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The reader 1s hereby notified that this
bulletin is subject to revision and amend -
ment when and where such revision or samend-
ment 1s necessary to effect agreement with
the latest approved informatlon on aircraft
5 design criteria. When using this bulletin,
the reader should therefore make certein
that the latest revisions and amendments
have been incorporated. -
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( SYNMBOLS

Ac’

Airfoil chord

Section 1ift coefficient, U/qc, perpendicular
to undisturbed air stream. : :

Section drag coefficient.

Section pltching moment coefficient about
quarterchord point.

'Section quarter-chord pitching moment coeffi-

cient for an airfoil with plain or split flap,
but with flap in neutral position. Thls is

usually equal to cy.
Fictitious value of c, corresponding to ¢’ n
distribution. : .

Section quarter-chord pitching moment'coeffi-x
cient for airfoil with plain or split flap
displaced from neutral..

Change in section quarter-chord pitching moment
coefficient (c,, = cp ) resulting from displace-
ment of flap £16m neutral. o

Fictitious change in section quarter-chord -
pitching moment coefficient which results with
the actual normal force distribution correspond-
ing to cp, with deflected flaps plotted normal
to flap-ngutral chord.

Section pitching moment coefficient about the
aerodynamic center.

Section normal-force coefficient, ¢; cos X + cg sin «

Fictitious value of normal-forcé coefficient for
the unflapped section resulting from plotting,

" normal to the unflapped section chord, the actual

normal forces obtained in the flapped attitude
while developing an actual normal-force coeffi-

cient Cpe

Section additional normal-force coefficient.

Section normal-forée coefficient (Cnﬁ + cnbc),r
corresponding to basic pressure ais-°m
tribution Py.
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P
a1

Componeht of basic normalfforde coefficlent,
{=-c c corresponding to P, distribution.
( mac ) nbml ’ & g bm

Component "of basic normal-force coefficient

~which is the integral over the chord of Pbml

distribution.

Component of basic normal-force coefficieht,

(zg) canI, corresponding to ?bc distribution.

Component of basic nbrmal-force coefficlent
corresponding. to Pbcl distribution.

Incremental normal-force coefficient corres-

ponding to Pps distribution.

Flap normal-force coefficlent corresponding .
to flap angle,§ , and normal-force .coefficient,
C..e ’ : .

n

Ratlo of flap chord to airfoil chord.

Moment arm of baslc normal-force about quarter=

chord point. :

Mach's (Mach) number, or ratio of VeloCity of
airfoil (relative to the air) to speed of sound

in undisturbed air. '

Slope of the normal-force coefficient curve -

against angle of attack.

Pressure difference across the alrfoll section

. at any station along the chord.

‘Value of p corresponding- to cné,at any station

along the chord.

Pressure difference across the lower surface
at any station along the chord.

Pressure difference across the upper surface
at any statlion along the chord.

Normal pressure coefficient, p/q, at any
station along the chord. ,

Value of P corresponding to c, .
a

Value of P corresponding to ch = 1.0.
a




acy

Ppey
Pbm
Pomy

Pps

Value of P

Component of Pg. which 1s a function of section
aerodynamic cen%er location.

Value of P,, corresponding to a value x = 1,0.

ac

Component of Pgy which is a function of section

‘thickness ratio” and distribution for base sirfoil.

at for zero thickness ratlio.

Rate of change of P with thickness ratio.

at

Value of P for basic part of pressure distri-
bution.

Component of which varies with amount and
distribution o? camber.,

Value of Py, corresponding to a value zc = 1.0.

Component of Py, which varies with cp ci

Value of Py, corresponding to a vaiue of cmaé = 1.0.

Increment of basic normal-pressure coefficlent
due to flap deflection.

‘Value of Pps for Cnpg = 1.0

Surface-pressure coefficient of base airfoil at
zero angle of attack. -

Lower surface normal-pressure coefficient, pz/q,
at any station along the chord.

Upper surface normal-pressure coefficient, pu/q,
at any station along the chord.

Value of P corresponding to ¢cp = O.

Component of P distribution at ¢, = O which

_results from deflection of flap ?rom neutral.

Surface normal pressure coefficlent, p/a, corres=
ponding to a’ given Mach number M.

Surface normal pressure coefficlent, p/q, corres-
ponding to zero Mach number

Dynamic pressure, 1/2 @ ve | )




o

Xp

Thickness of section in fraction of chord.

.Fraction of chord that the aerodynamic center
1s forward of the quarter-chord point.

Maximum ordinate of mean camber line divided
by the chord.

Anglé of attack measured between relative wind
and chord plane thru intersection of mean
camber line with leading and trailing edges.,
Angle of attack at which cnp = 0.

Angle of attack at which oy = cpy (Basic angle
of attack).

Vs 'f‘ac;'rgc,'yim.éndfzgg_ Flap normal-force

7) a;
Tm
3

parameters. -

M) acs ) ber Vom and Vg Flap hinge moment
_ : parameters.

Ratio of Ac’/ to.Acm |
Angular displacement of flap from neutral.

Radius at leading edge of dirfoil section in
fractlon of chord; also mass density of fluid.



INTRODUCTION TO KETIIOD.

Reference (1) outlines a procedure forldeter-
mining the airforoe and moment per unit of span,
acting at any airfoil section of the wing. The sec-
tion 1ift coefficlent cz} drag coefficient Cgs and
pitching moment coefficient Cmac at any point along
the span, (for any given loading condition of the
complete wing) are therefore considered known; hence,
also, the normal-force coefficient c, and chord-force

coefficient Coe

Before the wing ribs and'other'wing
details can be properly designed, it is nedéssgry‘to
determine the corresponding distribution‘of alr load
over the chord of the section. The determination
will be made in terms of the section normal~force
coefficient, by giving the distribﬁtion of the latter
along the chord. This distribution gives no resuit-
ant force in a chordwise direction; however, the
chord-force is known and may be considered to be
applied at the aerodynamic center. Furthermore,

the theoretical normél-force distribution will be
slightly modifled in an arbitrary manner, so that

it Will give exactly the correct pitching moment
about the gerodynamic center.

The procedure described in the foliowing pages

has essentially a theoretical-empirical basis. Thé




Mthin" airfoil theory of Clauert, references (6)

and (7) as presented in a modified form by Theodor-

sen 1in reference (2), comprises the theoretical
oasis; while the empirical basis is essentially de-
rived from the procedure and data given in references

(4) and (5)..
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CHAPTER 1

DISTRIBUTION OF NéRMAL-FORCE COEFFICIENT

OVER Al ATRFOIL OF CONVENTIONAL

'SHFPE WITH FLAP NEUTRAL.
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The normal-force intensity at any station along the air-
foil chord may be fdund from the numerical difference
between the pressures on the upnver and lower surfaces. at
that station. " When this pressure difference is plotted,
normal to the chord at every point elong thé lattér,
then the area under the curve represents the normal-
torce; and any ordinate represents the normal-force in-
tenéity (i.e. normal-force per unit of chord). In the
theory of ®thin" airfolls, the wing-section of finite
thickness is replaced by its median line, and the pressure
difference is determined along the latter. The normal-
force distribution coefficient is conveniently expressed
by the ratio of the pressure difference p to the dynamic
pressure q; that is, by P = (p/q). With this notation,
the general expression for the wing section normal-~force
distribution coefficient given in reference (2) is
P = Py + Pal (cp - cnb) (1.1)
In the above equation, Cny, is the sectibn normal-force
coefficient at the basic, or "ideal", angle of attack
of the section. The latter is simply the angle of attack
at which‘the stagnation point of the flow coincides with
the leading edge of the equivalent thin airfoil (mediean
line). Thus the equation states that the total normal-

force distribution coefficient P (corresponding to the



section normal-force coefficient cn) 1g comprised of the

basic distribution P, and an additional distribution

given by

where Pal i1s the additional distribution coefficient for

(cn - cnb) equal to unity. When the total normal force

1s zero, (l.1) becomes
P, =(P, - P_c_) (1.2)
o) b 81 ny
and P, 1s the distribution coefficient corresponding to
this condition. The section normal-force intensity at

any point along the chord is therefore given in general by
P =Py + Pyioy (1.3)

>Theory indicates that (Palcn) 1s simply the distribution
which would be obtained by inelining a thin symmetrical
airfoil (straight median iine) at the angle of attack
required to produce the total section normal-for&zcn.
Also, the theoretical additional normal-force acts at the
quarterpoint of the chord, and therefore the moment about

the quarterpoint is (theoretiéally) due entirely to the

zero distribution Po'
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DETERMINATION OF Pp OVER AN UNCLASSIFIED AIRFOIL SECTION

This dlstribution depends primarily upon the shape of the
median line of the sectlon. If polar coordinates are
employed with the origin at the mid-point of the airfolil
chord, then the ordinates of the median 1iné may be ex-

pressed in a Fourier series

n= o

zZ = Z B, cos né " (1.4)

when the sbsclssas along the chord are gilven by

1
xz 35 (1= cosB) (1.5)

By reference (2) the theoretical basic pressure distri-

bution is then given by .

(1 - cos8) (€o -2E+&)
"

Pz 4 |de€ 2 (€ - €o) +
a0 2sin®

(1.6)

Where the so-called "distortion function" & = € X, Z),
at any point ( xy, 21 ) along the median line 1is glven by

the integral formula (reference 2)

hig
2 z.dé
e, T cos 8 - cos ei
o (1.7)

M
"
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and where 5c,and 6& are, respectively, the values of £

at © =0and 6 = . The basic distribution occurs at

the theoretical angle of attack given by

d‘b - b 60 + eﬂ"
5 (1.8)

Substituting the value of z given by.(1.4) into.(1.7), and

performing the indicated integration

6 - 2 (Bl sin@ 4 Bgsin 20 + co oot BnSin nG)
® siné

(1.9)

The special values of € at the leading edge ( €o at 6= 0)-
and at the tralling edge (€n at 6 =7) are

€0 =2( By 4 2By + 3By 4 veuunn § nB,) (1.10)
€. = 2( By - 2B, 4 3B, - + (-1)71 g )
qT_ l 2 3 0 00 . / n
(1.11)
The baslc pressure distribution (1.5) may now be written
explicitly as (1.12)
7 oQ
Ppb 2 4)l(LEY-€o ) - (Ext &) cos o, +ZZancosn9'
2sinB sin o
O.

It will be seen from (1.10), (1.11), and (1.12) that the
basic distribution is zero at the leading and trailing

edges of the airfoill in accordance with the definition of
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basic angle of attack as given by Theodorsen in reference
(2).

The basic 1ift coefficient (at the angle of attack™y)
mey be obtained by integrating (1.12) over the chord;

thus

Q
1

j’Pb dx
o}

1r7

2P, sln 6 d ©

nb

J
JO
~ (E.~€EG ) (1.13)
The pitching moment coefficlent about the leading edge

at the basic angle of attack is

1,0
(eplpg = - ] x Pp dx (1.14)
0
f\‘”
= —-i-J P, (1-cos ©) sin 6 d ©
Q

Substituting the value of Py from (1.12) into (1l.14)

and integrating, there is obtained

(em)pp =T iBL + 1 (€ -3¢) | (1.15)
-

The moment coefficient, at the basic angle of attack,
about any point x4 on the chord from the leading edge

1s easily shown to be

eg)y :’R’rBl - (xg - %)60 -

=l
]
5
)._k
M
3
}_J
*
+
fo)




Expressing (1.10), (1.11), and (1.13) in the following

forms
r : =
€, = 2. By ¥ By (2 4 4B, 4 6Bg t+ .o Bz(3 4 5By + 7B, 4 ee )y
L By Bo "Bz < Bg =
= 2 rB + B, (P (B)} + B f- /u)} (1.17)
- ]
€. = 2{’31 - B, (2 + 4B, 6Bg + «.2) + By (3 4 5Bg + 7B, + )é
> B, By B, J
= 2 LBl B, {Pl(B% 1 By {Pz(B)}i (1.18)
there results’
7
Cny = 478, 2+4B4+_6_l-3_§+ l
= -4TB, {Pl(B)} (1.19)

where P1 (B) and P2(B) are the indicated functions of

the B-coefficients.




Substituting € , and &.from (1.17) and (1.18) into

(1.16) yilelds

(c_), =7 4B, P (E): (% - xy

) + B,?,'\.\Pl(B)‘{' - BZ)(-\PZ(bg
(1.20)
A convenlent method of computing the B-coefficients

from the ordinates of the median line ls given in

Appendix A.

The following aerodynamic data will have been made
available by tests:

(cm)ac , the coerficlent of moment about the aerody-
namic center. |

m, the slope of the normal-force curve against angle
of attack (the slope of the 1ift curve 1s sufficlently
accurate and may be used).

™, , the angle of attack of zero 1lift. (Kote: -=-C{must

be measured asg defined under Section 0.4.)

X

ac 2 the location of the aerodynamic center (in terms

of chord for this development) forward of the quarter

chord point; equal to (% - Xi) as used in (1.20)

The theoretical and experimental values of the zero
1lift angle of attack are equated; then

Xy = -Ex

(1.21)
The true and theoretical values of the basic 1ift are




also equated
Cnb = my, Xy =X ) =Y (EL-€) (1.22)

Introducing the test values of (cm)ac’ xac,cLo and the
calculated values Bg, Pl(B), and P2(B} Into (1.18),
(1.19), (1.20) and (1.21); modifieq values are obtained
for By and B {designated as B'l and B'3) which modify

 the theoreticel 1ift curve 80 as to correspond to the

actual curve determined by test.

Assumlng the relationship to hold that

Bh = Bn
— ey
BB BS (1.23)

a modified set of B-coefficients is obtained which, when
employea in (1.12), yields a Py distribution correspond-
ing to the theoretical value of cnb which produces

values of (cm)ac and Xac 88reeing with the test data.

A scheme 1s presented in Appendix A for modifying the
B-coefficients to correspond to the test datsg and also
for éaiculating the Py distripution from these modified
coefficients. The calculated results, together with

the results of the appllcation of the methodrof paragraph )
1.2 and Appendix B (Pal distribution), are readily inserted %
Into equations (1.2) and (1.3) for a tabular determination .

of the pressure distribution at zero 1ift and at eny de-

sired total normal-force coefficient.

1-9




1,2 DETERMIVATION OF Py FOR AN UNCLASSIFIED AIRFOIL SECTION

The additional pressure distribution for points along
the airfoil chord such that x>o 1is given in terms of

the dynamlc pressure by the theoretical formula.

It

P 4 (OC—O(b) =

\=

o L
1
|,_l

= 4 c
ng .

Mo V

ol Lo
]
(]

(reference 2)

'Since the thin airfoil gives rise to infinite veloclity
at the leading edge, for all other angles of attack
than the basic, the last formula cannot be used to
compute the normal force distribution over the entire
chord of an actual airfoll. Theoretical investigaﬁion
of the flow around the nose of a wing section of finife
thickness shows that the normal-force intensity reaches

a maximum at a chordwlse locatlion equal to one-half

the leading-edge radiusC, and has the value

: 4
( p/Q)max = Pm = 4 (d—db) = Cna

.2€ m6V?ﬂ?

(reference 2)




It has been shown that N, may also be consldered g
funetion or € and hence (p/q)max may be semi-ration-
ally expressed as an explicit function of the radius
of curvature at the leading edge. For practical
application to the calculation of the:additional

Pressure distribution over an airfoil, it {ig neceséary

Pal distribution OVer an unclassified alrfoil sectlon
for which the geometrical ang aerodynamic center
characterigtics are known. The calculatedrresults,
together with the resultsor the application of the
method of Appendix A (Pb distribution), are readily
inserted into equations (1.2) ang (1.3) for g tabular

determination of the pressure distribution at zero

1-11




LeD

L.31

1.32

1ift and at any desired value of the total normal-force

coefficient.

DETERMINATION OF Py, AND Pa DISTRIBUTION OVER A CLASSI-

FIED (NACA) AIRFOIL SECTION

Airfoils designed and/or tested by the NACA are classified
according to their additional and basic pressure distri-
butions. The character of the former distribution is
designated by a capital letter and that of the latter

by a number comprised of two digits. This 1s the Com-
mittee's "PD-Classification™. (Ref. 4, Appendix B)

DETERMINATION OF Py

When the classification is known, Py and its integrel,

Cry» OVEr the chord, are obtalned from

=

Py, = Ppp + Ppe

== cmac Pbm + ZC Pbcl

(1.24)

= -+ .

°np ¥ %npm’ hpe
= - C c + z, C
m n (] I
ac bml bcl

(1.25)

where 2, 18 the maximum ordinate o’ the mean camher line

dlvided by the chord, Cn 15 the moas: i ed section m.mene
ac '
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 tlonal pressure for g classifieq alrfoll ma

coefficient about the aerodynamic center, Pbm and Pbc are

the partigl distributions which depend on moment and

camber, repsectively, and ¢ and c are the section
. Npm n ¢

coefficients obtained by‘integrating Py and Ppo over the

alrfoil chorg. For example, the number 12 in classiri-

catlon Bl2 indicates that'Pbm is clasé 1l and Pbc is

class 2, Values of Pbm and Pbc for various classifica-~

tions are given in Table C-2 of Appendix ¢
thru (13) or

» rows (9) -
which demonstrate the method of calculating
the basiec Pressure for g classifieqd airfoil,

DETERMINATION OF Py

The additional bressure distribution classification of

the NACA 1s designated by the code letter (A, B, ¢, D, E,

or F),. Accordingly, the P, distribution may be calculated

from the data and by the method Indicated in reference

(4). Tabulap data from refefence (4) 1s presenteq in table

C-1 of Appendix ¢ with additional classifications as noted.

By use of this date in the Tollowing relations the aqqi-

Y be determineqd
directly.
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B

upon the thickness distribution of the base alrfoll;

Pacl represents the values of a distribution which is

assumed to be identical for all alrfolls, and Xy, 1s

the fraction of the chord that the aerodynamic center

1s forward of the quarter chord polnt. The resulting

value of Pal is that employed in equations (1.2) and

(1.3)e Since the additional pressure distribution due

to thickness Pat has a practically linear variation

with t for any particular chord station for airfo;l

forms similar to the NACA 0010, 1t may be represented by
P =P+t Apat

. (1.27)

where Pat represents the values obtained by extrapo-
o

lating the d ata from table C-1 of Appendix C to t =

-0 and [&Pa represents the difference between the values

t1
obtained by extrapolating the data to t values of zero

and 1.0. A scheme for calculating the zero 1ift pressure
distribution incorporéting this general method of Pat
determination is indicated on table C-2 of Appendix C.
The general procedure is applicable to use with all air-
foil sections I1ncluding those having values of t inter-
medlate between the classification values.

DETERMINATION OF Pq

The values of Py, P, , and C_ determlined by the methods
1 ny, .

Qf sections 1.32 and 1.33 are introduced into equation

f(1-2) for a calculation of P,. By use of equation (1.3)
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the pressure distribution hay be calculateq for any
desired normal-force coefficient, An extension of the

tabular methogq of .alculation shown in the €Xample on

Table C-3 of Appendix ¢ 1s most deslirable,
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CHAPTER 2

DISTRIBUTION OF PRESSURE BETWEEN UPPER AND

LOWER SURFACES OVER AN AIRFOIL -

'INCLUDING THE EFFECT

OF

COMPRESSIBILITY

2=-0




ul

INTRODUCTION.

It has been found convenient to divide the distribution
of the normsl-force coefficient along the chord of an
airfoil into two separate dlstributlons, one of which
remains constant while the other varies directly with
the value of ¢, . Unfortunatély, the surface pressures
do not maintain thelr proportionality to c, and they

mist therefore be determined separately for each value

of ¢, for which they are desired. The simplified method

of reference 9 for calculating the pressure distribution,
however, makes this no great handicap, expeclally since
the critical values of c, can usually be estimated from
the normal-force»distribution alone.

REQUIREMENTS AND APPLICABILITY

This method requires a knowledge of:

(1) The chordwise normal-force distribution on the alr-
foll section, and

(2) The pressuré distribution over the base profile of
the airfoill section (l.e., the proflle of ﬁhe same
alrfoil were the camber line straight and the re-
sulting airfoil at zero angle of attack). The
method is applicable, to date, to plailn éirfoils
and airfoils with plain trailing-edge flaps. The
caleculations of the normal-force distribution for

ordinary alrfolls has been explalned in Chapter 1,
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while Chapter 3 wiy] consider the distribution for

flapped airfoils,

The base-profrile pressure digtri.

butions woulg ordinarily have to be Computed by the

method of references 2 and 3, or be determined from

pressure distribution tests made on an airfoil having

the same base~-prorile. Fortunately, most of the N.A.C.4

alrfoils (as well 88 the Clark v and Gottingen 398)

have the same base-prorile with variations in maximum

thickness, 88 representeqd by N.A.C.A. 0010, The

face at that polnt,

The pressure within the wing 1s

dependent upon the location of the vents, 1p steady

at any instant, For this reason, it 1s better to
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1§cate the vents at points where the surface pressure
change is small, such as near the tralling edge. An-
other advantage of thHe tralling edge location is that
the surface pressure relative to the undisturbed static
pressure 1s nearly zero and does not change appreclably
with a variation in speed. It should be kept in mind
that there 1is no vent location that will obviate the
necessity of air passing in or out of the wing during a
chenge in altitude and 1t is important to have suffi-
cient vent area to ellow this flow to oeccur without an
excesaslve pressure drop through the vent, especially

in airplanes which dive at high speeds. In the follow-
ing procedure,ball i{ndividual surface pressure coeffl-
cients are glven relative to the statlc pressurs
coefficlent in the undisturbed air. These pressures
represent the true 1oad on the covering only when the
internal pressure is equal fo the undisturbed atmos-
pheric pressure. When the internal pressure 1s known
to be different, the correct covering load may be
found by adding or subtracting from all surface pres-
sures as computed, the difference between the true
internal pressure and the atmogpheric pressure.
PROCEDURE

If P 1s the normal-pressure coefficlent at any par-
ticular chord station, P, and P, are the upper and
lower surface~-pressure coefficients and Py the

surface-pressure coefficlent of the base profile at

2=k



(1 - Pp - 2,2 4
and P%— 1l - T P; (2.3)

It is thus seen that, with g knowledge of the P and Ps
distributions, equation 2.2 or 2.3 may be used to deter~

mine either the Pu or the Pzdistribution. The distri-

<1

and 1ts uge is explalned in paragraph C.l1l2 for solving
equation 2.2 or 2.3 for corresponding values of P and
(1 - Pf). A plot of Pf versus t for several chord
stations for the N.A.C.A. 0010 family base profile ig
included in this chart so that values of P, or Pémay be rea
directly for given values of t. For airfoils which have
thickness distributions differing from that of the NACA
0010 series (such as airfolls of the unclassifiegd type
for which the methods of bparagraphs 1.1 and 1,2 are
employed) Pf may be calculated for the base profile

by the procedures described in reference (3) and P, and

P2 may then be subsequently determined with the use of
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2.4 APPLICATION TO_AIRFOILS WITH FLAPS

tions,

is nearly constant over the flap chord,
which existg over the innegr surfaces of g

flap angles., Forp these reasons,
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airfoils with plain or split flaps in estimating the

surface pressures forward of the hinge and the external
gurface pressures and total load for the s ection with

flap displaced from neutral. This method does not, however,
provide determination of the actual préssuré existing be-
tween an airfoil and deflected split flap. Knowledge of
such a pressure 1s essentlal for the determination of dis-
tribution of actual applied loads between the flap and air-
foil structures. 4Zstimetion of the uniform pressure in'
thislregion should be based upon pertinent test data where
available. NACA Technical Note 627 1s suggested as a re-
ference providing such test data,

EFFECT OF COLPRESSIBILITY

The theoretical basis of the foregoing pressure calculations
includes the assumption that air acts as a perféct, incom=-
pressible fluid. However, since it is actually an elastlc
fluid, this characteristic must be acknowledged and taken
into account in the pressure calculations. It is found that
the effect of compressibllity is, in general, to increase
the surface pressures above those which would be developed
under identical conditions of airfoll veloclty and attitude
in an incompressible fluid. This effect becomes greater

- with an increase in velocity and is primarlly a function of
the Mach number or ratio of the ailrfoil velocity (relative

to the air) to the speed of sound in the undisturbed ailr.
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Speed at which the o called "compressibility burbile"
phenomenon ig encountered, at such g sbeed there occursg
& compression shock which causes g breakdown of the ex-
isting regime of flow into one which, in the light or

present knowledge, is not completely understood ang does
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However, the error involved is Small if these caleulated

)
[

Pressures are interpreteqg a8 those applicable to zero
Mach number,

(P)
(

P
surface pressure coefficient at r

In Figure 2=2, the reciprocal{

LY
0 )of the ratio of the
ite

i
n

[

Mach number to that

[(P)y .
at zero Mach number 5;_;ALAis plotted as g function of th
V(PG /
Hach number (y and of the surface pressure coefficien
p

2

o+

at zero Mach humber (P)oa The value or %;%% is equal
to the ordinate corresponding to the interségtion of the
applicable values of (P)O and M, Alternately, the value
of the ratio iflﬂ_ may be obtaineg directly from the
conversion scaég)at the extreme left. Thigs figure ig
based upon the following relation which 18 taken from

reference (11).

2
(P)y = /112 M .
@, ' 5 (P
i 2(1 + \/3~M‘)

A cut off" cyupve 1s also presenteg on Flgure 2-2 for tne
determination of the critical Mach number (MC) correspond-

Ing to eny given value of (Plne M 15 Interprsteg as the
0 c

X=11



It 1is noﬁed that this critical Mach number decreases
with an increase 1in the negative value of the pressure
coefficient (P), eand hence the latter is the criterion
for the speed at which the compressibility burble will
take place. Mc may bé obtained directly from Figure 2-2
by the intersection of the cut-off curve and the (P)g,
coordinate corresponding to the maximum negative surface
pressure calculated for any point on the airfoll. The
.erltical velocity may then be cbtained as the product of
M, and the applicable speed of sound in the undisturbed
air,which latter may be determined from Figurés 2-3 and

o~4, The actual pressure at any point is obtained as

the product of (P)y and the applicable q. .

It is noted that Figure 2-2 is applicable to the predic-
tion of the effect of compressibility on surface pressures
(and critical speeds) over bodies other than airfoils ---

i.e. on windshields, cowllngs, fuselages, etc.

The 11ft coefficient Cy is reasonably accurately repre-
sented by the net area under the curves of individual
surface pressurés plotted against chord. Hence cg at
any Mach number will be represented by the area under

the curves of surface pressure vs. chord which have been

modifled by the use of Flgure 2-2. The tests reported

in reference (10) indicate that, at least below critical




speeds, the angle of zero 1lift is practically unchanged.

Hence, the slope of the 11ft curve at any Mach number will
.bear approximately the same relation to the slope at zero
Mach number (or at low wind tunnel values) that the 1ift
coefficlent modified for Mach number as described above

bears to the value at zero Mach number.

If operation of eny airplane is contemplated at speeds in
excess of that speed determined froﬁ analytical considera-
tions to be the criticel speed (such as by use of Figure
2-2), the effect of such supercriticel speeds upon the
pressure distribution and magnitudes of local pressures
should be lnvestigated in connection with the design of

all structural components directly or indirectly affected.
| Such a determination of supercriticel pressures and pressure
distributions should be based upon the results of aerody- -
namic tests similar to those reported for the NACA 4412 alrfoi!
in reference (10). If such data are not available, it 1s
considered that for structural design conslderations, the
pressures indicated by the curves of Flgure 2-2, extended
beyond the apparent subcritical range to the applicable

values of M, should be used as minimum values,

Figures 2-3 and 2-4 are based upon the accepted thermo-

dynemic expressions for the 1eloclty of sound in standard
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alr expressed in miles per hour:

[
a = .811i§ ; where p and e are respectively

the pressure and density expressed in consistent units,

a = 33.45"\/t + 460 3 Where t is the tem-

perature expressed in degrees Fahrenheit
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INTRODUCTION

A method 1is presented, in reference 5, for the deter-
mination of the chordwise distribution of normal-force
over an airfoil of ordinary proflle end camber, with a

plain trailing edge flap, & split flap, or a serially
hinged fiap. The form and magnitude of that portlion
of the normsl-force distribution caused by displacing
the flep from the neutral positlion can be determined
for an airfoll and flap comblnation for which the section
characteristics ‘have been determined.‘ The method was
.developed by correlating theoretical 1nvest1gations
' and numberous experimental investigations employing
airfolls having very smell gaps between the wing and
the leading edge of the fiap. There is evidence that
the exlstence of any gap between the wingband the lead-
ing edge of a plain flap hes a pfonounced effect upon
~ the aerodynsamic characteristics; however, the actual

size of gap (between .005c and .010¢) is unimportant.

It is probable that this gap effect 18 also true for the

aplit flap sirfoils. In the absence of better informetion,

the method outlined herein cannot be considered appli-
cable to flaps with large'gaps. Flaps having the hinge

located midway between the upper and lower surfaces

were used in these tests so that the data obtained (&and

hence the data and methods presented.herein) must be




considered strictly applicable only to Dla*h flap
airfoils with surface curvatures not less than half the
airfoil depth at the hinge,

REQUIRED AND DERIVED PAR AL'ETERS

The increment in quarter-chord moment coefficient (ch )
resulting from displacement of the flap from the neutral
position should be obtained from the res sults of force

tests of the normal airfoil and of the airfoil with flen

displaced., This increment is defined as:
chm =c_ - ¢ (3.1)

where cml is the quarter-chord pltching-moment coeffi-
cient for the unflapped section or section with Tlap

neutral, and ¢ is the quarter-chord pitching-roment

rg
coefficient of the alrfoil- =flap combination with the
fixed surface at the same attituy e and with th e Ilap
displaced. When Cy and the aerodynanic center loca~

ac
tion are known, the quarter-chord pitching-moment co-

~efficlent, if not obtained directly from published

results, may be obtained from
c = ¢ + ¢ (x_ ) (3.2)

Where cz 1s the value of the section 1ift coeff1c1ent
for which the distribution of norral-force coefficient

is to be calculated.,

It is &naiytically convenient, for the purnposes of the
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following pressure calculation procedure, to treaﬁ a
fictitious condition of the airfoil~flap combination
in whiéh the normel pressures actually developed with
flap deflected are considered to be applied to the
airfoil and flap in neutral attitude., Such a fiqti-
tious pressure distribution corresponds to fictitious

/

values Cmg’ c; which are functions of (1) the actual

values (c end c) developed with flap deflected (2)

T
the amount of flap deflection (&) and (3) the flep-chord

ratio (E).

Correspondingly, the fictitious value of the quarter-

chord moment coefficient increment is defined by:

’ 4 -
Dep ®ng, cml

and is correlated with the actual moment coefficienit

increment by the relation:
,
JAN = T Ac (3.3)
| m m
The component of the basic normal-force coerficient

due to flap deflection is related to the fictitious

moment coefficient increment according to:

/
c [kcm = 'Tm A Cm
SUR =

(3.4)
where ¢ is the net moment arm of the basic normal force

distribution (corresponding to °nb§ ) about the quarter-

3-4




d‘h’
/m

chord noint. The factor

r

G is presented in Figure
E.

5-1 as a function of 2 and

The additional normal-force coefficient 1s determined
in a manner analogous to that used in the calculation
of flap-neutral bressure distributioﬁ (i.e. the dif=-
ference between the total coefficient and the basic

coefficient) and is equal to:

- (e, + ¢ ) {(3e5)

The total load on the flap (aft of the hinge) 1is
expressed as equal to:-

cnf Ecgq

which expression in turn defines the flap normal force
coefficlent ®npe This coefficient 1s determined by
the relation:

Che © 7%8 e, + Ty

ne ¢ +* Tom on + (G +e Xgc)Cn,

bé bm

(3.6)
which 1s based upon the assumption that the contribution
of the addltional normal-force distribution resulting
from flap deflection is negligible. The values of the

various?rfactors are plotted on Figures 3-2 and 3-3.

From the value of cnf thus obtained the fictitious

normal force coefficlent may be calculated according to:
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c, = cn_+ B Cnf (1 - cosg ) (3.7)

As expressed above Equation (3.6) is applicable to the
calculation of the flap normal-force coefficient for
the portion of the flap aft of the hinge for NACA clas-
sified airfoil section only. For unclassified sections
the following correlating relationships are emplbyed

for adaption of this equation to use.

g { c = the integral
be  nyp, bmnpy

s over the

flep chord, of the basic pressure distribution for

unflapped section divided by E, or:

x 1

Pp dx

=
nS—mn

X 1-E

Vo s Y ao Xge = the integral, over the flap chord,

of the additional pressure distribution for unflapped

section'corresponding to cna = 1.0 divided by E, or:

b 1l
P dx

1
B &

o

x 1-E
These data are obtalned either analytically or graphi-
cally from the results of calculations made according

to the methods of sections 1.1 and 1.2.

ZERO _LIFT DISTRIBUTION

Pbgrepresents the component of the baslic normal pressure

coefficient due to flap deflection and equals:

3-11.
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ANC-
Adx

3 Jan,

- 3,
Pos = Cnpg’ b6y (3.8)

where P,

bE 1 represents the component of basic normal-

pressure coefficient fof ‘nps = ;.O. This distribu-
tion for points forward of the hinge,‘presented in
Figure 3-6, is independent of flap angle, except at
points close to the hinge. For points aft of the hinge,
this distribution is for all practical purposes Indenen-
dent of flap angle when the flap angle is not grééter
thaﬁ about 15 degrees. These data are presented in
Figure 3-7. The variation of this distribution with
flap angle, for large flap anglés; is presented in

Figures 3-8 and 3-9.

The component of the zero 1ift distribution (Po) due to
camber and moment of the unflapped section, is obtained
by equation 1.2. The component of the zero 1lift distri-~
bution (P ¢), due to deflection of flap from neutral

position, may be obtained at selected chord stations from .

Pog = Pug - ®nps Tay (3.9)

The resultant pressure coefficient at the zero 1ift

attitude for the airfoil-flap combination corresponding

to a given flap deflection is then the sum of Py + Pyg-

It is usually satisfactory to assume that &¢p, corres-

ponding to a given flap deflection does not vary with

total normal-force coefficient (cn), and that when Pgg
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33

1s once calculated for a given flap deflection and

normal force coefficient, 1t may be used to compute
the P distribution for the same flap angle and any
other value of c¢,. VWhen Ac, does vary with cp, and
greaterﬁprecision is desired, eilther the P distri-
bution may be calculated as outlined in detail above
for each desired value of c,, or the Acy vs. ¢y
curve may be approximated by a straight line and Pgg

expressed as two partial distributions determined

for Cp = 0 and cp = 1.0

DISTRIBUTION COWMPOWENTS

The distribution of total normal-pressure coefficient

for an airfoil with flap displaced from neutral may

now be calculated as equal to:

P = (PO + Pog ) + ¢! (3.10)

n Pal
where Pal i1s the additional normal-pressure coefflcient
for the unflapped section obtained by the methods of
sections 1.2 or 1.33 and (P, + Pgg ) is the normal-

pressure coefficient for the airfoil-flap combination

corresponding to the given flap deflectlion and ¢, = O.

FLAP HINGE MNOLENT COEFFICIENT

Expressing the hinge moment actlng on a deflected
plain flep with no aerodynamic balance surface as

equal to:
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The flap hinge-moment coefficient may be expressed as:

1 =7 - +Y ry-..
®hr T 7bé Cnpg™ Ybe Ony T bm °ny,, T

(7i g * Mge Xge ) Ony (3.11)

The variougY)values are presented in Figures 3-4

and 3~-5., As expressed sbove, equation (3.11) is
applicable to the calculation of the flap hinge moment
coefficient for NACA claésified airfolil sections only.
For unclassified sections, £he following correlating
relationships are employed for the adaption of this

equation to use.

1 X = 1
c + "N c = =9 ‘ P, (x-E) dx
" be Dpe om Ny E 3 o
x = 1-E
1 X = 1
= 2 -R
W)a +-Y)ac *ac J Pal (x-E) dx
X =

These expressions are analogous to those used under

paragraph 3.1 pertalning to normesl-force coefficients.

The preclse value of the hinge-moment coefficient for
a split flap cannot be obtalned in this way since the
distributlon of pressure difference across the flap,

snd therefore ¢y, and c¢_ , depends upon the surface
f _

n
f
pressure on the outer flap surface and the pressure

between the flap and airfoll which pressure is uniform

and approximately independent of airfoll angle of attack

ry
{

3=k
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for any given flap angle- (see section 2.4) For anj

type of flap, integration of the distribution of total
calculated pressure difference is preferred and will
glve greater accuracy than can be obtained by equation
%2.11. Such an integration procedure 1is essentlal to
obtaihing valid total forces and hinge-homents for a
flap having any gerodynamic balance surface.

SERIALLY HINGED FLAPS

The distribution of normal pressure coefficlent fof an
airfoll with a serially hinged plaln flap may be ob-
tained as follows:

(a) Obtain P, and Pal for the normel section or for
the section with all flaps in neutral positlon.

(b) Obtain a P_¢ distribution for each flap dis-
placed the required angle, but with the other flaps
in neutral, in the same manner as illustrated by table
C~-4.

(c) Add these various P ¢ distributions to the Po
distribation to obtain the zeré‘lift distribution for
the airfoill flap combination.

(d) Obtain P in the usual way as in table C-3 using
the distribution obtained in (c) above for the zero
11ft distribution.

(e) Integrate the normal-force distribution curve
to determine the several flap normal-force and hinge

moment coefficlents.
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Experiments with airfoils having combinations of two
serially hinged flaps simulating a flap and tab.
combination (i.e. the aft flap having a chord small
in comparison with that of the forward flap) show that
this method is applicable for conditions in which the
flap and tab are each unstalled both when thelr dé~
flectlons are applled separately or simultaneously.
Deviations of observed experimentalrpressures from
those calculated by the above method occur where the
respective stalled or unstalled condition of the flap
or the tab deflected alone is qpanged by the simultan-
eous deflection of tab and flap. &=xamples of such
conditions are (1) the changing of the stalled flow
over a down-deflected flap to unstalled flovw by the
opposite (up) delfection of the tab, and (2) the
stalling of the flow ovér an unstalled tab by an ex~

cessive deflection of the flap in the same direction.

SPECIAL TYPE FLAPS

As stated above, the foregoing methods of calculating
the pressure distribution over airfoil-flap combina-=
tions 1s limited in appllcability to the plain or split

types. Frequently, however, other types which are not

. Covered by the above descriptions are employed in design.

These, may include types which extend the wing chord thus
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increasing the area, types incorporating single or
multiple slots, spollers, speed reduction devices,
etc, In such cases pressure distribution calculations

for structural design purposes should be supported by

aerodynamic test data.
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APPENDIX A

DETERMINATION OF THE PRESSURE DISTRIBUTION OVER

AN UNCLASSIFIED AIRFOIL SECTION AT THE

BASIC ANGLE OF ATTACK




A.0. DETERMINATION OF B-COEFFICIENTS.

The Fourier B-coefficients for the curve of the mean
camber line are determined from the known ordinates

of the airfoil section. The x axis is the line drawn
thru the leading and trailing edges of the mean camber
line and z is measured normal to this axis. The origin
of polar coordinates is taken at x= .5 so that equat1ons
(1.4) and (1.5) of Chapter I apply. The values of the

z coordinates at the leading and trailing edges and

the 11 specified intermediate chord stations are entered
in Table A-1. By following the calculation procedure
indicated on this table the values of B, thru Byo are

determined.




ADMT.~|

ANC -1 (2)

TABLE A-1 gE’;‘;,;'_M
DETERMINATION OF B COEFFICIENTS

[ 6 0° | 150 | 30° | 45°| 60° | 75° | 20° | l0s°| 120°| 135°) 150° 165°| 180°
2 %= ‘;Cé’gs—e,ooooo 0170306698 | 14644 |.25000| 37059|50000| 62941 | 75000| 8535593301 582961.00000
3 7 7 7, 7, 1 75 | Ze | Zs Z. 7.1 Ze | Zs | Zo | Zn 72
R Z Zy Zs Ly Zs Z. v, V2 Vi
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. 2 7, 7o | Zs | Ze | Z1 A Vs Vs
e | a+5 VT Ve | Vs | Ve | V5 | Ve S o T W
21 ass W, W, | W5 | Wa | W5 | W, % | @ Gz | Q;
6 MUTPLERL 2 (11 & IKI) g ) lt()) 3 S 4 8 g 8 g 6
9 | 25882 L Ws | W,
10 | 50000 W U PR [R-R ] We |
TR Wy WEW; War W, Ws
12 | 86603 A 4 ¥
13 | 96593 W Ws
14 11.00000 ERHEtR IR R Qo "W, | W, |FR-F [PTE Q- Q,
15 | TOTAL
16 | a+b
17 | a-b A
o e
19 | By, Bo B, | B B, B, Bio | Bs | By | B4 Bs | Bs Br | Be

% DIVIDE BY |2 FOR B, AND B, CHECK. Z By=0

(1) Line 1 gives the angles ulong the tase line.

(2) Line 2 gives the x velues zlong the buse lins,

(3) Line 3 gives the z values corresponding to the % values.

(4) Lines 4, 5, 6, and 7 are self-explanatory.

(5) Line 8 contains colwnn hezdings corresponding Lo the B-coefficients to be obtained in
the respective columns below. The [irst column contsins multipliers by which all values
are multipliea belore enturing in Llhe columns to the right.

(6} Mext rill in the spaces to right of ine columns of multipliers which contain V's, P's,
and 's as follows:

(a) For line 10, multiply 50000 by the values given in lines O and 7 for ¥, Qu,
Py - F,s - Py - P, and ¥/, end write lhe progucts in the regpective spaces as in-
diceted, being caretful to use the proper signs.

(o) ¥ill in Lines 9, il, e, 13, and 14 in the Same RBNNET, using tne correci multiplier
given al the lelfi lor esch line.

(7) Totel the columns, and write vhe resulis in line 13.

(8) Obtuin tbe sums ol the yuuntities in line 15 for each of the three pairs of columns
(a) and (b} and write the sums in line iv in lhe respective colums {a).

(y) Sublrsct each column (b) from its preceding column (&) in line 15 ang write the results

in line 17 under the respective coluwmwis ()

(10} Divide these values in lines 1G mnd 17, and all valuee in line 15 in those columns not
headed by aa (&} or (b), by 6 and wriie ihe results in iine 18 excepl the values in
lire 15 columns (3) end (4) which shoule oe divided by 12. The valves in line 18 are
the b-coelficients corresponding 1o the symuols in Lline 19.
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- ADMT-|
TABLE. A-tla 3uAN-44
DETERMINATION OF B COEFFICIENTS
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A W
S |.25882 00146 00028
W4 Q. R-P |-R- P, Wa
0 |-50000 00400 02004 -00099-08049[60400
71 Ws (W~ W W W WiW, - Ws
7o 00480 ~00801 00801 200480
86603 W, Q] W,
2| 00333 05950 00333
13 | 96593 Lil | Ws |
: 00105 100540
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15 | TOTAL |.24093-00021| 00733 +00731}~05893-05920-01600] 0002 -00317 0005300067 00088100118
16| a+b 01464 -11813 00159
171 a-b .00002 00027 -00025
18 D,'BY('%E ‘02008 [00002.00244|.00000 1201969 | 00005|-00267.00000/-00053-00008 00027 ~00004.00020
19| B, B | Bo| B | B, | B, Bo| B, | By | B Ba | Bs | By | B¢

* DIVIDE BY 12 FOR B, AND B,,

EXPLANATION OF Ti#BLE

(1) Line 1 gives the angles along the base line.

(2) Line 2 gives the x values along the base line.

(3) Line 3 gives the z values corresponding to the x values,

(4) Lines 4, 5, 6, and 7 are self—explanatory,

(5) Line 8 contains column headings corresponding to the B-coefficients to be obtained in

(6) MNext £ill in the 3paces to right of' the columns of multipliers which contain W'a, P15,

-P1 - P,, and WA and write the products in the respective spaces as indicated;
being careful td use the proper signs.

11, 12, 13, and 14 in ‘the same manner, using the correct multiplier

{(b) Fill in lines 9,
given at the left for each line.

(7) Totel the columns, and write the results in line 15.
sums of the quantities in line 15 for each of the three pairs of columns
and write the sums in line 16 in the respective columns (a).

its preceding column (a) in line 15 and write ihe results
in line 17 under the respective columns (b).

Divide these values in lines 16 and 17, and all values in line 1

(8) Obtein the
(2) and (b)
(9) Subtract each column (b) irom

(10)

not headed by an (a) or (b), by 6 and
in line 15 columns

(3) and (4) which should
are the B-coelTicients eorresponding to the

CHECK: & BN =0

Q2, Py - Py,

5 in those columns
the results in line 18 except the values
be divided by 12. The values in line 18
symbols in line 19.

write




CALCULATION OF PRESSUKE DISTRIBUTION

As described previously in the bulletin, the B-co-
efficients must be modified before being employed
in the pressure calculations so that. the resulting
distribution will produce a normal force curve,
moment coefficient, and aerodynamic center location

corresponding to observed test data. Table A-2 re-

presents a calculation scheme whereby the pressure

distribution may be determined.

The method of this appendix is applied to the cal-
culations of the Pb distribution for an actual airfoil

as shown in Tables A-la and A-2a.
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(1)

(2)

(3)

(4)

(5)

(6)

(7

(8)

(9)

(10)

FXPLANATION OF TABLE A-2

Enter in row 1, columas O through 12 inclusive, the values of
the B-coefficients as determined from table A~l.

Divide each even numbered B-coefficient by the value of B, and
enter the quotients in row 2. '

Multiply each quotient in rcw 2 by the value of n and enter
product in row 3. Enter the sum of these products, columns 2
through 12 inclusive (as indicated), in row 3, column 13. This
sum is designated as P,(B).

Divide each odd numbered B-coefficient by the value of 83 and
enter the quotients in row 4. :

Multiply each quotient in row 4 by the value of n and enter product
in row 5. Inter the sum of these products, cclumns 3 through 11
inclusive (as indicated), in row 5, column 13. This sum is desig-
nated as P,(B).

Enter the applicable values of %y, (op)ac, and Xgc under "Airfoil
Test Data," and, uging in the equations expressed at the left,
calculate By and Bij.

Enter Bi and B’ in row 7. Alsec, enter the values of the even
numbered unmodified B-coefficients from row 1 into row 7. Calcu-
late the values ?f the odd mumbered modified B-coefficlents as
the product of B3 times the quotlent appearing in row 4. Enter
the results of this calculation in row 7 to complete the modified
B-coefficients, colummns 1 through 12 inclusive.

Each space in rows 8 through 20, columns 1 through 12 inclusive,
is divided into an upper and lower space. The upper space con-

tains the value of n cos n@. In each lower space should be &h-
tered the prdduct of the modified B-coefficient times the value

appearing in the pertinent upper space (1.e. Bé’n cos n@).

In colum 13, enter the sum of the products B; n cos n@, appear-
ing in columns 1 through 12 inclusive.

In the upper half of sach space im colurm 14 is entered the value
of 8 . In the lower half of each such space should be entered
sin @ :

the product of the value 1n column 13 times the value in the upper
half, .




(11)

(12)

(13)

(14)

(15)

(16)

(17)

From the values of Py(B), P5(B), By, By, and B3 calculate the
values of Ky and K, as defined by the relation at the lower
left.

Multiply the value of 8  appearing in the uppsr half of
sin @
each space in column 1 by K; and enter the product in column 15.

In the upper half of each space in column 16 is entered the value

of cot . Multiply this vulue by K; and enter the product in
the lower half of the 8pace.

The basic pressure coefficient, Py, is equal to the sum of col-
umns 14, 15, and 16 and is entereg in column 17.

Multiply the value of the multiplier entered in the upper half
of the space in column 18 by the value in columm 17 and enter
the product in the lower space. The sum of the values entered
in column 18, rows 8 through 20 inclusive is equal to 2 1-

Multiply the value of the multiplier entered in the upper half
of the space in column 19 by the value in column 17 and enter
the product in the lower 8pace. The sum of the values entered
in colwm 19, rows 8 through 20 inclusive is equal to J .

From the values calculated as described above, execute the check=
ing procedures indicated at the lower right.
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APPENDIX B

DETERMINATION OF THE ADDITIONAL PRESSURE

DISTRIBUTION OVER AN UNCLASSIFIED

AIRFOIL
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GENERAL

The theoretical expressionsof Chanter I for P and P
ere modified to produce a pressure distribution which
incorporates values of Py, x at P, and x . corres-
ponding to those estimated or observed to apbly'to

the actual airfoil in question. Figure B-1 represents
the nature of the semi-empirical relationship which
accomplishes this desired modification and includes

an explanation of the nomenclature used.

A parabola is used between the leading edge and the

station orf Pp+ Over the major aft portion of the air-

foll the theoretical expression (i.e. P a0~ [1=x )

, VJoox
1s employed as modified by a straienht line multipl