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HINGE-MOMENT AND EFFECTIVENESS PARAMETERS FOR
TRAILING-EDGE CONTROLS HAVING LEADING AND
TRAILING EDGES SWEPT AHEAD OF
THE MACH LINES

By Kennith L. Goin
SUMMARY

Existing conical-flow solutions have been used to calculate the
hinge-moment and effectiveness parameters of trailing-edge controls
having leading and trailing edges swept ahead of the Mach lines and
having streamwise root and tip chords. Equations and detailed charts
are presented for the rapid estimation of these parameters, Also
included is an approximate method by which these parameters may be
corrected for airfoil-section thickness.

Deflected controls are assumed to be located either at the wing
tip or far enough inboard to prevent the outermost Mach lines from the
controls from crossing the wing tip. For either of these locationms,
the innermost Mach lines are assumed not to cross the wing root chord.
The method for determining control hinge moment resulting from wing
angle-of-attack loading is valid for wing plan forms having the leading
edges swept ahead of the Mach lines and having streamwise tips. The
only additional restrictions are that the controls must not be influenced
by the tip conical flow from the opposite wing panel or by the inter-
action of the wing-root Mach cone with the wing tip.

INTRODUCTION

Linearized theory, though neglecting viscosity and second-order
effects existing in practice, is the most practical method now available
for estimating the characteristics of control surfaces at supersonic
speeds. A general application of this theory to control surfaces having
edges swept either ahead of or behind the Mach lines is presented in
reference 1. (Edges swept ahead of or behind the Mach lines are
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subsequently referred to as supersonic or subsonic edges.) Conical-flow
solutions for various deflected control configurations are presented in
reference 2. Such solutions were used in reference 3 to evaluate the
characteristics of a restricted family of trailing-edge control surfaces.

In the present paper a general analysis based on existing conical-
flow solutions has been made which will apply to a broad range of
trailing-edge control configurations having supersonic edges and will
provide for a comprehensive coverage of control location, aspect ratio,
taper ratio, and sweep. Equations and detailed charts are presented
from which 1ift, pitching-moment, rolling-moment, and hinge-moment coef-
ficients due to control deflection, and hinge-moment coefficient due to
wing angle of attack, as predicted by linearized theory, may be deter-
mined in an estimated 5 percent of the time required without the use of
such equations and charts. Also included is an approximate method by
which these hinge-moment and effectiveness parameters may be corrected
for airfoil-section thickness.

The equations and charts presented are applicable to control-surface
plan forms that vary throughout the range in which the leading and trailing
edges are supersonic and the root and tip chords are in a streamwise
direction. Deflected controls are assumed to be located either at the
wing tip or far enough inboard to prevent the outermost Mach lines from
the controls from crossing the wing tip. For elther of these locations,
the innermost Mach lines are assumed not to cross the wing root chord.
The method for calculating the hinge-moment coefficient due to wing
angle of attack is valid for wing plan forms having straight supersonic
edges and streamwise tips. This method is restricted only in that the
controls must not lie in a region influenced by the tip conical flow
from the opposite wing panel or by the interaction of the wing-root Mach

cone with the wing tip.

SYMBOLS

M free-stream Mach number

B = M2 -1

Cl’ Co functions of Mach number used in calculating two-
dimensional-flow characteristics

A angle of sweep of wing leading edge, positive when
swept back

M1, angle of sweep of control hinge line, positive when

swept back
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t/2c

(t/¢)pax

angle of sweep of wing tréiling edge, positive when
swept back

span of control surface

root chord of control surface
tip chord of control surface
control-surface taper ratio <§ft/bfn>

area of control surface

agpect ratio of control surface (b 2/s
Bt A ¥

area moment of control surface about hinge axis

area of a loaded region

area of part of deflected control surface lying in two-
dimensional~-flow region less area lying in region of

overlap of conical-flow fields

moment of Sy  about hinge axis
o

moment of SL about control root chord
o}

distance of center of loading from control hinge axis
measured normal to hinge axis

spanwise distance of center of loading from control
root chord ‘ ’

slope of airfoil-section contour

one-half airfoil-thickness ratio measured in plane
normal to control hinge axis

maximum airfoil=-thickness ratio measured in plane
normal to control hinge axis

chordwise position measured in plane normal to control
hinge axis
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xh/c chordwise location of control hinge axis measured in
plane normal to control hinge axis

(t/2c)?, (x/c)' dimensions measured in plane normal to wing leading
J

edge

distance of leading edgé of control root chord behjind

Xxf
wing axis of pitch
Yr distance of root chord of control from root chord of
wing
b wing span
Cp wing root chord
Ct wing tip chord
c mean aerodynamic chord of wing
S area of semispan wing
g = tan A
B
tan Agy,
8 = e—
B
tan Aqm
d = — =3
B
a wing angle of attack, degrees
s} angle of control-surface deflection measured in stream-
wigse direction, degrees
q free-gstream dynamic pressure
ot = Lift induced by deflected control
cot o= Moment about control root chord induced by deflected control
L qbsSye
ct = Moment about hinge axis induced by deflected control
m' =

2gM,
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_ Hinge moment

C
h nga

_ Lift induced by deflected control

qsS

_ Rolling moment about wing root chord

2gbS

% C. = Pitching moment about wing axis of pitch

Pl

~ ' =1 + ATE

- t =8 tan 7

asc

thickness correction factor for CL ! and Cl !
5] )

thickness correction factor for Ch5 and Cmﬁ'

thickness correction factor for Ch
(04

difference between local pressure and stream static
pressure

pressure coefficient (Ap/q)

two-dimengional pressure coefficient

2o
or
(g?- 38Y1 - gz)

local pressure ratio (C_/C
v/ “p,

25
(57. 3py1 - aQ)

average value of pressure ratio P' over conical-flow

P'dSL
region

SL,

angle denoting arbitrary position of ray in conical-flow
field
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r=1
t

n, r! nondimensional coordinates used in integration of wing
root and tip conical pressures

1 angle of sweep of line intersecting conical-flow regions
of wing at angle of attack

Subscripts:

%, a denote partial derivative of force and moment coeffi-
cients with respect to & or a

cp denotes center-of-pressure ray location

Superscript:

* indicates that parameters P, PS;, PS;X, PS5, tcp"
and Tep refer to loss of loading from two-~-dimensional

value rather than to actual loading

ANALYSIS

Characteristics Due to Deflection of Control Surfaces

Scope.- Existing solutions of the linearized equations of fluid
motion have been used as a basis for calculating the characteristics due
to deflection of trailing-edge control surfaces on wings in steady flight
at supersonic speeds. These solutions, as presented in reference 2, are
applicable to configurations for which the leading and trailing edges of
the control are supersonic and the root and tip chords are streamwise,

Two control-surface locations are considered. The control is assumed to
be located either at the wing tip or far enough inboard to prevent the
outermost Mach line from the control from crossing the wing tip. For
either of these locations, the innermost Mach lines are assumed not to
cross the wing root chord. For these locations, deflected control-surface
characteristics are functions only of Mach number and controlesurface plan
form. (The parameter Ch6 depends on control-surface location only when

the control is located inboard from the wing tip and lies in the region
influenced by the interaction of the control-tip Mach cone with the wing
tip.) If the limitations previously mentioned are considered, the analysis
is valid for all controls except those located at the wing tip and having
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the inboard conical-flow regions intersecting the tip. In such cases,
the conical pressures on the control, as given in reference 2, are not
applicable in the region influenced by the interaction of the Mach cone
with the wing tip. Necessary corrections for this region can be deter-
mined by the method described in reference 4. Such corrections are not
considered in the present paper because of the prohibitive amount of
computation involved. Results not including these corrections are pre-
sented, however, because they should be very useful as an indication of
trends and should in many cases closely approximate the corrected result.

Method,~ In order to determine control-surface characteristics, the
two-dimensional region and the triangular segments of the conical-flow
regions (fig. 1) are considered independently. The characteristics are
obtained by summing the products of pressure ratio and nondimensional-
area and moment-arm parameters for all parts (table I)., The nature of
conical flow is such that the pressure is constant along any ray from
the origin of the flow field. Any infinitesimal triangle having the
crigin of the flow field as an apex, therefore, has its center of pressure
located at two-thirds of the distance from the apex to the base. It
follows that the summation of the loading of such infinitesgimal triangles
results in a finite triangle having its center of pressure lying on a
line parallel to the base and located at two-thirds of the distance from
the apex to the base. The center-of-pressure location and, consequently,
the desired moment arms, can therefore be determined from the location
of the ray on which the center of pressure lies. General equations for
the average pressure ratio and center-of-pressure ray location for each
conical segment (tables II(a) and II(b)) were obtained by integrating
the pressure equations of reference 2. (See appendix A.) Table II(c)
presents ecuations for the nondimensional-area and moment-arm parameters
(in terms of center-of-pressure ray location) for each conical segnment,
Equations pertaining to the two-dimensional region were obtained by
treating this region as a simple geometric area and are also included
in table II(c). Results obtained by evaluating the general equations
of table II when they become indeterminate at taper ratios of 1.0 are
presented in table III.

For regions in which the two conical-flow fields overlap, the method
of superposition must be used wherein the losgses 1n pressure ratio from
the two-dimensional value (P' = 1.0) in the two conical-flow regions are
additive; that is,

P' = 1.0 - (1.0 - Pmcl'>- (1.0 - Pmcg")

1]

-1.0 + Pmcl' + Pmcz'
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(Subscripts mcy; and mc, refer to inboard and outboard conical-flow

regions.) The net effects of the pressure distribution in this region

are obtained by adding the effects of the two conical-flow regions as
though the flow regions did not overlap and subtracting the effects of

a two-dimensional pressure distribution. This subtraction is accomplished
by use of the equations for the two-dimensional region (tables II(c) and
III(b)). In calculating control hinge moments it was convenient to
calculate the effects of regions I. and II, or III (fig. 1) and

then subtract the effects of the parts of these regions lying off the
control. TFor controls located at the wing tip and having the inboard
Mach cone intersecting the tip, a similar procedure was also used to
reduce to zero the lift, pitching moment, and rolling moment contributed
by the triangular part of the inboard conical-flow region lying beyond
the tip. As previously mentioned for this case, a rigid application of
linearized theory would require a correction, as described in reference b,
to the loading assumed in the region influenced by the interaction of the
root Mach cone with the free edge. It should be pointed out that the
areas influenced by such interactions become appreciable for extreme
conditions and approximate results for such configurations should be

used with caution.

Hinge Moment Due to Wing Angle-of-Attack Change

Scope.~- Conical-flow solutions for swept wings at supersonic speeds,
as presented in reference 5, are used as a basis for the analysis. These
gsolutions are applicable to wing plan forms having straight supersonic
edges and streamwise tips.

As in the analysis for deflected control surfaces, only control
surfaces having supersonic edges and streamwise root and tip chords are
considered. The only restrictions regarding control location are that
the control must not lie in a region influenced by the tip conical flow
from the opposite wing panel or by the interaction of the wing-root Mach
cone with the wing tip.

Method.- The method consists essentially of determining the hinge-
moment parameter PS;X for the flap by assuming two-dimensional loading

and then subtracting the losses resulting from the wing-root and wing-
tip conical flows. The conical-flow logses are obtained by dividing the
conical regions into a series of triangular segments, each having its
apex at the origin of the Mach cone, and summing the hinge-moment param-
eters (?SLZ)* for these segments as illustrated in figure 2. In deter-

mining (?SLig* for the triangular segments, integrations of the loading

are necessary for obtaining P¥ and X. As has been previously explained
for this type of conical-flow segment, it is sufficient to determine P
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and tcp because the moment arm X can be determined from tepe The
method for obtaining P* and tcp is illustrated in figure 3 and

involves integrating the pressure losses along the bases of the segments.
From integrations of the pressure losses between O and ny (or O and

r1'), values of P* and ncp (or rep') are obtained. Values of p*

and values of t corresponding to n (or r..'), obtained in this
cp’ cp cp /2

manner are applicable to the triangular segment bounded by the Mach line,
the ray 7 = 77, and the section intersecting the Mach cone. Results

have been obtained by numerical integration using Simpson's rule (refer-
ence 6) except in regions where the slopes of the pressure curves become
infinite (fig. 3). 1In these regions, integrating coefficients, as pre-
sented in reference T, have been used. Forms by which the integrations
were made are presented in tables IV to VII. The upper part of these
forms are used for computing the pressure distributions (1 - P') along
the sections intersecting the Mach cones (fig. 3). In the lower part
of the form, the areas and area moments about n (or r') = 0 of the
curves of (1 - P'l plotted against n (or r') are determined and are
used to obtain P and tcp for the corresponding triangular segments.

Tables 1V to VII can be used directly for calculating the loading dis-
tribution for intermediate cases or cases not included in the present
paper.

Method for Approximately Correcting Results Obtained
from Use of Linearized Theory for Airfoil-Section Thickness

Scope.- The method for approximately correcting the theoretical
results for airfoil-section thickness is based on the assumption that,
at any chordwise position on an airfoil having finite thickness, the ratio
of conical to two-dimensional pressure is the same as that predicted by
linearized theory for an infinitely thin flat plate. (This method is a
variation of the method presented in reference 8.) The method can be
logically applied only to configurations having similar sections at all
spanwise positions affected. The method is expected to give most accurate
results at moderate and high Mach numbers for thin controls located
inboard from the wing tip and having relatively large areas over which
the flow is two-dimensional.

Method.- On the basis of the preceding assumption, the method requires
the determination of the following three factors:
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Cy,' (Two-dimensional with thickness)

CL’(Two-dimensional flat plate)

C;*(Two-dimensional with thickness)

Cy ' (Two-dimensional flat plate)

Cp' (Two-dimensional with thickness)

Cp' (Two-dimensional flat plate)

Cy, (Two-dimensional with thickness) (2)

Ch(Two-dimensional flat plate)

P - Cy, (Two-dimensional with thickness) (3)
3 Cp (Two-dimensional flat plate)

(The coefficients in equations (1) and (2) are for deflected controls,
and the coefficients in equation (3) are those resulting from wing angle-

of-attack loading.) Corrected values of Cp ', CZS', CmB', Chﬁ’ and

, S
Cha are obtained by multiplying the results obtained by use of the

linearized theory for three-dimensional flat plates by the appropriate
factors. ‘

The factors are determined, as described in appendix B, by using
the Busemann second-order approximation to determine the coefficients
for sections having thickness. This approximation gives results which
are generally in good agreement with results obtained by use of the more
involved exact theories. The theory is not considered accurate, however,
at Mach numbers for which the shocks become detached or at Mach numbers
below about 1.3 (reference 9). For the general group of airfoil sections
that are symmetrical about the chord plane, equations for the correction
factors as derived in appendix B are:

t
1.0 Cr 452

Fl=———l——f 1+2U§-——§E x ()
(2 - 2) /e a3
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t
1.0 o d ==
X
Fo = 2 E__h)1+2-3 2l X (5)
2, /o NC c Cl 4 % c
(_3&1_2 XhC E—
c
t
1.0 _)
X C
Fy = 2 Jf (é - _¥> 14 0.2 _N\ee/ e x (6)
2 C C Cld_x‘ (o4
( Xh Xh/c (E)
1 - 28
C
CHARTS
Presentation

Aside from the restrictions regarding location, the characteristics
of deflected control surfaces are functions only of control plan form
and Mach number. The effects of plan form and Mach number are deter-
mined from solutions to equations (tables I to III) involving the vari-

tan_AHL tan ATE
ables 5 5 and Ap. (For untapered controls the varia-

tan
-TAHL- and BA

and BCh5 as functions of these variables for controls located at the

bles are ?> Figure 4 presents BCLS', Bcla" BCmB"

wing tip. Each chart of figure 4 presents the characteristics of a
series of plan forms having a fixed hinge-line sweep angle (if the Mach
number is considered to be fixed) and varying trailing-edge sweep angles
and taper ratios. The solid-line curves present the effects of varying
taper ratio for plan forms having fixed hinge line and trailing-edge
sweep angles. The characteristics of controls having constant aspect
ratios are indicated in the charts for BCh8 by dashed lines. Constant-

aspect-ratio curves are not included in the charts for the other charac-
teristics because, in many cases, they would be quite confusing. If
desired, such curves can be drawn by simply determining the taper ratio
at which the curve will intersect each of the curves of constant d from
the following relation:

2=~ Ap'(a-d)

Ae
2 + Af'(a - d)
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For inversely tapered controls, the parameter 1/xf is used as a coor-
dinate to avoid elongation of the curves. Calculations were made at -

values of Ap and rlf = 0, 0.20, 0.40, 0.60, 0.80, and 0.95 and at

valués of Ag' = 0.8, 2.0, 4.0, 6.0, 8.0, and 10.0 for untapered controls.

Calculated results not included in the charts are presented in table VIII.
The results not included in the charts are mainly for configurations

tan :
having values of ___ﬁﬁzg, near ll.Ol and, consequently, having extremely

large areas of induced loading on the wing. Results for such configura-
tions are of little practical value because if these large areas are to

lie entirely on the wing, as has been assumed, the wing must have a very
large span or the control must have a very small chord.

Charts presenting the characteristics of deflected controls located
inboard from the wing tip are presented in figures 5 and 6. These charts
vary somewhat from those for controls located at the wing tip. Equations
for BCLa' and BCmS' were simplified and found to be dependent only on

tan tan A
AHL and ——TB,  Thege equations, with results in chart form, are

presented in figure 5. Charts for BCh8 and BCIS' (fig. 6) are pre-

sented only for normal taper ratios because the characteristics of
inversely tapered controls can be obtained by entering the charts at

-tan A ~tan
HL ME and 1fag.

B B
The computing form for Cha is presented in table IX and is self-

explanatory. Supplementary charts for determining the loading distribu~
tion (P* and tcp) for the various triangular segments of the conical-

flow regions are presented in figures 7 to 10. It should be pointed out
that figures 8 and 10 can easily be used for determining the spanwise and
chordwise loading of the wings considered in this paper and will there-
fore be of value in making loads analyses.

Use

In order to use the charte for determining the characteristics of

tan tan
AHL ATE and A for the con-
B B ’ £

figuration being considered must be determined. These values are then

deflected controls, values of
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used for entry into the charts, figures 4 or 5 and 6, depending on control
location. The coefficients obtained from the charts have been made non-

« dimensional by use of control geometric parameters. For determining the
coefficients based on the usual wing parameters, the following equations
are given (approximate thickness correction factors are included but can
be neglected by letting the factors equal 1.0):

(°rs), = Falry' i? (n

¢, - e ) ®

(? ) <j%§> fa|6 + p2a2 - Bab., g%z; - Xp (9)

c FiCLB

(bh8>c = Fly, (10)

‘ (The subscript c¢ indicates that the approximate thickness correction
v factors have been included.)

For determining the control hihge moment due to wing angle of attack,
preliminary calculations are first made on the computing form of table IX.
Results of these computations indicate positions in the charts (figs. 7

to 10) from which P* and tcp are to be obtained. Values from the

charts are then inserted in table IX and the operations indicated in the
computing form are completed., The approximate thickness correction factor

can be applied by use of the following equation:

(@h ) = FCy_ (11)

Illustrative Example

As an example of the use of the charts, the control-surface charac-
= teristics are determined for the configuration shown in figure 11. The
wing is assumed to have 5-percent-thick gymmetrical parabolic sections
in planes normal to the control hinge line.
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Lift and pitching-moment coefficients are obtained by entering the

t t A
_EfgﬁﬂL = 0.4%0 and _EEE_IE.= 0.35.

chartgs of figure 5 at values of

Hinge-moment and rolling-moment coefficients are obtained by entering

tan.ATE
the charts of figure 6(g) at values of —5 0.35 and My = 0.713.

Coefficients obtained from the charts are BCLS' = 0.0748, chs' = =0,0365,
BCls' = 0.0372, and BCh8 = -0,0345. The calculation of Cha for the

example is presented in table IX, Preliminary calculations are made in
table IX(a) and in colum (1) of table IX(b). Values of n and r*
calculated in column (1) are used to enter the charts (figs. 7 to 10).
Values of P* and tcp obtained from the charts are inserted in

colums (2) and (3) of table IX(b) and the computations are completed.
The theoretical value of Cha is -0.019k,

The equation for the section contour in é plane normal to the control
hinge axis is

g o) et - 1] &

The slope in this plane at any point along the airfoil is
t

)00 o

ax
c

Substitution of equation (13) in equations (4) and (5) yields the following
equations for F; and F2:

Fp =1-4 %(-E)max 2 (14)
Fo=1- %%(%)mx(l + 2 3::3) | (15)
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For determining F3, the equation for the section contour in a plane
normal to the wing leading edge is written as

o ) ()
(b - el e o
ec cos(A - Agr)| 1 + K(%)
where
K = tan(A - Agp)tan(A - Aqg)
The slope of the airfoil contour in this plane is
| |
£\ t x\ X 2
Aze) _ ADmay [ - o) - () (178)

o) e -tm)| [k

or in terms of x/c

d(i) | 2(2) X 2 |
d(gg' ) cos(; Té:gL) E:- 2gt 1 f K(%):] : (17v)

Substitution of equation (17b) in equation (6) yields the following
equation for F3:

(%)ua

_ Xo\e ( ( ﬁ
F3—l-3Cl(l+K)cosA Agr.) [1+2—>-K ) (18)

From equations (14), (15), and (18), the following correction factors
are obtained for the sample configuration: Fy = 0.8077, F, = 0.7889,

and F3 = 0.7355. It is of interest to note that these values indicate
appreclable losses in loading due to airfoll-section thickness, and it

might be pointed out that greater losses would be obtalned for thicker
airfoil sections.
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The coefficients obtained from the charts and the preceding correc-
tion factors are then substituted in equations (4) to (8). The results

obtained are:
C
(:Lé)c
(cms)c = -0.00318
(Cz> = 0.000619
8
C

c = -0.01
(h8>c 0.0182

(Cha>c = -0.0143

0.00k11

1

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Air Force Base, Va., September 8, 1950
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APPENDIX A

METHOD OF INTEGRATING PRESSURES OVER CONICAL

REGIONS OF DEFLECTED CONTROLS

The pressure distributions in the conical-flow regions shown in
figure 12 are given in reference 2. With suitable changes in notation

these are:
For region I,

v _ 1 -]l a-=-1t
P = CO T ot (A1)
For region III,
P! = J__ COS—l 1l - (2 + &)t (A2)
7 1+ at :

Because the flow is conical in regions I and III, integrations of
the pressures along the trailing edge within these regions are representa=
tive of integrations over corresponding triangular segments having the
Mach cone origin as apexes, For such integrations, a coordinate for
distance along the trailing edge must be introduced. The nondimensional
coordinate chosen was t' = B tan v' (fig. 12 and reference 2). The
integrations required for determining average pressure ratio and center-
of-pressure ray location for any segment are

!
2
d/t Pt at!
41

 J— ' (A3)
[® e
tl'
and
-t 4
JF 2 t!Pt 4tt
tq" N
t . ! = A
cp . (Ak)
2 P! 4tt

t1
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(Subscripts 1 and 2 indicate values of t! cofresponding to the end
points of the part of +t' over which integrations were made. )

A Mach number of /§ was assumed for convenience (B = 1) in making
the integrations of equations (A3) and (A4%). This assumption is valid
because any case of Mach number greater than 1 can readily be reduced
to an equivalent case at M = Y2 by an affine transformation corre-
gponding to the Prandtl-Glauert transformation for the subsonic case
(reference 5). An example of this transformation is shown in figure 13.
The equivalent plan form is obtained by dividing all streamwise dimensions
by P and leaving lateral dimensions unchanged; consequently, values
of a, d, and t (for equivalent points) are the same. From equa-
tions (Al) and (A2), it can readily be seen that values of P' for
equivalent points are the same. It follows that summation of P' over
equivalent regions results in equal values of P and t.,. It is
apparent from figure 13, however, that values of tcp' are different.
This difference is of no consequence because values of tcp for the
equivalent wing (obtained from tcp' and geometric relations) are the

game as values of tcp for the initial wing.

The procedures followed in the integrations of equations (A3) and
(A4) are the same for regions I and III and are only shown for region I.
If the Mach number is assumed to equal {2, where B = 1, equation (A1)
may be written in terms of t' as follows: ‘

_1 -1 (a +4d) - (1 - ad)t!
n (1 + ad) - (a - d)t!'

If y is substituted for cos =nP', equations (A3) and (A4) become

S(1-a2)(1+a2) [72 cos~ly ay
‘ 14 2
y 1-a2ad) - (a-4)
P = 1 [0- o) - (2 - 0] (45)
Jo dy

-(1 - a?)(1 + a®)
y1 El - ad) - (a - d)ﬂ2
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-(1 - a®)(1 + d2)\jfye (2 + @) - 1+ aa)y cos~Ly dy
e 3
by - 1 [(1-ad) - (a 1 a)y] _ (a8)
(1 - a2)(1 + d2)‘ij2 cos™y iy
i 1 Kl - ad) - (a - d)ﬂ?

Integration by parts was then employed in the solutions of equa-
tions (A5) and (A6).

For cases in which the conical-flow region overlaps the opposite
parting line, the average pressure loss and center-of-pressure ray
location are required for regions I, and Ib (fig. 1). Equations (A3)
and (A4) may be used in obtaining the solutions for region I, by a
slight modification requiring no additional integration. Thus,

t, to!
2 2
f (1 - PY)at? f Pt dtt
1 t t

t
P s =1 -2 (A7)
t t
2 2
at* att
tlt tll
t2l l
f t'(1 - PY)at’ [ ] t'P' 4t!
tq!
tCP' it t ] (A8)
2 2
(1 - Pr)at’ [t'_‘] - ft P' at'
tl' : tll tli

In obtaining the'solutions for region I (fig. 1), essentially the

same procedure as previously outlined was used. The parameter r = %

was used to ;epresent distance along the parting line nondimensionally.
Values of P and Tcp Were obtained by msking integrations similar

to those in equations (A7) and (A8) (before simplifications).

Results of integrations over all regions shown in figure 1 are pre-
sented in tables II(a) and II(b). Results of evaluating these equations
at taper ratios of 1.0, where they become indeterminate, are presented

in table III(a).
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APPENDIX B
METHOD FOR DETERMINING THICKNESS CORRECTION FACTORS

The pressure coefficient at any point on a two-dimensional surface
as given by the Busemann second-order approximation (reference 8, with
suitable changes in notation) is

Cp = C1(8 + 8) + Co(s + 0)° (B1)

p

(The angle & is considered positive when calculating CP for lower
surface and negative when calculating CP for upper surface. Through-
out appendix B, & 1is considered to be in radians.) The constants Cq
and C, are functions only of Mach number. Equations for these constants
and tabulated values are presented in reference 10,

The lifting pressure coefficient at any chordwise position is simply
the difference between the pressure coefficients on the lower and upper
surfaces, The net 1lift coefficient is obtained by integrating the local

X
lifting pressure coefficients between the hinge line'(% = 7?) and the
trailing edge (— 1. 0) (See fig. 14.) Thus,

thickness(d) 1 -

L' = —l'ic?gfl . KCP)L (CP>] iz (22)

(The subscripts L and U denote lower and upper surfaces.) Similarly,
the hinge-moment coefficient is obtained by integrating the products of
local lifting pressure coefficient and moment arm between the hinge line

and the trailing edge. Thus,

Ch -1 f/: _>5_ xh)l-zp)L (Cp)]dz (B3)

thickness(&) ( _h>




NACA TN 2221 21

An_application of sweepback theory, as explained in reference 9,
must be used for determining Cp - Cp . It is important to note that,
L U
for deflected controls, this theory requires the use of the Mach number
component and the airfoil section in a plane normal to the control hinge
axis. Values of CL' and Cy thus obtained are based on the dynamic-

pressure component normal to the hinge line and the deflection angle
measured in a plane normal to the hinge line. Values of Cp' and Cy

for a two-dimensional flat-plate control, based on the same q and B,
are obtained by considering the Mach number normal to the hinge line in
determining values of C;. Equations for these coefficients are

flat plate .

C = -C4d B
helat plate 1 ()

The following correction factors are then determined by dividing
equations (B2) and (B3) by equations (BL4) and (B5), respectively:

_ 1 fl: l:(CP>L - (cp);ld§ (B6)

¥
RN

1 fl.o e xh %
P = <_..__>l:c -(c) lax (BT)
2 ( xh2 xh/c ¢ c (P)L (P){ﬂ c
Ci8{1 - =
c
If the sections are agsumed to be symmetrical about the chord plane,
equations (B7) and (B8) can be simplified because

t

a =
(CP>L - (CP>U = 28{cy + ¢, :1_29 (8)
(o4

Equations (B6) and (»7) then become

N 1.0 c.daz
Fl=____th 1+26§—-—2Cd3§- (B9)
1 -2 Ygy/e laZ
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1.0 a =
B 2 Tfx *n Co " 2c). x -
F_—_—_—g—f = c>l+2c———2c-_—d-5 B (B10O)
C

The equation for F3 may be written as equation (BT) for F2
(substituting a« for 8)

1.0 % :
e AL RO LIS

Cla(l -

In this case, however, the airfoil section and Mach number component in
a plane normal to the w1ng leading edge must be used in determining

values of C; and (Cé) (?P)U

For symmetrical sections, the equation for F3 may be simplified
in the same manner as the equivalent equation for F,. Thus,

e VA | BB & R

U

Equation (Bl2) will in some cases become somewhat involved because

giﬁlfll must be determined from the equation for the airfoil section in
a(x/c)'

a plane normal to the wing leading edge and must then be written in
terms of x/c (unless the surfaces are plane). It should be pointed out
that suitable approximations for most symmetrical biconvex airfoils
(whlch in general require involved expressions for defining the contour)
may be obtained by assuming the sections to have parabolic contours.
General equations for the thickness correction factors for symmetrical
gections having parabolic contours have been derived in the illustrative
example of the present paper.
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TARIE I.- GENERAL EQUATIONS USED FOR DETERMINING CHARACTERISTICS OF DEFLECTED CONTROLS

L 2
E;ubscripts 1, I, Ip, I, II, IIy, IIy, II;, III, III,, end IIIy refer
to regions defined in fig. l]
(a) Configuration Having Control Located Inboard from the Wing Tip.
—
; Parameter ' Formula
2, Isg, S S
e —Pol™o , (pE) 4+ (pL
s} <) Sr Sf I Sf 1I
-2C m. S1X X
Cng' PolZo_ 4 (p LX) + é’ %LT
5. W; M, a/LL
=y 1 Sy v
¢ Pol to , (p2L¥_ ) ¥ <P ——SLy>
5 [bgSp beSy I oSy, II
-2C = : N\
® 5 |2My My /1 Ib By /11, I, M) 11y,
(b) Configuration Having Control Located at the Wing Tip. -

Parameter Formula
oC s * ¥*
Cp.' Z2o|lo (1’§-L->+PS—L> —<PS—L-> +(pS
5 5 [5¢ Se/1 8¢/ 1, St/ 1, S¢ /111
- T ot —
ot 20_ Dot 0 )I SLx> - (P f’lﬂf) +{P 51X
& 5 M) 1, My /111
2
ot Fro) 2o f) )x
5 5 bef bisf ¥ 58 ¥ SeSefurr
_ —
, -2Lpofmy .\ ( @> < SLx> ( SLx> ( )I ( SLx> (P SLx)
5 & |y Mo /I Iy II IITg 11Ty

é
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TABLE II.- COMPONENT PARTS OF EQUATIONS USED IN CALCULATING CEHARACTERISTICS
OF DEFLECTED CONTROLS HAVING TAPERED PIAN FORMS
(a) Average Pressure Ratio

Elalues of P for regions II, II,, IIy, and II, are obtained by substituting -a, -d, end 1/ne
for a, d, and Ap in equations for regions I, I,, Iy, and I, respectively. In cases where

plus and minus signs are together (;t), the upper sign must Be-used when values of a and d
substituted are such that a - d 1s negative and the lower sign must be used when values of
a end d substituted are such that a - d 1is positive.:'

(?-ig:}o?) Average pressure ratlo
I : - W1 - a2){1-a2) - (1-a)1+a)
. 2(a - d)
P* 1-4 }’g: cos-1 (1 - a8) - ag(1 - a.d):l _
gl -d) - (1-a) rela - @)
I .
* 1 f - cos~1[{L - ad) - Ap(1 - a2)
V1 -2 (a - d)
P* = 1 .)ﬁ(a - d)cos~1 (a-e? - A1 - ad) +
Ap(1-d) - (1-a) |¥ re(a - @)
Iy
(1 - a1 - e? Llom. | (2= 250) & Vore(1 - ad) - 2201 - @) - (L - &?)
n b 1=
_1-4d ﬁ - a2 1 .oq- 1 oumly _ L=
I. P_a_d————l_ze(l “cosld>+“cosla ———1_3
III p=(l+a)-\/(l+a)(l+d)
a-d
* 1 1+a . -1(e+a+d) - 2p(l +a)
P (T +a) - xp(1 + a) - cos [: (a - a) j] -
IIT,
AVl + a)(1 + ) cog-1]2(2 + &) - (2 + 8+ d)
b rp(a - d)
P* - 1. f‘dcos‘lR2+a+d)_af(l+ai|¢
r(lea)-@+a)| * L (a - Q)
III,
%v{l +a)(1 - xf)Ef(l +a) - (1+ d):l

25
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TABLE II.- CO}{POMT PARTS OF EQUATIONS USED IN CALCULATING CEARACTERISTICS
OF DEFLECTED CONTROLS HAVING TAPERED PLAN FORMS - Continued
(b) Center-of-Pressure Ray Location.

[Values of tep! {or rcp) for regions II, II,, Iy, and II_ are obtained by substituting -a, -4,
and 1/rAf for'a, d, and Ay 1in equations for regions I, Ig, Ip, and Ic, respectively. In
cages where plus and minus signs are together (£), the upper sign must be used when values of
a and d substituted are such that a - @ is negative and the lower sign must be used when
velues of a and d substituted are such that a - d is positive.]

Reglon Center-of-pressure ray location (tc,'! or T,
(fig. 1) ® Y Cop )

3
I tep' . ,ﬁ(l + 38d - 32 - ad%_-'ﬁﬁ:l - e?)(1 - d4°) - 2a(1 -~ a)2:|

" kp(a - )2

1 ‘ - a2 o R _1‘(1 - a2) = ap(L - aa):l'
"= o2\ a) = A1 + d2) Al i a9
ltep 2P(a - A)(1 + Aag(l - ) - (1 - o] ( e )l: (1 + ad) = AeP(1 + :Icos s a)

_ a2 1 - ad) - Ap(1 - 42
Iy %g(l+ 3ad - 3d2 - ad:‘l)cos':LE——a)-g_————i(d)]i

Qv fy 22 [ore(a - ad) = 222 - 82) - (1 - a2)]

. 1 Xf'(a - d) [:Ea - agla + d):] —lRl - a2) - ap(l - ad)
Tep = T3 cos’ &
2 el - @) - (1 - 8)] 2L - Ap) L Aele-d)

n, 1 - a?)[ars(1 - 8a) ;fo(l - - (2 -af) .

a(l - )Yl - &2 Log (a - Apd) & Vore(1 - ad) - Ap2(1 - 42) - (3 - 82) -
3 € 1-Ap :

F-et - 2 - a8
bt = 1 a(l+3ad-3&2-ad3)(1—%cos'ld)+(a (1 *ﬂd) L

2P(1 + a)(a - 4)2. V1 - a2

i—':—:El - a2)(1 - a®) - 24(1 - a)e—_-l + (- de)(l: 2ad - ) cog~la

\

. 1
tep =m{(l+a)(l+d)[z2-a+d)(l~d2)+2ad(l+d)+2d(l+a):|—

2E1 - a2)(1 -~ d2) + 2a(1 + a)"j} .

. N U+ A e - (1 s D) _1[f2+a+c1)-zxf(l»fai]t
tcp hP*-(a - d)Ef(l T a) - (14 d)] { ™y [f + al + ]cos L_ 3

III

IIT, K—l-;ﬁlV(l+a)E~f(2+a+d)-xf2(l+a)-(l+d§l-

A ,l_iEEe - a+d) (1l - da?) + 28d(1 + ) + 24(1 + aﬂcos‘lré(l +4) - (2t d]
T ¥l+a4d L

re(a - 4)

. 1 a -y - (e+a]] [l +a+a)- 21 +a)
Yep 6" (1 - M) [hp(1 + a) - (1 + d)] x o8 L a-d *

22oap(1 - 22) - - -
e 2),‘(2 3a d)]‘/(1+3)E"f(2+a+d)')‘f2(l+a)'(1*(1_)—_]} .

11T
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TABLE II.~ CCMPONENT PARTS OF EQUATIONS USED IN CALCULATING CHARACTERISTICS

OF DEFLECTED CONTRQLS HAVING TAPERED PLAN FORMS - Concluded

(c) Geometric Parameters,

BbP(a = a)(1 + Ay
£ 2(1 - Ag)

- 82v,3(a - )20 - xf3)
2 3 - a3+ poa

(fie ) su/5¢ 513/o¢5; 8L%/24,
. 2(a - a) sy, 2la - )ty - &) g 1o @ e ed) - (a- d)tcp]
(r-2A0 - B 5T 301~ ag) (1 + 0®) 511 3 1+ a2
I b - ) - (- 8) gy 2o - Mgy’ - @) 5, 1- *fz[(l +ad) - (a -~ d)tcp'—!
a (1 - 22 (1 - @) 53(1,)‘f)(1+d2) sfl")'f3L 1. J
P ol e 25 8 1 - a2 = 2o (rep - o]
b (1 +xg)(a - @) 3 8¢ Sfl-xf3L ata
I (a - (1 + 82) = (a - Qtep]]
) (1 -1 - a1+ a®)
- 2la-a) Sl 2la - iyt + @) s L- 221+ a) + (a - d)tcp']
(1-2A(1 -~ a®) Sz 3(1 - ag) (L + 42) 5y T el T+ a2
A2 [ap(l +8) = (1 + ][(1 +ad) + (2 - A)tap’
11, f[f +a +:H:+a + (a ":l
(1 =23 (L + Q)1 + &)
(1= lf)elz»f(l +a) - (1 + dﬂ(rcp +8)
1T
’ (-2 (a - 0)2
11, kf3(a - d)El + 8d) + (a « d)t,cp':'
(1231 +a)1+a?)
. rla - @) 1 2hpla = A)(t.* + ) "r3(a - El +ad) + (a - d)tcpﬂ
(1 -2+ @) Sel 31 -ap(1+a®) Q-+ s e?)
— lsz‘f(l +a) - (1+ d)] El +ad) + (a - d)“cpﬂ
: (1= a3)(1 + a)(1 + d?)
(1- xf)QEf(l +a) - (14 d):}(rcp+ a)
I, ) .
(1 -2 (a - a)
£
(a - a)3
(1 e dg) @ —— -
{ + a)( f) - Xf)e(l - d)2 . ,
- - :
e ) : (=2 s
dimensional > Kl +a) = a1 + ai] )
(1= 2%) —— 2(1 - ay°)
(1-2:)°(1 + @)
3(a - a)(1 + rp)
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TABLE III.- COMPONENT PARTS OF EQUATIONS USED IN CALCULATING CHARACTERISTICS
OF DEFLECTED CONTROLS HAVING UNTAPERED PLAN FORMS — Concluded
(b) Geometric Parameters.
Bb2
S = £—
Apt
2,3
b
24, B
As2 YL + p2a2
Regi - -
(f:g_o‘;) SL/Sr S17[osSe 817 e,
. 1 sy (1+ k) 2 51
Af"(l -6 S¢ 6Af'(1 - 32) 3 8¢
} 1-Ap'(1 - a) ﬁe(tcp' - 1) 25
* 2Ap'(1 - &) 5t 3ap1(1 + &2) 3 8¢
1-Ap'(1 - a) 2 5 2%, ,
5 s i 35 e -
1
S - (1 - )
I Sl -h) 25
Ae'(1 - a2 se  6ap'(1 - 8?) 3 8¢
1801+ a)
hs S
38p"(1 + &)
Af'(rcp + a)EL - Apt(1+ a):l
Iy, | === - - 3
b PO N e e e e e e e e e —1
¢ 34p'(2 + 8)
) ) s
III —1 fed 1 - 2 2L
245" (1 + a) sf 124¢'(1 + a) 3 sr
1-Ar (L + 8
P 1-4'(+a)
3Ap"(1 + a)
Apt{r, +a)|l - Ap'(1 + a)
1Ty ( cp )[ :|
3
oo Apt(L-a®) o1 | 30001 - a)(1 - &) [apr (1 + @) - 1] - by el - 82) - 4
dimensional Af'(l - Ea) 6Af‘2(1 - a2)2 GAf'(l _ 52)

*‘Iﬂ‘”’!’
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TABLE VIII.- CONTROL-SURFACE CHARACTERISTICS NOT

INCLUDED IN FIGURES

(a) Tapered Controls.

Wing-tip Inboard . Wing-tip Inboard
a a re |1 /)\,f controls controls a d A controls controls
BCig' |BCLg' | FCmg' | BC1g’ _ BC1g' |BCLg' | ACmg' | BC1g’
-0.95| {-0.80[ ----]0.95] -0.80[0  |-0.047h4]0.1164[-0.1875[-0.0kTA
-~ —mmm| .95 -.8| .20] -.0680| .1139| -.1865| ~.0661
-.80| .ho| -.1162 .1053( -.1794[ -.1102
[-.60|--==] .95 -.80]| .60| -.2086| .08L6| -.1555]| -.2106
-.8510.95] ---- -.95(0 -.7606| .2236)-1.3644] -, 7606
-.95(0 ———— -.95| .20| -~.9921! .2184}-1.3578| -.9917
-.8| ¢ - gg ﬁg —— 95 Lo |-1.4204} .1997[-1.3085)-1.4551
-.95 60| ~mm- -.8000 |emmmemm L1164 | -.2133[~mmmmmm
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TABLE VIII.- CONTROL-SURFACE CHARACTERISTICS NOT

INCLUDED IN FIGURES — Concluded

(b) Untapered Controls.

Wing-tip Inboard Wing-tip Inboard
controls controls controls controls
a A’ a Ap!?
BCiy" BCLg' | BCmg' BC1s" BC1g4" | BCLg' BCng BCyg'
0.8 -1.1421 | 0.1878 [-0.0879 |-1.2498 6.0 0.0320 | 0.0669 | .0.0330| 0.0349
2.0 | -.k2k2 | .2093 | -.1022 | -.4328 {|o 8.0 .0327| .0676| -.0335 L0349
0.95 Lo} -.a619 } .e16k [ -.1070 | -.1605 10.0 | .0331} .0681| -.0337| .0349
. 6.0 -.0720 | .2188 | -.1086 | -.0698
8.0 | -.0265) .2200 | -.1004 | -.02Lk 8| .o125| .okk6 | -.0182 .0kk9
10.0 ,0009 | .2207 | -.1099 .0029 2,0| .0272| .0601 | -.0282 .0393
20 k.01 .0317| .0657| -.0319 0375
B8 -.1061 | L0962 | -.04k7 | -.1034 - 6.01 .0330} .0675 | -.0332 .0369
2.0 -.0117{ .1083 | -.0528 .0065 8.0 .0337| .0685 | -.0338 .0366
80 k.o L0225 | L1123 | -.0555 .0259 (0.0 | .0341| .0690 | -.0341 0364
- 6.0 L0342 | L1137 | -.056k .0366
8.0 .0ko2 | 1143 | -.0568 .0k20 [ .8} .0128 015 | -.0158 .0608
10.0 L0437 | .11k7 | -.05T1 .0ks52 2.0 | .0289| .0603 | -.0275 L0472
- : w | 4 40] .03k1| .0682 | -.0328 .0k26
B8 -.0190 | L0102 | -.0323 | -.0075 6.0} .0356| .0709 | -.0346 .0k11
2.0 L0173 | .080k | -.0391 .0232 8.0 .0362 | .0722 | -.0354 .okok
.60 4,0 .0302 | .0839 | ~.0OLk1k L0334 L10.0 { .0366 | .0730 | -.0360 .0399
- : 6.0 L0346 | .0850 | -.ok21 .0368
8.0 .0369 | .0856 | -.0k25 .0385 .81 0120 | .0379 | -.0131 L0948
10.0 .0382 | .0859 | -.ohet 0395 2.0 | .0300{ .0603 | -.0257 L0641
) 60 4,0 .0384] .0736 | -.0345 .0539
.8 L0005 | L0592 | -.0268 L0154 . 6.0 .oko6| .0782 | -.0376 .0505
2.0 L0226 | 069k | ..0336 .0290 8.0 .ok15 | .o8ok | -.0391 L0487
1o k.o L0302 | .0728 | -.0358 .0336 10.0 | .ok20 | .0818 | -.0koO LOhT77
- 6.0 .0328 | .0739 [ -.0366 .0351 -
8.0 .034%1 | .o745 | -.0370 .0358 [ .8 .0087 | .0321 | -.0087 .2198
[10.0 | .0349 | .07h8 | -.0372 .0363 2.0 | .0296 | .0589 | -.0222 .1228
g | 4 4,0 .okkr | .080k | -,0343 .0905
.8 L0078 | .0527 | -.0233 .0263 . 6.0] .0508 | .0921 | -.okeo L0797
2.0 L0245 | L0638 | <.0307 .0319 8.0 .0535 | .0982 | ..oh61 0743
-0 4.0 .0301 | 0675 | -.0332 .0338 |10.0 | .0549 | .1018 | -,0485 L0711
9 6.0 .0319 | .0688 | -.03k0 L0344
8.0 L0328 | 0694 | -.034k L0347 .8 [ -.0048 | .01k9 .0032 | 1.4733
10.0 .0334 | L0698 | -.0346 L0349 2.0 | .02k2 | 0526 | -.0157 L6564
J ko] .okko | .0809 | -.0282 3841
.8 L0110 | 0482 | -.0205 L0349 95 6.0 | .0564 | .0998 | -.0368 .2933
0 2.0 L0258 | 0611 | -.0291 .03k 8.0 .0657 | .1145 | -.0438 2479
k.0 .0305 | .0655 | -.0320 L0349 10.0 | .0732 | .1269 | -.0501 .2207
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S el
configuration (b)
\ AN
Region I g - Ib h c

Inboard Mach cone, configurations (a) and (b)

7 ,
Iq Zy

Region IT ‘
| Outboard Mach cone, configuration (a)
/ ya %
Rqamw I %\ I, E%‘J\
Outboard Mach cone, configuration (b) ’

Figure 1.- Conical-flow regions for which solutions were obtained in the
calculation of deflected control characteristics. -
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have been obtained

by use of an approximation and should be used with caution.
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Figure k.- Continued.
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Figure 4.- Continued.
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Figure L4.- Continued.
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Figure 4.- Continued.
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Figure 4.- Continued.
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Figure 4.- Continued.
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Figure 4.- Continued.
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Figure 4.- Continued.
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Figure 4.~ Continued.
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Figure 4.- Continued.
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(a) Lift coefficient.

Figure 5.- Lift and pitching-moment parameters for deflected trailing-edge
flaps located inboard from wing tip.
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Figure 6.- Hinge-moment and rolling-moment parameters for control surfaces
located inboard from wing tip.
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Figure 6.- Continued.
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Figure 6.~ Continued.
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Figure 6.- Concluded.
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(a) tan A

= 0.10.
B

‘Flgure 7.~ Loading distribution along inclined sections intersecting the
wing-root Mach cone.




T2 NACA TN 2221

EEmme i
N

e i
EEmac s e

Figure 7.~ Continued.
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= 0.30.

Figure 7.- Continued.
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Figure 7.~ Continued.
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(£) tagA - 0.60.

Figure 7.~ Continued.
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Figure 7.- Continued. -
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1.0

Figure 7.- Continued.
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(3) tan A

= 0.95.

p

Figure T7.- Concluded.
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(a) r =0 to 1.0.

Figure 8.- Loading distribution along streauwlse sections intersecting
wing-root Mach cone.
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Figure 8.- Concluded.
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Figure 9.~ Loading distribution along inclined sections intersecting wing-
tip Mach cone.
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Figure 9.- Concluded.
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Figure 10.- Loading distribution along streamwise sections intersecting

wing-tip Mach cone.
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(b) r' = 1.0 to 10.0.

Figure 10.- Concluded. N
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tan Agg, tan AR -
— - 0.3990, — = 0.3489, 5 = 23.250, ¢ = 3.984, A = 0.713,

Sf = 2.366, 2M, = 1.&90)



NACA TN 2221

Reglon IIT

Figure 12.- Illustration of ordinates used in integrating pressures over
conical regions of deflected controls.
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Figure 14.- Illustration of parameters used in determining the two-
dimensional characteristics of trailing-edge controls having
thickness.
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