish behind the maxl- 
mum thicknesf3. For purposes of ClmfDUtBtion, the effect w-a8 found to be 
negligible behind the lp to 2O+ercent chord station. 

The indication that the u8e of the Velocity-Increment ratio permit8 
the calculation of the change in preseure distribution caused by varia- 
tions of inlet-pelocity ratio suggest8 a mean8 for shortening and simplify- 
kg wind-tunnel Or flight inVe8tigE&iCn8 Of afrcinduction 8y8t8m8. Rather 
than record the preesure distributions corresponding to numerous inflow 
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ratea, it would suffice to record the pressure dietribution for a minimum 
of two inlet--velocity ratios and apply the Velocity--inCrementX?atiO prin- 
ciple to the calculation of the preesure distribution occurring with other 
inlet-velocity ratios. 

Predicted dra@ivergence Mach number8 .-A method of predicting the 
Mach number for drag diverglence of airfoil eections from the low-peed 
pressure distributi& and-the airfoil profile8 wa8 developed in refer- 
ewe8 21 and 22. Briefly stated, the free-stream Mach number at which 
the abrupt supercritical drag rise bee was ehown to be that Mach number 
at which local sonic velocity occurred at the airfoil creet, the crest 
being defined a8 the point at which the airfoil &ace is kangmt to the 
free-streamdirection. It was found that the free-&reamMachnumberfor 
which sonic velocity occurred at the airfoil crest could be estimated by 
the PrandtlGlauert relations. The method is believed to be directly 
applicable to RACA 6-8eriee airfoil8 with leadinvdge inlets, eince ref- 
erence 11 ha8 8hown experimentally that variations of section character- 
ietics caused by cDnpYX8Sibility for a ducted airfoil closely paralleled 
those for the comparable plain airfoil. 

Figare 16 presents a ccsmparieon of the predicted critical and the 
predicted dra@ivergence Mach number8 for the plain airfoil and the air- 
foil with inlet 3-6 (fig. 5(c)). The8e data indicate that the angle-of- 
attack range for hi& drag-diver@nce speed8 would extend.over at least 
twice the angle+f-attack range for high critical Mach numbers. In 
addition, the Mach number for drag diverence, being dependent on the 
presetare behind 10 to 15 percent of the chord, is practically independent 
of the inlet-velocity ratio at su~ll angle8 of attack. The predicteddrag- 
divergence Mach number8 of the desi@ inlet8 tested (the data in figure 
16(b) given by inlet 3dare repreeentative of all the desi@p inlets) were 
greater than those of the plain airfoil. Thi8 increase may possibly per- 
mit a designer 
ed@ inlet. 

to u8e a thicker airfoil secti= if combined with a leadine . 

Modified Inlets 

@per-lip radius.- The maximum lift characteristics of the airfoil 
With the de8i@p inlet8 were, in general, Satisfactory, however, the lip 
pre88ure di8tributioIqfor inlet+velocitJr ratio8 of less than unity ahowed 
the formation of apreseureminimumnear the leading edge atangles of 
attack within the low4rag range of the plain airfoil. ln en attempt to 
obtain a preesure gradient near. the leading edge (at low value8 of inlet- 
velocity ratio) similar to that of the plain airfoil, the upper+lip radiue 
of the inlet8 having ratio8 of-the entrance height to the maximum airfoil 
thickne88 of 0.15 end 0'.20 WELS varied froan the de&@ value8 of 0.00646~ 
and 0.00575~ to 0.003~ and O.O02c, reepectively. 

l 

L 
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The effect8 of change8 of the lip radiue on the maximum ldft coeffi- 

cient and on the critical Mach number of the airfoil with the Inlet8 are 
shown in figure 17 for Bevera lnle~velocity ratios. It ie noted that, 
from consideraticxl of maximum lift, the deei@ radius was cloee to opti- 
mum. With lip radii lees than that of the design, the maximum lift 
decreased rapidly at low inle+velocity ratios. However, the negative 
pressure peaks at the leading edge of the lip at low inlelz+veloCity ratio8 
were improved by decreasdng the lip radius below that of the desis. As 
shown in figure 19(a), a lip radius of 0.0045~ gave a favorabls pressure 
distribution that at zero k&kelOCity ratio was 8w t0 that Of the 
airfoil. With increasing inle%veloCity ratio, the pressure coefficient8 
over the fnlet became less negative than those over the airfoil, resulting 
in a more favorable preesure gradient. The charaCt&riStiCS of an inlet 
with an upper-lip radiu8 of 0.0043 and a ratio of inlet entrance height 
to maximum airfoil thic&nese of 0.20 are given In figures l8(b) and 19(b). 

ti en attempt to reduce the ~~t-'velocity ratio for maxkum lift ' 
with the larger inlet entrance heights, the upper-lip radius of the modi- 
fied tit shown in figures IO(b) and U.(b) ~738 made mater than that 
given by the de81531 method a8 indicated ?n table I. With the increased 
lip radius, the maximum lift of the airfoil with the inlet operating at 
an inlet-velocity ratio of approximately 0.9 wafl equal to that of the plain 
airfoil. kZlpariS= with the retit IIn figU8 I.2 shows that larger Value8 
of lip radius than those Indicated by equatia (2) appear to be beneficial 
in reducing the mlnfmum inlet--velocity ratio required to provide maximum 
liftwith lnletehavinglarge ratios of entrance hei&ttothemaXizmxm 
airfoil thickness. 

External lip 8hape.- To Study the 8ff8Ct of variaticn of the external 
lip ahape on the pressure distiibuticm of inlets with a ratio of entrance 
height to maximum airfoil thiCtie88 of 0.15 and 0.25, the inlet contour 
wa8 changed a8 indicated In figures 20 and 21. The peak negative preesure 
coefficients at the leading edge became less neg3tiVe for inlet--velocity 
ratios less than unity as the aver&@ thickness of the lip wa8 Increased. 
However, the pressure coefficients from approximately 5 to 25 percent of 
the airfoil chord became more negative. Behtid the latter atatfcn, the 
pI'e88Ilre distribution Xa8 praCtiCany independent Of the lip Shape Or the 
inlet+velocity ratio. The thiclmess Of the lip CaIUIOt be increased indef- 
fnitely without caueing the formatian of peak negative pressure coeffi- 
cient8 a abort distance behInd the leading em. 

The maximum lift and r~ressure*ecovery characteristfcs of the 
inlet with the modified Ups illustrated In figure8 20 and 21 remained 
unchangedfromthoae of the desi@ inlets shown fnfigureskend 8. The 
thinner lips of inlets U-2 and 31-16 provided a loss of maximum lift 
with no internal flow, but the loss of 1Ift wa8 recovered for inlet- 
velocity ratios of 0.4 or greater. The erternal 8urface8 of the lower 
lip were varied in a 8ImKLar manner, but, a8 they had a negligible 
effect on the pressure distribution on the upper eurface and no apparent 
effect on the Itit or rSJ?k+@=eE8U%-r8COVeZ"y characteristics, th8 results 
are not presented. 
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Comparison of the velocity distribution corresponding to the pres- 
8ure distrlbutian for any two of the upper lip8 of the intits Shown in 
figure 20 (Or 21) revealed a Cm8tEint 8y8tematiC difference between the 
two velocity-distributi~ curve8 for any given Value of inlet-velocity 
ratio. 
Av8 /‘O l 

These difference8 are deei@ated a8 velocity-increment ratio8 
An equation, the solution of which yields the value of Av8/Vo 

directly, is developed In the'base+rofti section of the airfoil theor 
of reference 23. The calculation of the velocity-increment ratio Av8 PO 7 
resulting from a change in either the upper- or lower-lip external 
ordinate8 18 aCCompli8hed by a 8OkltiOn of the equation U8ing a method 
of numerical evaluation. A sample calculation of the velocity distribu- 
tion, resulting from a ohan@ in the Ordfnate8 of the upsr lip 1 in 
figure 20 to tho8e of lip 9, ie given in the appendir and the result8 are 
shown in figure 22. A ccmpari8on of the computed velocity distribution8 
with the experimental velocity distribution for lip 9 18 presented in 
figure 22(c) for Several values of lift coefficient and en inlet-velocfty 
ratio of 0.4. Computations made for any inlet-velocity ratio (0 to 1.6) 
and lift coefficient within the linear range of lift coefficient8 agreed 
equally well with the eXperimenta re8ults. Similaragreementbetween 
the ccrmputed and eXperImenta velocity di8tributions was obtained for lip 
ll (fig. 20) with lip la8 the reference and for lips 29 and 31 (fig. 21) 
with lip 23 as the= reference. 

End-Closure shape 

The final etep in the deei@ of a leadtiwdge inlet 18 the devel- 
opnt of an end+losure Shape to permit the ducted airfoil section to 
fair 8moothly into the plain airfoil in the SprtnWiSe directicm. Reeulter 
from wind-tunnel program8 in which leadlnmdge inlets were developed 
for 8pecific airplanes have indicated that both 8emlcircular and rectan- 
gular 8nd-ClOsure shapes are UIlSatisfaCtoIYJ-. With these type8 of clo8ure, 
the short distance In the spanwfse direction between the ducted end plain 
airfoil Section8 resulted In abrupt traneition 8ectims. tid-cloeure 
shapes that fatied into the plain airfoil in a distance frcan 1.5 to 2.0 
time8 the inlet entrance hei&t were satisfactory. The type of end-cloeure 
8hape developed irr this investigatim 18 shown in figure 23. The chordwiee 
profile of the inlet between spanwiee stations N and 0 wa8 obtained 
from de8i@l 8tep8 1 and 2, while the profile at station8 M and P 
remained that of the plain airfoil. The inlet between stations M and N 
and between atatione 0 and P wae closed In a distance of 1.5 thee the 
entrance height. The external transition surfaces were formed by joining 
the 8ame chordwise 8k3ticXI8 on the ducted and plain airfoil 8eCtioTI8 With 
smooth and fair curves. L 

The type of closure Shape indicated In figure 23 was tested on the 
airfoil with inlet 19-E? as 8hOIa.I in figure 2(a), and the results are 
given in figure 24. 'Ihe upper-surface pressure distribution and ram- 
preseure recovery at the midspan of the Inlet and the lif't characteristics 

. 
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l 
of the airfoil with the inlet and fairing shown in figure 2(b) were pre- 
ViOU81y shown in fim8 la(b) and W(b). The preesure distribution over 
8ection B (fig. '&(a)) did not show a8 lerw an effect of inlei+Velocity 
ratio a8 did the distribution over the midspan statian. Thepressure 
distribution wae not measured over Bections c or D. AS ahown in fig- 
ure 24(b), the ram.qre88ure recovery wa8 relatively uniform along the 
span of the inlet. The drag end pitchinmnt characterletics are 
ahown in figure 24(c). A amall chan@s in the langitudinal stability 
resulted fram the additim of inlet 1942 to the airfoil, but there wa8 
no appreciable effect of inle+Velocity ratio other than that a88ociatied 
with the lo88 of maximum lift at low values of inletvelocity ratio. 

DESIGN IKLETFOR TBENAcAfil8 AIRFOIL 

To check the applicability of the design method to a radically dif- 
ferent section, a leading-edge inlet wa8 applied to the KACA &l8 airfoil 
section, and two4imensional tests of this section were made in an & by 
36-inchwindc&ml. The inlet wa8 designed by the method outlined in the 
section entitled "Derivation of Inlet Profile" under the heading 'Qesign 
Of Inlet8 for Cambered PrOfile." The ratio of the inlet entrance height 
to the maximum airfoil thicknsas wa8 0.21 and the lip8 were staggered 10'. 
kU.kpre88UITe recovery, external drag, and maximum lift were not measured. 
Both the critical and dr@ivergence Mach nmtbers were predicted from 
pressure-distribution data. The critical Mach number8 of the airfoil with 
the inlet for an inlet-velocity ratio of 0.4 were similar to those of the 
plain airfoil at section lift coefficient8 from -0.4 to 1.0. At higher 
inleLvelocity ratios, the predicted critical Mach number8 were above thost 
of the plain airfoil. Also, at an inlet--velocity ratio of 0.4, the inlet 
operated without a pressure peak at the nose at section lift coefficient8 
from 0.27 to 0.8. The predicted drag-divergence Mach number of the air- 
foil with the inlet wa8 greater than that of the plain airfoil by approx- 
imately 0.03 for a section lift coefficient of 0.4. These data inlicate 
that an inlet profile derived by the design method for a canibered airfoil 
did not reduce the eetimated critical or dragdivergence Mach number of 
the section for inlet-velocity ratio8 greater than 0.4. l'?o detrinvsntal 
effects on other aerodynamic characteristics would be expected. 

ESTIMATIOR OF VELOCITY DISlXlBUTlOX OF IKLfZTS 

Ro direct computational method is currently available for the pre- 
diction of the velocity distribntim over en inlet in the leading ed@g of 
an airfoil. A semianalytical method is presented whereby the effect8 of 
changes in inlet Ordinate8 and inlet-velocity ratio can be calculated. 

It 18 etated in reference 17 that in the d.etEmmlatim of the velocity 
&iStiibuticsn over a given airfoil, the effect8 of thickness distribution, 
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of camber, and of additional lift may be considered a8 separate and inde- 
pendent components a8 follows: 

h v +&,av, 
v, = v, - v. v, (W 

The values of the velocity-increment ratios Av/V, and Ava/Vo for most 
conventional and low-drag EACA airfoil sections are tabulated in refer- 
ence 17. 

For an airfoil having an inlet in the leading edge, the local veloc- 
ity ratio is aemmed to be composed of the above velocity-increment ratios 
with the baeic velocity ratio of the airfoil v/V0 
vb/vo 

replaced by the ratio 
for the ducted airfoil. At present, the basic velocity ratio vb/Y, 

can be determined only by ewerlment. As mentioned previously, the effect 
of inlet--velocity ratio cm the ductedrrirfoil velocity diatributicm can be 
represented by the increment ratio (Avi/V,) 

(Vl/VO) = 1. 
This fact permits 

the calculation of the velocity dfstribution corresponding to any value of 
inlet;velocity ratio ae followe: 

1. Witply the increment ratio (Av /V > i O (VJV,) = 1 
byacmstant 

equal to the difference between the inle%velocity ratio for the basic 
velocity distribution and the given inlet-velocity ratio. 

2. Add this product to the basic velocity ratfo with proper regard 
to eigl. 

Changes in the veloci*y dietributim caused by a chan(gs in the 
external ordinates of the lip can be evaluated by the application of 
thin-airfoil theory as previously discussed under the subheading Fxternal 
Lip shape. Thus the local--velocity ratio of a ducted airfoil may be 
8repreaented as follom: 

V2 -= vb+- Avs 
v, vo Vo 

f constant x *g f A+ (13) 
= 1 v" O 

A sample calculation of-the velocity distribution over a given *let 
profile ie presented in the appendix. 

The generally satisfactory agreement shown in figure 22 (and the 
similar agreement between any two of the upper lip6 illustrated in figs. 
20 and 21) between the calculated and experimental velocity distributive 
my be taken as experimental verification of the validity of equaticm (13) 
for the velocities over ducted airfoils. !Rm equationamaybe expected 
to apply with accuracy mfficient for desi@p etudies to calculation8 for 

c 
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profiles varying considerably from those involved herein. Calculaticms 
made in connection with ducted airfoils, however, should be in keeping 
with the limits to the applicatim of thin-airfoil theory as discussed ic 
reference 23. 

CONCLTJSIONS 

The applicatiaa of the results presented in this report provides a 
practical means of desi@ping inlets to fit into the leading edges of 
strai&t or slightly tapered wings with thicknesses of approximately l2- 
percent chord or greater. The general shape of the inlets can be derived 
by a method that is essentially a lofting technique. The profile coor- 
dinates as well as the spanwise end-closure shapes are considered. Inlets 
so derived should prove satisfactory with a minimum of testing and altera- 
ticm. 

The remilte of the present study of inlets installed in the leading 
ede of a wing having the NACA 631-012 section indicated the following: 

1. The airfoil with an inlet devised by the desigo method was found 
to possess satisfactory aerodyanmic characteristics, as compared to the 
plainairfoil,withre@rdto lift, drag, pressure distribution, and pre- 
dicted dramverence Mach number. 

2. Edrodukticm of stagger, increasingthe inlet entrsnce height, 
or decreasing the lea-g-edge radius of the upper lip had a deleterious 
effect on the-maximum lift. 

3. Increasing the amount of stagger and rounding the inner surface 
of the lower lip improved the ram+ressure recovery at high angles of 
attack. 

4. A change in inletielocity ratio introduced an increment of veloc- 
ity over the outer surface of an inlet that had a linear variatino with 
inlet-velocity ratio and was found to be independent of the angle of attack 
throughout the linear -portion of the lift curve. Behind the position of 
maximum thiclmess of the airfoil, the variation of inlet--velocity ratio 
had no effect on the pressure distribution. * 

’ 5. With a given inlet and the experimental velocity distribution of 
the given inlet as a reference, the &an@ in the external velocity die- 
tributicn caused by a small chane of the external ordinates of the inlet 
can be calculated‘by an application of the principles of thin-airfoil theory. 
The low+peed lift, drag, pitching-moanent, and rsm+ressure+ecovery char- 
acteristics of the wing with the modified inlet, to all practical purposes, 
remains uuchangedfrom those of the wingwith the given inlet. 

Ames Aeronautical Laboratory, 
Rational.Advisory wittee for Aeronautics, 

Moffett Field, Calif. 
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SAMPLE CALCULATION OF TEE VELOCITY DISI!RIBUTION 
OVERACXVENINIEC'E?OFlXE 

h order to facilitate an understanding of a procedure to be followed 
in estimating the velocity distribution over a given inlet when the veloc- 
ity distributim of a base or reference inlet is known, an illustrative 
e-b is presented. The example chosen is that of determining the veloc- 
ity distribution over lip 9 (fig. 20) for sn inlet-velocity ratio of 0.4 
using the coordinates and data of desi@p lip 1 as a reference. 

The increnment of local-velocity ratio Avs/V, resulting from a 
&an@ in ordinate between the lip radius and the position-of maximm 
thiclmess la calculated from an equation developed in thin-airfoil 
theory. It is shown in reference 23 that, if &/c is the difference 
between the ordinates of a given and a reference profile, the increment 
Avs/Vo due to the ordinate change can be expressed by the integral rela- 
tion (equation (45) of reference 23). 

AVS 1 -z-B 
VO s 

2'Qd(Dy) cot (Q- %> dB 
2no ax 2 cm 

where 8 and 0, are new airfoil coordinates for x and x. defined 
as 

x = ; (l- COB e) 

X0 = g (1 -COB s) 
(=I 

and the subscript o indicates the position on the x axis for which 
the velocity increment Avan is desired. Thus 8 and 8, vary 
from 0 to n along the chord of the airfoil. Use of the integral in 
equation (Al) presupposes the existence of a similar ordinate change ,on 
the lower surface. However, in this application the ordinate change to 
the lower surface is considered solely for purposes of computation, as 
the experimental results have shown that a mcxiification on the lower 
surface has no discernible effects on the velocity distribution over the 
upper surface of the inlet. 

The procedure is as follows: The coordinates of design lip 1, 
which were derived by-the design method, aTld of lip 9, which were 
derived by alteration of the contour of design lip 1, are tabulated in 
table II, The differences between the ordinates of the given inlet and 
the reference inlet &/c are= tabulated in table II and plotted as a 

c 
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function of the chordwise position in figure 22(a). The derivative 
d&?/c 1 /ah/c 1 was evaluated graphically, The values are tabulatedin 
table II and plotted as a function of the chordwise position in figure 
=b). This derivative at the leading edge and at the position of mm- 
immthickmss was arbitrarily set equal to zero. 

The integralinequation (Al) canbe evaluatedbyanmericalmethod 
as explained in reference 23. However, reference 24 presents another 
method of evaluation that is more easily applied end will be used in the 
remainder of this example. A 4O-point solution of equation (Al) is 

t 
where 

l &id I 1 abd 
ax 1 

is the value of 7 at 63,+& 

(A31 

d(M) c 1 d&d 
dx n 

is the value of - at 8, +$ 

b = 1, -1, 2, 4, . . . . . 20, -20) 

The value of the ordinate and the derivative at station n + 8 must be 
takenasthe values at s - 6 but with opposite sign. Thus, 

Values of,the computational coefficients ak9 obtained from reference 24, 
are tabulated in table III for the &Lpoint and also an 8Gpoint solution. 
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In the sixth column of table II, values of chordwise station x/c 
corresponding to equal intervals of 8 (H/20 for a 4CLpoint solution 
and 2~c/40 for an 8&point soluticm) are presented for the range of inte- 
gration. The values of d(&)/dx f or these various values of 8 were 
obtained from figure 22(b). Since no change of ordinate is made behind 
0.35 chord, the values of d(Ay)/dx fra x/c - 0.35 to the trailing 
edge are equal to zero. 

. 

The value of Avs/Vo was calculated from equation (A3) as follows: 
Three paper tapes were arranged side by side. The first tape carried the 
values of ab at appropriate intervals; the second carried the values 
of rd(&)/~ 1 l and the third, the values of -1. -2. . . .40 ’ 
t d@Y)/W 1, 2,-. ‘. 20’ By moving the latter two tapes with respect 

to the first, the v&es in the brackets of equation (A3) are brought into 
juxtaposition with the computational coefficients for the various values 
of 8. Arranged in cyclic form, the value of Avs/Vo for 8 = rr/20 is, 
for example: 

Av,/v, = I O-5287 (0 - 0.0600) + 

0.14824 (-0.0680 - 0.0136) + 

0.07614 (-0.0600 + 0.0041) + 

0.10259 (-0.0136 + 0.0n5) + 

o.o4cz4 (0.0041 + 0.0144) + 

0.06542 (0.0115 + 0.0096) + 

0.02720 (0.0144 + o.oc@) + 

0.04588 (0.0096 + 0) + 

0.01951 (0.0006 + 0) + 

0.03333 (o+o) +. . . I = -0.045 

The values of Avs/Vo for 0 < 8 g 8~/20 are given in table II. 
For purpoees of comparison, the values of Avs/v, for 0 C 8 2 l&/40 
were computed using the-80-point solution and are also given in table II. 
It is readily apparent that near the leading edge a large difference 
existed in the calculated value of Avs/Vo, depending on the type of 
solution. On the basis of comparison with experimental results, the valuee 
obtained by use of the 8&point solution were satisfactory. Values 
obtained by use of a 16&point,solution were in slightly closer agree- 
IIlent with the experimental results. However, the difference between the 
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values obtained by the 16&point solution compared to the 8&point solu- 
tion did not warrant the additional calculations. 

' in determining the value of Avs/Vo, 
It is recormnended that, 

the 8&point solution be used in 
the interval O< 8 5 &/40 and tha.t the &O-point solution be used for 
the remainder of the interval up to the location of ll~tximum thictiss. 

For an inlet-velocity ratio of 0.4 and at an angle of attack of O" 
(zero lift), the velocity distribution over lip lwas determined experi- 
mentally (fig. 4) and is tabulated in table II. The velocity distrfb~ 
tion over lip 9 was found from 

lip 9 lip 1 
(A41 

c1; = 1 

The-value of Ava/Vo was assumed equal to that of the NACA 631-012 air- 
foil. The computed velocity distribution over lip 9 is tabulated in 
table II and is shown in the insert of figure 22(c). The distribution 
for various values of lift coefficient is shown in figure S(c) compared 
to the experimental velocity distribution. 

The low-speed pressure coefficients are calculated from the velocity 
distribution by the relation, 

( ) 2 
P v2 

=I- 7 0 
(A51 

The varia,tio~ of pressure coefficient with Mach number can be estimated 
by the .Karmax+Tsien compressibility relations, as discussed in reference 
23. 

1. Biermsnn, David, and Corsm, Blake W., Jr.: Model Tests of a Wing- 
Duct astem for Auxiliary Air Supply, NACA ACR, Jan. 1941. 

2. Bartlett, Walter A., Jr., and Coral, Edwin B.: Wind-Tunnel Invest&a- 
ticm of Wing Inlets for a Four4ngine Airplane. NACA RM tiLl.l, 1947. 

3. Harmon, Hubert N.: Wind-Tunnel Tests of Several Duct Entrances in the 
Leading Eag3 of an N,AC!A 2301-8 Wing. NACA ARR, Oct. 1942. 

. 4. Nelson, W. J., and Czarnecki, K. R.: Wind-Tunnel Investi~tion of 
wing Ducts on a Single-mgine Pursuit .AfIplane. NACA AfiR 3513, 1943. 
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TABIE I 

LExDIIJG;$DG;E~mmArL9 
[Dimensions are in percent of airfoil chord ) 

Design step 1 
Design step 2 

-Design step 2 

Design step1 
Design etep 2 

-DeDeeigQstepl 
-Design step 2 

Designstep 
Design step 2 

Fairedcurm 

- Design step 2 
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TABIX I.- COmCLmm 

Deeignetepl 
Issign step 1 
I?esigns-tc3p2 
Designstep 

&Sign step I 
Design step 2 
Deeignstepl 

Design step 1 
Designstep 
Designstep 

f 



a I 9 I 10 I 2 
OItU.MtOS, 

Y/C 

7 6 

X 
c 

u 4 

!?z 
C 

5 
9 

‘r:i- 

l&o 
27l/40 
3d40 
4n/40 
5*/40 
wu 
7x/40 
&c/40 
%/40 

m/40 
lb+O 
x%/40 
13d40 
lb/40 
154-Q 
16x/40 
17X/40 

1 

x 
C 

0 

:g 
. 0125 
-5 
4 
:2* 
-15 
l 20 
a 
930 
l 35 

/V 2 
iv0 > 

lip s 
( > Ilr Vo llP 

d(hg) 
-iF 

0 
-.a55 

.06ao 

.a75 

.cm 

.@g4 

.a36 

.w4 
-, o&l 
v.0086 
-. 011.5 
-. ol.44 
-.Olwc 
-. 0125 
-. oD96 
70058 
-.CMXXi 
0 

40 point UP 9 00 point 

0 
-. am 

.oool 

.ooo6 

.0015 

.m3 

.MQ5 

.omg 

.0020 

.0013 

:Z 
0 

cl 
.0015 
.a%2 
.a38 
.a244 

:gg 
l 0737 
l %5 
.lw 
,146 
01753 
.ec61 
.2388 
.2730 

:;g; 
-3833 

O-935 
1.W 
13% 
1.147 
1.151 
1.151 
1.153 
1.152 
1.151 
1.150 

1.150 

1.146 

1.147 

0.0137 
.a?12 
.a?30 
.a~60 
.0314 
.0386 
.0435 
.0474 

:gi 

:Z 
A600 

0.066 
-.lOO 
-.a?2 
.a26 
.@9 
.034 
,024 
.0.X 
.a6 
.014 

1.001 
lag 
l.lJB 
1.121 
1.126 

I E', 
1.132 
1.135 

~ 1.136 

' 1.149 

~ 1.151 

li52 

-0.045 

.a?2 

-039 

.le4 

.015 

.ool 

-& 

-.& 

I I 
. 

I I , 



WA RMAgKCEb 29 

TABZE III 

V-S fX ak F(IR USE WITH EQUATION (A3) 

k 

1 
2 
3 
4 

z 

iii 
9 

10 

1 
2 
3 
4 
5 
6 

B 
9 

10 
ll 
3.2 

3 
15 
16 
17 
18 
19 
20 

4Spoint lnethod 

4c 
“:yaf@~ 

a7614 
-10259 
&lx4 
-06542 
a2720 
*@m3 
,Olg!s 
-03333 

k 9s 

Ill. 0.01423 
I.2 .a2422 
13 ,01021 
I4 .016g8 

15 16 :Eig 
17 
18 :gZ 
19 .cmi%6 
20 0 

8%point method 

o-528& 
-14952 

:g 

:2$z 
.a2954 
-05=9 
.=?s 
904023 
*0l8g 

:F& 
l @719 

.ol247 
A22g4 
l Olrn7 

.01g53 

' :z6% 

21 
22 
23 
24 
25 
26 
27 
28 
29 

;: 
32 

;t 

;z 

;z 

?Z 

’ o.oglo 

.01423 
w-6 
.03.210 
-00556 
.Ol@l 
.a1466 
-00849 
.00384 
.oO@Q 
.m307 
-00541 
-00235 
.oQ400 

:ZZ 
-mm 
.a131 
-00032 

0 

1 



. 



c L l . I 

(a) Symme fricaf airfoil section. 

t---x----7 
Y 

-- 

Y 

)-x-I 
(b) &staggered inlet Des&n step /. 

Tangent point7 

/c) Angle ,8 as measured on 

symmefficaf airfoil. 

w *- 
K --- 1 Y 

I4ddT - - - 

,, 

(d) Staggered inlet Design step /. 

figure /. - Geometric symbds used in derivation d ii&t--profile coordinafes. 
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9xX’ 
(e) Staggered inlet with drooped upper lip and rounded lower lip. Design step 2. 

F7ure J. - Cmctudsd. 

W 
KI 
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L I .i . 

(a) Inlet with end clomre shape. 

Bigure 2.- Mcde1lnata32at1onlIlwlnatunm 
- 

1 . . 

(b) Inlet with fairlug. 
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-4 0 4 8 m I6 

.6 

0 

I II 
.01/e Df6 .020 .024 L&C8 0% 036 040 D44 

. 
Ang/B of affac, a, degrees Drag coefflcienf, Co Rtcbhg-moment 

fbl Lift, drag and plichhg-moment churocterfstfcs . 
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P 

0 

(0) Ups daggered 
fhhi no I-.?). 

I  I  t  L ,  I  ,  

res B Angie d aitf a, degrees 

P 4 6 6 

Figure 4- Generd churuclerisfics of the NACA 63,-O/2 aidoil with design 
/mding-edge Mefs. d/f, 0.15 
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Percent airrw7 chord 

20 30 40 
Percenf oirfoi/ chord 

Percent airfoi/ chord 

/a/ L$s unsfoggered 
(?hw no. l-2). 

Percent ah%// chord 

Percent u&-AIM chord 

, I I I I I I I 

Percenf uhWf chord 

(b) L.$?s sfaggered 20. 
IfWet nu. I-41. 

Percenf ukfw7 chord 

00- lo 20 30 40 
Percent &foil chord 

OOW 
Percenf okfoil chord Percenf okfoil chord 

f&J i@s staggered 40’ 
(In/St no. 3-61. 

Figure 5-Exfernul pressure disfribufion over fhe cenfer of fhe upper surfuce 
of design in//et d/f, O./S 
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Angle of utiuc~ a; degrees 

Angle of attack, a, degrees 

e ----- -. q 

2 4 6 8 
Ang/e of m7oc~ a; degrees 

Angie of attoe a, degrees 

10) Lips unstaggwed (bl Lips staggered 20. 
/ hfd no 13-10): (hlsr 110 1542). 

-_ 

2 4 6 8 
An& of uftuc~ a, degrees 

fc) bps daggered 40. 
(hbi na. 15-14.l 

-_ - 
.- 

I .  

Figure 6- Generul churucferistics of the NACA 63;0/2 airfoil/ wifh design 
leoding-edge in/efs. d/f, 0.20 
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Percent &fool/ chord 

PO 30 40 
Percent afrfo~l chwd 

fa) LQs unsfaggefea 
(/net no. f3-@l. 

Perient crrifolf chord 

Percenf okf~l chord 

f#) i/ps sfuggered 20’ 
ffnL?i no. t5--/PI. 

f CI 

f 

% 
40 

’ 
f0 20 30 ’ 

Percent okfoIl chord 

fcjl Ups sfaggerad 40. 
f/t&r no. /5-14). 

Figure il- Exfernoi pressure distribution over the center of the upper surface 
of design Mefs. d/f, 0.20. 
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Angfe of attack, a; deg?ees Angte of uttuch a, degrees 
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Angh of athe cr; degrees 

P 4 6 8 4 6 8 
Angh of uttoch a, degrees An&e of oft& a, degrees 

Angle d attoe& a, deghes 

Angle of ottm~ cq degrees 

fo) Ups unstoggcarcrd 
(hht no. E!T-rn). 

lb/ L@s stoggemd .?P 
fhbt no. .95-/B). 

(cl Ups slbggered 40’ 
f/n/et #. e??-20). 

. 
Figure a- General chmcteristics of the NACA 63,912 okfoil with design 

/eadhg-edge Mets. d/t, 0.25 
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203040 
Percent a.Wol chord 

-LO 

Percent aHoN chord 

Percent akfoil chmd 

to/ L$s unstaggered 
//net no. 23-16). 

chord 

203040 
Pemenf u.kW chord 

1 I I I t 171 
Percent &foLl chord 

90 

Oo f0 20 30 40 
Puceni akfid chord 

H)203040 
Pefcent aWdf dud 

fc/ Ups etuggemd 40. 
f/&t 110. 27-201. 

Figure 9- Exfernu/ pressure disfribufion over the center of the upper surf.uce 
of design Mets. d/f, 0.25 
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‘0 4 8 12 f6 

* .8 
Y 
f% : .7 

9 .6 

b 
c”O 2 4 6 
OAngfe of offm~ a, degress 

0 
I 

iz 

Angle of Mac?. a, degrees 

. 

+ 
. 

, 

Angle of ofto&, (I; degrees . Ang/e of attack, a, degrees 

td Lips sfaggefed PO* 
IOesQn /n/St no. 33-22). 

tbl L/&s siaggemd 40m 
/Mot%ifled Met no. 33-24). 

Figure IO.- Generu/ churucferistks of the NACA 63,-O/2 okfoil with a design 
and a modified /eud/hg-edge Mel: d/f, 030. 
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22 

Percent akfoil chord 

Percent aktbfl/ chard 

#3u4u 

/ffj Ups stffggefed 20* 
(Des&n Met no. 33-22). 

, 

Percent okti# chord 

Parcent a&W chord 

I I I I I I ‘I I 

2u3040 
Perceni akfM chord 

1bJ L&s stiggered 40. 
/Modified /n&f no. 35-24J. 

Rgum /I.- Exfernai pressure dtsA&tfon over the center of the upper surface of a 
&sign and a modified Met. d/e 0.30. 
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s, 
-2 0 
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3 
I 

zi 
f 

Stagger ung/e 

I 
.8 

.20 .25 .30 

Entrance height / Maximum airfoil thickness 

Figure 12.- Minimum in/et -velocity ratio for which the maximum lift 
coefficienf of the airfoil with a design in/et was equal to 
that of the plain airfoil. 
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Angle of attack, U, degrees 
faj rips unsfaggsred. 

Angle of attack, a, degrees 

(b) Lips stuggered 20.0 

Angle of attack, a, degrees T 
(c) Lips sfaggered 400. 

Figure /3.- btwiation of the increment of externaf drag coefficient 

wifh angle of attack caused @ the addlfion of design inlets 
on the NACA 63, -O/2 a/rfoi/. 
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(0. /n/et no. 5 - 4. 

(&J Mel no. 5- 6. 

2 4 6 8 
Angle af attach a; degrees 

I t t I R’4‘1Y 

I I1 I I I I I [ 
0’0 2 4 6 8 

Ang/e of attac#, a; degrees 

(cj Met no. 5- 8. 

Anglk of oita@ a, degrees 

NACA RMAgKCEb 

Percent akftxtY chord 

_ 
Percmi abfiw7 chord 

- 

Percent IzWW/ M 

figure 14 - EfW of change h lower- I@ /eud/irg- edge dupe on tie rum - 
pressure recovery und external pressure distr/2lufion of tie lower &A 
Nornim~ d/f, 0./5 with 20” stugge/: 
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. 

Lip d/t r, Stagger, degrees 
PI .P.o.om 

II I I I I I I I I I I I 

Figure I..- Chordwise vmofion of ve/ocity-hcremenf ruti cuused by 
Met-ve/ocify f&b wlilh u/rfooi/ chord stufion. 
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L 

.  - 
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l- 
Orag diworgonuo 

Ll 

tb/ NACA 63 -012 airfoil w/f/r innlef no. 3-6. 

F&we 16 - Predicfed cMco/ and predicted drug-divergence Much numbers of the 
p/oh oirtbi/ und the airfoil with desim /n/et number 3- 6. 
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.2 .3 -4 .5 .6 
Upper hip rod&s, rU , percenf chord 

.8 
I I I I 1 4 

I ‘i i 
, I 

I I 0. 

I I 

Design 7 . 
.2 .3 .4 .5 .6 
Upper lip radius, 5 a percent cbotv’ 

.” 

.3 .4 .5 .7 

B .s .5 

‘Z Q 
.4 

.3 .5 .6 .7 
Upper lip radius, ru l percent chord Upper lip radius, ru , percent chord 

tb,l d/f 0.15 with lips staggered 20” - 

. 

Hgufe /Z- Viuiivton of the mar/mum tiff coefficient and critkw/ Mach number with 
uppsr-@ mtms. 



Angf’e of ottuc& q degrees 
(a) lnhf no. 7-4 

(d/t = 0.15). 

HACA RM Agg02b 

. 

Angle of uituch a; degress 
(b) Inlef no. /9- 12 

(d/t = 0.2O.J. 

- 

F&we /8.- Genes/ charactefisfics of the NACA 63,-O/2 ohW m7h motiihd 
lea&g-e&e Mets. 
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20 30 40 
Percent d..oi/ chard Percent akfoi.. chord 

Percenf oirfd/ chord 
-LO 

Percent akfoi/ &ord - 

-3 
Q 

20 30 40 
Perceni a&foh’ chord 
(a) /n/et no. 7- 4 

(d/t = 0.15). 

Perceni okfoi/ chord 
(b) hkst no. /9- 12 

/d/t = 0.20). 

Figure 19. - E..ernai pressure o!&tribin%n wer the center af the upper surf&e of 
modified Meis. s 
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Percord a&M chid 

fa) b&t na 11-2. 

to Ev 30 40 
Weant alrfdf chord 

(b) in/a/ na t -4. 

20 .w 40 20 .w 40 
Percent &&I chord Percent &&I chord 

L 

- :-Las 

-. 

Figufe 20.- Effect of chunges in uppef-Ii@ exfemul shape on the pressure 
distribution ovef fhe inief section. d/i’, O/.5. 
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(a) inlet “a JI-lb. 

203040 
Petcent a+fM chord 

fb) h&i “a .?3 -f6. 

203040 
-6WWehwd 

figufe 2/ - Effect of changes in upper- /I@ extefnui shape on the pressure 
disfribuhon over the in/et section. d/f, 0.25. 



. Figufe 22.- @‘hate change informution umf cdcuhfed velocify disfri&ufion 
OVW U giV8l7 /8&7&g- 8&8 h/8t 

-4.- 

. 

-r-’ 



Rud/i’ fungenf of a and b 

Section A - A 

Figure 23.- End- closure shape for CI design /eodhg- edge 
h/ef. 
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Figure 24- Genefd ch?fucteristics of u# /i7/et WI%-+ en&c/osuf8 s&p8 
on the /VA CA 63,- O/2 uirfoil d/t, 0.20 with 20 a stugge,: 



. 


