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AND MEASURED PRESSURE DISTRIBUTIONS OVER THE MIDSPAN
SECTION OF THE N. A. C. A. 4412 AIRFOIL

By ROBEET M. PINKEIiTON

SUMMARY local velocities over the surface; the pressurw are cal.

Premure8were s-imu-ltanmudymemured in thevariuble- culated by means of Bernoulli’s equation. Although

density tunnel at 6J orijiccx dtitribuied over the midspan thismethod provides an inexpensive means of obtain-

section of a 6- by $04zch rectangular moti ofthe~.A.@ the~tribution Of pr=ure> the r~~~ may not be

C, A. @ii? airfoil at 17 anglee of dtack ranging from in satisfactory agreement with measured results. Such

–20° to $0° at a Reyno.?d8Number of approximately dis~~eem~t~ ho~ever) ~ ‘ot Surprisk” s~ce the
9,000,000. Accurate dda were thm obtainedfor study- theory does not account for the effects of the viscous

i~ t~ deviatti of the remds of potentiaL--ow theory bound~ layer.
from meaw.red rew?i%. 1%.erwuii%of the ana.lyti and A reasonably accurate method of calculating the

a dismwi.on of the mperimentaltechniqueareprewnted. pressure distribution over an airfoil section is desirable

Iti8down thattheoretical c&uZdMW hdhd and might be obtained by two procedures. Wet, such
a method might be found by the development of a com-

thee$ective angle of aitack or at a given actual lift do not pletetheory. Such a theory, however, must take into
accuratdy describe the obwrvedpremure di.strilndionover account all the factors or phenomena involved ~d
an airfoil 8ection. Tlwe h thereforedevelopeda nwdijiki must give satisfactory agreement with actual meagure-

tlwrdica-1 cdcul.dim thd agreeg reamnddy d with ment. A second procedure, the most feasible one at

th mea-wed resulh of the teds of the N. A. (7. A. 419 Pr@s@ is the development of a mtional method of
correcting the application of the potential-flow theory

section and that tiih of making th cuihdutti and ~
minimize the discrepancies between the theoretical

ew?wziing thecir&iOn by means of the experim.mldly ~d mewwed ~~~

obtai~d lift d the e$edive angle of attack; i. e., th angle It was realized, however, that unusually reliable ex-
thutthechord of tlw model makeawith the direction of the perimental pressure-distribution data for comparison

flow in theregion of the 8edi5n u& cowideration. In with calculations were not available. The esperi-

th course of the comptiaiwrw the shupe param.der Eh ments to obtain such data consisted of pressure .

modijikd,thm leudi~ to a nwdijied or an e~edive projile
measurements at a large number of points around one
section of an airfoil. Because the investigation was

dupe that di~ers 81ig?@ from the qvecijied shape. primarily intended to study deviations of the actual

INTRODUCTION from the ideal, or potential, flow, the tests were mnde in
the variable-densi~ tunnel over a range of values of the

Prw.sur@istribution measurements over an airfoil R eynolds Number, representing varyiqg effects of
section provide, directly, the knowledge of the air-force ~cosi~
distribution along the chord that is required for some

In addition, tests were made in the 24-inch
high-spe~d tunnel at certain corresponding values of

purposes. In addition, such data, when compared with the Reynolds Number obtained by means of high speeds,
the results of potential-flow (nonviscous fluid) theory, thereby bringing out the effects of compressibili@.
provide n means of studying the effects of viscous forces Parts of this experimental investigation outside the
on the flow about the airfoil section.

The results of experimental pressure measurements
scope of this report are still incomplete.

The present report, which presents the most impor-
for n few miscellaneous airfoils maybe found in various tant of the experimental results (those corresponding to
publications. The general application of this method the highest value of the Reynolds Number), is divided
of obtaining deaiew data, however, is limited because of into two parts. The first part comprises the descrip-
the expense of making such measurements. tion and discussion of the experimental technique:

A method of calculating the pressuxe distribution is Materials that are essential to establish the fact that the
developed in references 1 and 2. This method, baaed measured results are sufficiently accurate and reliable to
on the “ideal fluid” or potential-flow theory, gives the meet the demands of the subsequent analysis. The
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second part presents a comparison of theoretically cd
culated results with measured results and an analysis o
the differences and probable causes. A method i
developed to modify the application of potential-flow
theory in order to minimize discrepancies from th~
measured pressure distributions.

EXPERIMEN1’AL PRESSURE DISTRIBUTION

APPARATUS AND TK3TS

The experimental investigation described herein ww
made in the variable-density wind tunnel (reference 3)
The model used was a standard duralumin airfoil having

.—— —.— -—-—

Raum L—DMrIbntIonofpmsareIXIECSSabout the N. L 0. L 441Z dlfOiL

the N. A. C. A. 4412 section and a rectangular plan
form with a span of 30 inches and a chord of 5 inches.
It was modiiled by replacing a midspan section 1 inch
in length with a brass section in which the pressure
ori.tkes were located. The 54 ofices, each 0.008 inch
in diameter, were drilled perpendicularly into the air-
foil surface and placed in 2 rows about the airfoil. The
method and accuracy of construction of the model are
described in reference 3. In order to evaluate the
pressure force parallel to the chord, a relatively large
mqnber of orifices were located at the nose of the airfoil
(fig. 1); -ivelldeiined distributions of pressure along a
normal to the chord were thus assured. The locations
of the pressure orifices are included in table I. Brass
tubes were connected to the orifices and carried in
grooves in the 10VW surface of the airfoil to the planes

.
of the supporting struts where they were brought out
of the model. After the model was assembled, the
groove-s were covered with a plate carefully faked into
the surface. The tubing estended through the tunnel
wall into the dead-air space and the part exposed to the
air stream together with the support struts was faired
into a single unit (fig. 2). The tubes were connected by
rubber tubing to a photorecording multiple-tube manom-
eter mounted & the dead-air space.

Figure 3 shows the 60-tube manometer, composed of
30-inch glass tubes arranged in a semicircle and con-
nected at the lower ends to a common reservoir. The
total-head pnmmre of the air stream was chosen as the
reference pressure and was measured by a pitot head,
mounted as shown in figure 2, to which four equally
spaced manometar tubes were connected. The dynamic
pressure of the air stream was determined by lxvo
tubes connected to the calibrated static-pressure oficea
used in the normal operation of the tunnel. One tube
wcs connected to a set of four oribes spaced around
the inner wall of the return passage and the other tube
to a set of four ori.iices spaced around the entrance cone

ear the test section. The remaining 54 tubes, used
D measure the pressure at the ofices on the airfoil,
Tereconnected to the tubes leading to the airfoil model.

A I.ighttight box mounted on the flat side of the
emicircle contained drums for holding photostat paper
nd the necessary operating mechanism. The ma-
.ometer was arranged so that it could be operated
rom outside the tank that houses the tunnel.

The manometer characteristics determined by trial
lcluded the tie required for the meniscuses to be-
ome steady and the proper exposure of the photostat
aper.
A record of the heights of the manometer fluid in the

lass tubes was taken at each of 17 angles of attack

G.
o ,,- ‘%mmiiim

r 8--. -’

.—. ,

PJCOJEEz.—~ntlon modelmenrhdinthetunnel.

om —20° to ~0° at a Reynolds Number of approxi-
mately3,000,000.
In order to keep the results as accurate as possible,
was necessary to obtain large deflections of the ma-
}meter liquids, which was accomplished by using two
@s of widely different specific gravities.
quid: .specljk@roc4f#

Memug-----;-------------------------------- 13.6
Tetibmmoethne ------------------------------ 3.0

he proper choice of the angle-of-attack groups and of
~e liquid enabled the use of large and comparable
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deflections throughout the angle-of-attack range. Re-
peat tests, using the same ~d different manometw
liquids, provided data on the precision of the tests.

RESULTS

A copy of a sample photostit record is shown in
figure 4. The pressures in inches of manometer fluid
were measured to 0.01 inch. All measurements were
made from a reference line obtained by drawing a line
connecting the meniscuses of the four reference tubes.
The quantities thus obtained from the photostat records
were:

Ap=H–p

where H is the total-head pressure of the stiemn and
p, the pressure at the &foil ofice; and

q= factorX Ap,

where q is the dynamic pressure and Ap, is the difference
in pressure between the static-pressure oriiicek in the
entrance cone and those in the return passage. The
factor wss previously determined by comparing vslues
of Ap, with simultaneous values of the dynamic pres-
sure obtained with a calibrated pitot-static tube
mounted in the air stream in the absence of a model.
l?inrdly, the pressures on the airfoil w~e compu~d as
ratios to the dynamic pressure, thereby making the
results independent of manometer liquid.

Bernoulli’s equation for the undisturbed stream
becomes

PCOi-%PV2=H

where pm is the pressure and V the velocity. The
pressure of the fluid at the wing orifice is given by

p=H–Ap

Substitute for H from the previous equation and
remember that j4p~=L the dynamic pressure, then

P=P.+Y–AP

Consider pm as the datum pressure. The pressure
coefficient then becomes

where Ap nnd g are quantities obtained horn the
photostat records as previously described. Values of
P at each orifice on the airfoil and for all angles of
idtack are tabuIated in table I.

Figure 5 (a, b, c) presents plots of P against ofice
position along the chord and against position perpendic-
ular ti the chord for each angle of attack. Large+jcNe
plots similar to those presented here were mechanically
integrated to obtain the normal-force, the chord-force,

and the pitding-mornent coefiicienta, which me defined
by the following expressions:

–a 1
FIQUEB3.—Phokatardhg mnltlpk+ak manometar.

vhere c is the chord, x is the oriilce station along the
:hord, and y is the orifice ordinate mimsured from the
;hord. The lower-case symbols G, c., ~C14 designate
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section characteristics and refer respectively to the where w is the induced normal velocity produced by the
normal-f orce, chord-force, and pitching-moment co- vortex system of the airfoil, inoluding the tunnel-wrdl
efficient for the midspan section of the airfoil. interference, and V is the velocity of the undisturbed
Plots of these coefficients (see table It) against geo- flow-. In order to calculate the induced velocity w,
metric anglo of attack are given in figure 6. The geo- the distribution of the lift (or circulation) rdong the
metric angle of attack a is measured from the mean span of the airfoil must be determined. A theoretical
direotion of the flow in the tunnel. This direction is method of obtaining this distribution is given in refer-
deiined as the zero-lift direction of a symmetrical airfoil ence 4 and, when applied to this problem, gives for
in the tunnel and was found to be equivalent to 20’ of the induced angle of attack of the midspan section
Upflow. In order to have true section characteristics
(2-dimensional) for comparison with theoretical cal-

af=l.584 c1

cuhtions, a determination must be made of the effec- w-here c1 is the lift coeiiicient for the rnidepan section.
tive angle of attack, i. e., the angle that the chord of This lift coefficient is obtained from the pressure

FIGURE4_-CopYofsampleraxud. N, lading-edgeodfketutw S, sW&pmsmretn~ T, Wngdge CULRmtube;andZ, referen~presumtuba.

the model makes with the direction of flow in the region
of the midspan section of the model.

The effective angle of attack, corresponding to the
argle for 2-dimensional flow, is given by

~=a—ai

where af is the angle that the flow in the region of the
airfoil section makes with the direction of the undis-
turbed flow. The amount of this deviation is small
and can be calculated from

wa*=–-
V

measurements by means of the equation

c~=~ cos a—CCsin a

Values of c,, a~, and ao are given in table II.
PRECISION

The reliability of the results of the pressure measure-
ments reported herein may be determined by considera-
tion of the technique of obtaining and measuring the
pressure records, of the deviations of the pressure
diagrams obtained from several tests at the same anglo
of attack, and of the method of calculating the effective
angle of attack.
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The method of obtaining the pressure records iS a to become steady ~d by delaying the taking of the
dwect, simultaneous, photographic recording of the record at each angle of attack until sufficient time had
height of the liquid in the manometer tubes. Since elapsed. As a further check, a zero record was taken
the pressure coefficients used in the analysis are ratio9 at the end of each test run under the same cond.itiong.
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of quantities taken from the same record, the primary In addition, the tubes were checked for leaks before
source of error therefore Iiea in the unequal damping in and after each run. In order to minimize any possible
the tubes connecting the airfoil ori.iices to the mmom- error in reading the photostatic records (fig. 4) measure-
eter. This source of error was minimized by deter- ments of the recorded pres.aures were made indepwd-
mi.ning the time required for the liquid in all the tubes ently by two persons. The readings were then com-
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pared and a compromise was made where differences from several tests at the same angle of attack. Figure 7
occurred. The cliiferences between any two such presents such diagrams at two angles of attack, –4°
independent readings rarely exceeded 0.01 inch except and 8°. Tetrabromoethane, because of the larger
in the case of obvious errors. Possible errors due to deflections, gave more Accurate results, which agreed
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shrinkage of the records were avoided by the use of the
ratio of two pressures obtained from the same record;
namely, the ratio of the pressure at a wing oriike to
the dynamic pressure.

The precision of the measured results is indicated
by the variations of the pressure diagrams obtained

very closely with the mean values obtained from
repeated mercury tests, of which the greatest devia-
tion from the mean values was approximately +3 per-
cent of the dynamic pressure. This deviation is not a
random scattering of points from any given test but is
a consistent difference between repeat tests and may
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be partly accounted for by a possible small diilerence
in angle of attack- Figge 7 (b) also includes the results
of tests made before and after carefully polishing the
midspan section of the model. The chqe b surf~e
smoothness and a s~wht change in fairness had no dis-
cernible effect on the distribution; the ditkences mre

\~ .- .16
G /

p
Ac /

/ \ { / \ --

I 1 I 1 , , , I

-16 24 ‘z
G8gle of 0oth%,8c, degrL6es

~QWllE13.-h’ormal-and chcrd-form mefffdent%nnd pitchfng-mmnent omflklents

abont the Wartewh m’d pofnL TIM numerkal valna of G shonld be Preflmdby
a minusdgn.

less than those obtained by repeat tests of the same
surface.

The determination of the effeetive angle of attack
of the midspan section entails certain assumptions that
are subject to considerable uncertainty. First, the
angle of attack of this section may be in error because
of the assumption that the deviation of the h-stream
ask from the tunnel axis is uniform along the span of
the model; i. e., that the geometric angle of attack a
is the same for all sections along the span. Actually
there is some variation of the air-stream direction
across the tunnel. Because of the interference of the
support struts, the deflection of the stream in this
region might reasonably be expected to exceed the
deflection at the midspan section; hence, the deflection
at the midspan section is probably less than the effective
mean value. Furthermore, a zero deflection of the
stream at the midspan section would bring the angle
of zero lift obtained from the pressure tests into agree-
ment with force-test results.

A second and rather large source of error lies in the
determination of the induced angle of attack. The
method used probably produces erroneous results

because of the fact that the tips of a rectangular wing
carry a larger proportion of the load than is indicnted
by the theoretical calculations on which the method is
based. To make an accurate experimental determina-
tion of the lift distribution on which to base the inclucod-
angle calculations would require pressure measure-
ments at several sections along the span, especirdly
nem the tips. An estimate can be made, however, of
the possible error in the induced angles of attack given
herein by comparison of the deduced slopes of the lift
curve for infhite aspect ratio obtained from these tests
and tim the best force-teat data available. Such n
comparison indicatw that the induced angle of attack
may be approximately two-thirds of the calculated
values given herein, which would mean a possible error
of approximately x“ for a lift coefficient of 1.

It is evident, therefore, that the effective rmgles of
attack are subject to a considerable error of uncertain
magnitude. Approximate possible errors have been

Percent &ord

FImmB 7.—~nt[on dfagmms from sovwrd task at two anglw of nttookf

estimated and summarized as follows: The values oi
the angles as given may be too large by a constnnt
error of approximately ji” because of n possible error
in the assumed direction of the stream. On the other
hand, the angles may be too small by appro.sinmtely
cJ2°, owing to the error in the induced-angle calculations.

a-
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THEORETICAL PRESSURE DISTRIBUTION mined by means of the s~me transformations. Refer-

POTENTIALFLOW THEORY ences 1 and 2 present detailed discussions of the under-
A theoretical determination of the &.tribution of 1~ theory ~d the derivation of the nec~av equa.

pressure about rm airfoil section hm been developed tions for the calculation of the chmacteristi~ of the
for potential flow and assumes an ideal fluid that is potential field about tho airfoil.

~ure
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nonviscous and incompressible. Briefly, the method
consists of the conformal transformation of the airfoil
section into a circle. Then, inasmuch as the flow
mbout the circle can readily be calculated, the flow
chmacteristica about the airfoil section can be deter-

The general equation for the local velocity about an
airfoil section in a potential flow as given in reference 1
is

[ 1v= Vk sin(d+e+a)++v (1)
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()1+$ e~o
k=

d [ (%rl ‘2)
(sinh’#+sin’e) 1+

V is the velocity of the undisturbed
stream.

a, the mugle of attack (2-dimensional).
r, the circulation.

O, #, q parameters that are functions of the
airfoil coordirmiw.

+0, the mean value of+.
R==do, the radius of the confornml circle

about which the flow is calculable.
In order to calculate the velocity field from equation
(1) the circulation must be evaluated. This evalua-

2.4
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Fmwm 9.—Liftandpltchlng-momentswtlonclmracterkticsforb N. A. C. A
4U2airfoa.

tion is done by the use of the Kutta condition, which
requires that the velocity at the tmiling edge (o= m) be
zero so that equation (1) becomes

o=vk[sin@+e+LY)+sin(lY+er)l (la)

where CTis the value of c at O=a- (trailing edge).
The angle of zero lift is equal to – c..

The necessq equations and a step-by-step description
of the calculation of the velocity field are given later.
The pressure coefficients are computed by means of
Bernoulli’s equation,

(3)

where p is the pressure at the airfoil surface and p ~
the pressure of the free stream.

cO~WSON OP~OEY ANDEXPERIMENT

The theoretical distribution of pressure have been
calculated for the 2-dimensional angles of attack corre-
sponding to the measured distributions on the N, A.
C. A. 4s412 airfoil. Comparisons of the calcdatad and
measured distributions are presented in figure 6 (ex-
cluding the diagrams after the airfoil has stalIed) and
in figure 8. Figure 5 presents the usual normal- and
chord-component pressure diagrams and provides a
means for a general study of the diilerences between
the theory and experiment as a function of angle of
attack. Figure 8 provides a more detailed study at a
few anglw of attack and presents vector diagrams for
the anglw of —8°t —~”y 2°, 8°, ~d 16°. Thege dia-
grm.swere obtained by plotting the pressure coefficients
normal to the airfoil proiile; the perpendicular distance
from the proiile line represents the magnitude of the
coefficient. The experimental pressures are represented
by the drawn vectors and the theoretical pressures by
the solid contour line. The other contour lines repre-
sent certain modified calculations to be discussed later.

It is immediately evident that the theoretical results
do not satisfactorily agree with the actual measure-
ments except for angles of attack near — 8°, correspond-
ing approximately to the angle at which the experi-
mental and theoretical lifts are the same (fig. 9). The
comparisons in ~ure 5 show, moreover, that with in-
creasing angle of attack the differences between theo~
and experiment become larger as predicted by the
higher slope of the theoretical lift curve. A detailed
study of the vector diagruns (fig. 8) shows how these
diiTerences vary around the profile of the airfoil. The
largest differences occur in the regions of low pressures,
or the high-velocity areas, and as previously stated they
increase with increasing angle of attack. Furthermore,
the percentage difference in pressure is larger near the
trailing edge than in the region of the nose, indicating a
progressive influence on the flow as it moves over the
airfoil surface.

The effect of the&.edifferences in the pressure distri-
bution on the pitching-moment characteristics is shown
in figure 9. The theoretical pitching moment about
the quarter+hord point was obtained by integmthg
theoretical pressure diagrams. The results show an in-
creasing diving moment with increasing angle of attack,
whereas the diving moment actually decreases.

The comparisons have thus far been made at the
same relative angle of attack, that is, for the angle of
attack in 2-dimensional flow. Another condition of
comparison that hm been used more or less regularly
in previous studiw is suggested; it allows a comparison
at the same lift and consists in comparing the theo-
retical distribution calculated at
that gives a theoretical lift equal

an ‘angl~ of attmk
to the experimental
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value. This method has been used for the diagrams
in figure 8 and the distributions thus calculated are
represented thereon by the long-and-short-dash con-
tour lines. Again the differences are too large to be
neglected, especially at angles of attack where a large
lift is obtained. At —8° the curve coincides with the
previously described contour, since the angle and the
lift are the same, while at –4° the distribution cal-
culated on the basis of the same lift is approximately
the same as the dashed contour representing a third
calculation presented herein. At the higher angles of
attack the calculated distributions depart progres-
sively in shape from the measured distributions. It
may therefore be concluded that, on the basis of these
comparisons, the usual calculations from the potential
theory do not give an accurate determination of the
distribution of pressure about an @foil.

The inaccurate prediction of the forces on an airfoil
by the usual potential-flow theory is not surprising
since the theory neglects the frictional force of the
viscuous fluid acting on the airfoil. The direct effect
of this force, which acts tangential to the direction of
the local flow, is important only on the drag and
contributes what is Jmown as the “ski&friction” drag.
Because of the small magnitude and the direction of
this force, the component in the direction of the lift is
probably negligible, the lift being determined en-
tirely by the pressure forces. The indirect effect, how-
aver, of this friction force is the deceleration of the air
in a thin layer near the surface of the airfoil and the
production of the so-called “boundm-y-layer” phe-
nomena, which are important in the development of
lift by an airfoil. In the boundary layer the velocity
changes rapidly from zero at the surface of the airfoil
to the value of the local stream velocity at the outer
limit of the layer. The loss of energy involved& over-
coming the friction forces results in a cumulation of
S1OW1Ymoving air as the flow- moves back along the
airfoil; hence the boundary-layer thickness increases
toward the trailing edge. This cumulative effect is
indicated by the progressive increme in the W3?erencw
between the theoretical and measured pressures.

I?rom this discussion it is not to be presumed that
-agreement between the measured and calculated results
should occur at zero lift, except approximately for a
.yymmetricml airfoil section. The velocity distributions
over the upper and lower surfaces of an asymmetrical

‘section me not the same, even at zero lift. The viscous
effects on the flow over the two surfacw at the calcu-
Jaled angle of zero lift are therefore different and a lift
is measured, which is negative for most sections.
Actually, then, the mperimental and theoretical angles
of zero lift are not the same and for normal sections
the two lift curves intersect at a negative value of the
lift coefficient.

Outside the boundary layer the v$cous forces can.
;probably be considered negligible and the flow a

13uof12-37-26

potential one; probably the pressures may also be
.tted undiminished throughconsidered as be~~ transnu

the thin boundary layer. The actual flow might there-
fore be replaced by a potential flow about a shape
slightly di.ilerent from that defined by the airfoil
coordinates, which would require the determination of
the boundary-layer thiclmess to define tho effective
proiile shape. The preswre about the new shape could
then be computed by the potential theory. Boundary-
layer calculations, however, are at present subject to
uncertainties that would cast doubt on the validity
of the results and, in addition, the computations are
diiiicuh and tSdiOUS.

MODIFIED THEOBE~CAL CALCULATIONS

A simpler and more practical method of calculat~c
the pressure over an airfoil section has been developed

-3
&e”

x @erlm.smt
L&ml them-y

—-— Retied ckculaiibn
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———–— hfodified fhewy
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o
>: .-— -—— —

I
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Percent ctmrd

FICIUEE 10.—IMSW of an orbkrary &diOU d tb drUIhtiOU on th @YJk&9d

Pmumro WtIamtion.

as a result of the foregoing analysis. The analysis
shows that theoretical distributions calculated at the
true angle of attack are similar in shape to the true
distributions but give too high a lift. C!onvergely,
when the theoretical distributions are calculated at an
angle of attack that gives the same lift as the experi-
mental distribution, the two distributions are dissimilar
in shape.

The modified calculation is made at the effective
angle of attack but the circulation is determined from
the experimentally measured lift instead of by the
Kutta-Joukows@ method. The preliminary. ~cula-
tions made on this basis resulted in an excessive velocity
and a consequent high suction pressure at the trailing
edge, as shown in figure 10. This unsatisfactory res~t
(shown by the dot-dash line in fig. 10) wm finally
avoided by means of a further modification subsequently
described.
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Siice a change in the effective profile shape h= been
predicted by boundary-layer considerations, an arbi-
trary modification of the shape parameter c is made so
that the velocity becomes zero at 19=m. (See equation
(l).) The shape is thus altered to satisfy again the
Kutta-Joukowsh~ condition. In order to maintain the
continuity of the e curve, a study has been made of the
manner in which c should be modified. The indicated.
cumulative effects of the viscous forces toward the
trailing edge show that most of the change in c should

tions obtained by means of the modified calculations
are given by the dashed lines. The relative merit of
the unaltered potential theory and the modiiied method
for the calculation of the pressure distribution about an
airfoil section is shown in figures 5, 8, and 9.

The following step-by-step description of the compu-
tations required to obtain the calculated pressure dis-
tribution is given in sticient detail to enable the crLlcu-
lations for any airfoil to be made. The local velocity
about the airfoil is computed by means of equation (1)

O J -2 .3 .4 .5 .6 .7 ..6 9 I.OR .L1 /2 1.3 1.4 1.5 1.6 /.7 1.8 /.9 2.0

z
FmmiElL—TlwxetIcalr=m=Me= rwmhc=dto com@e thethemetkdpmssmwontheN. A. O.A. 4412aMotL

probably be made in that region. Inasmuch as the
effect of changing c is not critical for di.ilerent dis-
tributions of the change, provided that most of the
change is made near the tiding edge of the airfoil, a
purely arbitrary distribution is chosen that permits
rendy application, namely, a sinusoidal variation with 0.

The c curve and subsequently the other parametem
must be modified for each angle of attack. This modi-
fication has been made and the corresponding pressure
distributions determined for several angles of attack.
(See figs. 5 and 8.) At —8° the distribution is the
same as that shown by the solid line representing the
unaltered theory. In the other diagrams the distribu-

modiiiedas indicated by the preceding discussion. The
detailed forms of the modifications are introduced M
they appear in the course of routine computations.

In order that the transformation from the airfoil to
its conformal circle may be of a convenient form, the
coordinate axes are selected so that the profde is as
nearly as possible symmetrical about them. (See refer-
ence 1.) The z axis is chosen aa the line joining the
centers of the leading- and trailing-edge radii. The
origin is located midway between a point bisecting
the distance from the leading edge to the center for
the leading-edge radius and the corresponding point
at the trailing edge; the coordimtea of these points me
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respectively (2a, O) and (—2a, O). In the following
discussion the coordinate scale has been chosen so that
a is unity. (For practical purposes it is probably sufE-
cient to choose the chord joining the extremities of the
mean line as the z axis.)

The following equations express the relationship
between the airfoil coordinates previously described
and the parameters o and+.

z=2 cosh # COSO
y=2 sinh * sin O

(4)

In order to compute values of o corresponding to any
given point on the airfoil proiile, equations (4) are
solved for sin28.

sin%.;(h+mq) (5)

where

‘=’-(9W
A similar solution for sinh~ can be obtained but
experience has shown that a more usable solution is
given by the equation below

Sinh +=2** (6)

A plot of # as a function of o for the PJ. A. C. A. 4412
rLirfoilis given in figure 11. The function #0 is given by

and can be determined graphically from the ~ curve or
by a numericil evaluation. The vilue of +0 for the
N. A. C. A. 4412 tirfOfi is

+0=0.1044

The parameter c as rLfunction of o is given by the
deiinite integral,

1s‘“*co+45*= —~T o (7)

where the subscript n refers to the particular value of
Ofor which the corresponding value of c is to be deter-
mined. A 20-point numerical evaluation of this inte-
gral is derived in reference 1 and is included here for
convenience. The integral is evaluated at 20 equal
interval values of 0, namely,

eo=o=e.~

. . . .
o~=2T=oo

(8)

The value of e at tlm=~ is given by the following

equation.

[()
1 -Z 4 +1.091 (4=+1–A-1)

“=-; 10 de .
+0.494 (A+,- L-2)

+0.313
+0.217
+0.158
+0.115
+0.0804
+0.0511
+0.0251 (~.+,– ~._,)

1

where the subscripts designate the particular I?at whi+
the named quantity is taken. A plot of e as a function
Df Ofor the N. A. C. A. 4412 airfoil is given in figure
11. Thus far the calculations are identical with those
made for the potential theory.

As stated in the discussion of the modiiied theoretical
calculations, the circulation is evaluated by the experi-
mentally known lift of the airfoil section. The well-
known equation relating the lift and the circulation is

L=PVI’
Also by definition

L=~pT%cl

Expressing the circulation in terms of the lift coefficient,

~ Cv
=~cl

.
md finally

r
4~~~Rcl (9)

hbatituting the numerical values for the N. A. C. A.
1412,

r 1——
4~6.915cz (9a)

The prediction of unreasonable velocities around the
roiling edge is avoided by altering the e function so
jhat the velocity is zero at L9=T. The altered tiction
s designated c= and is arbitrarily assumed to be given
)y

(lo)~= E+*+(l —cos e)

Where A~r is the increment of e required to give zero
~elocity at O= r and is a function of the angle of attack.
L’he quantity Aer is given by

A~T=GT– CT

where %~ is determined by equating equation (1) to
rem and substituting from equation (9).

sin (T+a+&T) +&cl=o

Jolving for e.~ gives,

&T= Sill-’&RC~-a
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The parameters e and + are” conjugate functions of 0,
and #is given by

where the definite integral can be evaluated in the
same manner as equation (7). The coordinate of the
profle corresponding to the motied c function can be
obtained from the new 4 function by equations (4).
Figure 12 gives the modified shape obtained by this
method for the N. A. C. A. 4412 airfoil at a=8° and 16°.

The pro~es given in figure 12 are, of course, only
effective profiles corresponding to the calculations.
The rtctual profle about which a potential flow might
be considered as being established would be blunt at
the trailing edge and would have the thiclms of the
wake at thrtt point. The thiclmess of the boundary
layer on the upper surface, however, is greater than
that on the lower surface; therefore, if the trading edge
were taken as the midpoint of the wake and the after
portion of the profile were faired to that point, the

(r
‘—

NACA 4412-’1

FIaum 12-Clmnge inruefUeehqm essmi8tal with the mdlfled thwretiml cakn-

~~onOf ~

resulting ahape would be similar to the effective
profiles in figure 12.

The iniluence of the changes in # on the value of k
are found to be negligible so that k= may be written

k
()

.= l+% ?/

where

Differentiating equfition (10)

Plots of $ and k’ as functions of o for the N. A, C. A.

4412 airfoil are given in iigure 11. Equation (1) for
the velocity at any point on the airfoil profile is now
written

[ 1o=Vk. Sin (O+ Q+a)+&J (lb)

The generality of the preceding method of cal-
culating the prcsmre distribution about an airfoil
section is supported by the following evidence. First,
no restricting assumptions have been made in tho
development of the method. Second, the circulation
is determined by a known quantity, the experimentally
measured lift. Third, the change in the effective air-
foil shape is in the direction indicated by boundmy-
layer considerations. Finally, the computed and meas-
ured pressures agree satisfactorily.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLEY FIELD, TTA., March 26,1936.
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–. 0129
–. Cr371
–. 0484
–. 0m3
–. we
–. 113U
–. 1227
–. 1271
–. m
-.1210
–. Ulo
-. lm
–. w?
–. M33
–. owl
–. 0307
–. Olel
–. 0149
–. 0109
–. 0331
–. mto
–. (Q13

o
–. 012
-.034
-.043
–. @m
-.033
–. 140
–. 172
-. m
–. 249
–. 202
–. 330
–. 300
-.436
–. m
–. m
–. m
–. 704
–. 740
–. 796
–. S&3
–. 912

–1. ml

TABLE IV.-THEOItEl’ICAL PARAMETERS-N. A. C. A.

o.lm
. 16%
.Xa2

:%
.1803
. 1s19
.1214
.@?s
. aml
.Crml
.0118
.DE3
. Olzl
.0192

$!%
.0730
. mm
. 1s
. lm

o
. ml

–:%
–. W27
~uw
–. Q342
–. ma
–. 1K5
–. 1016
–. awl
–:&@

. Olfm

.C@4

.0i34

.0331

. me

.1211
. W31

o

k’

<~
–. 02s

.01$0

:%%
. Km
. la37
. ncra
.0375
.0m3

:%
–. Olm
–. 0W5
–. 0312
~. ~m7

–. llm
-. mm
–. 0727

dw. ndn.
0.178 -4 10

------ -6 m
------ -10 49
------ –12 B

.102 -18 1

.151 –m 49

.133 –31 47

.119 -m a9

. lm -42g

.C@l

:%! am 7
.Ccs6 -71 6
. 0!1 -82 47

-E3 45
:E -103 w
.017 -116 12
.012 -127 a
.010 -134 m
.m9 -142 26
.IxrJ -162 al
.012 -161 84
.02b -175 67


