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AERODYNAMIC FACTORS AFFECTING THE ABILITY 0F A PILOT TO
RETURN AY AIRPLANE TO LEVEL FROM A BANKED ATTITUDE BY
USE OF THE RUDDER ALONE AND WITAOUT CHANGE OF HEADIUNG

By S. . HEarmon
INTRODUCTICN

Considerable importance is attached by the Navy to
the ability of 2 pilot to return the wing of a banked
airplane to level by use of the rudder alorne and without
a change of heading of the airplane, particularly at low
speeds, whnere the airplane may be in close proximity to
the ground or %to the deck of an aircraft carrier, and a
banked attitude might be produced dy turbulent-air condi-
tions, Because of the resulting interest, a study has
been made of the aerodynamic factors upon which the abil-
ity to perform the maneuver depends in an attempt %o ob-
tain a better undeorstanding of the conditions involved
and,if possible,to ovolve critcrions that may be used
during design,

TATION

m mass of airplane

B sideslip veloclity

g acceleration due to graviiy

I, rate of change of lateral force with sideslip

velocity (oY /ov)

L, rate of change of rolling moment with sideslip
velocity (3L/ov)
Lp rate of change of rolling moment with rolling
angular velocity
P rolling angular velocity
2 W d
mkx moment of inertia about the X axis, or the plane
' of symmetry
¢ angle of bank, subscript O (initial condition)



The Torces zad the uoments are referrel to the stebility
axes, a system in which the X axis is in the plane of
symmetry and aloung the relative wind for steady conditions
of unyawed flight, the Y axis perpendicular to the plane
of symmetry, and the Z axis in the plane of symmetry and
perpendicular to the X axis, (See refercnce 1l,)

Py

B angle of sideslip in radians
Cy 1ift coefficioant
P
2m/—= Sb

e m/8

£
c =5 Gl L S

lp 1 T

o] = e LOa8
2VE A .
s = Q%m’ t (time in seconds)

<t

S wing area

b wing span

AWALYSIS

The maneuver consists essentially in a sideslip in
the direction of the low wing., The action of the dihedral
rolls the wing back to the level positions The rudder is
employed to counteract the turning tendency resulting
from the inherent weathcrcock stability of the airplane,

e
n

Insthe analytical treatmeat of the problem, it is
first assumed that the maneuver can be performed, On the
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bagis of this assumption, the yawing motion will be zero
and can be eliminated from further consideration., Sim-
plified equations of motions are then set up and solved
for the angles of sideslip that will occur during the ma-
nocuver, Whether or not the wings will tend to return to
the level position dopends on the effective dihedral of
the wings, The ability to perform the maneuver otherwise
depends on whether the rudder is sufficiently powerful to
produce the angles of sideslip that must occur. The mag-
nitudes of the angles of sideslip are dependent on the
rclation between the effective dihedral and the cross-wind
and drag forces.

For a given set of conditions, the angles of sideslip
vary somewhat with the flight-path angle of the airplane,
Experimental data, however, have indicated that the appli-
cation. of power generally tends to reduce the dihedral
effect, so that the critical condition occurs with power
on., The quantitative solutions, therefore, havc only been
obtaincd for the low-spced level-flight condition, where
the conditions are probadbly most critigal,

When the yawing is zero, the equations of lateral mo-
tion for the condition of initial level flight are reduced
o the forms

n
i
L e vy, - ng(¢ - 9,) = me ¢o
L f (1)
kD St orwta 5:pBatesd
o g L P :

This equation implies that at the start of the maneuver
the airplane is in a banked attitude but is neither roll-
ing nor sideslipping, The effect of initial roll or side-
slip is discussed later, The complete solution of this
equation indicates the existence of two superimposcd modes
of motion, one a heavily damped subsidence of any initial
rolling and the other, the oscillation involving skidding
and some residual rolling, similar to the usual lateral
oscillation but involving no yawing motion, Because of
the heavy damping of the first mode, only the oscillation
appears to be important for the maneuver being considered,

In reference 1 it has been suggested that the solu-

tion for this oscillation can be approximated by assuming
that the airplane is swinging laterally as a pendulum




about a center of oscillation with a radius of curvature
equal to -Lp/Lv. When this assumption is made, the sido-

slipping and rolling motions are related by the equation:
v = (-Lp/Lv)p

When this relationship is applied to equation . 1t
is seen that the angle of sideslip, 8 = tan~! v/T, or
approximately v/V, varies linearly with the initial an-
e o bank, ¢o' Consequently, it has been found more
| convenient to deal with the relation B/¢, than with 8.

The final solution in the nondimensional form then becomes:

Cy
20, §“é s
ﬁ/¢o e e
/ B St
/ ' TE
N D
(2)
/ o et
/ /ép. Cy. O
5T T S W Be Colip

The differentiation of equation (2) with respect to a8
when set equal to zero determines s when the angle of
sideslip, P, 1is a maximum, and the result is:

S
5max

The significance of eguation (3) is that sg gives the
max

time or distance in semispan lengths for the banked wing
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to Become,devel. »The maximum. asngle.of sideslip.that.wild
occur during the maneuver:

ﬁmax/¢o S
-4U.C C'r
// _———L __‘L'O . CYﬁg
c Cy
- —— e Sun J/ G <
- Y
/fu“zs ot o F (4)
e S —— %24
ok g / Cy £
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In the limiting case where the effective dihedral is zero
the equation reduces to

bmﬁx/¢o = - =2 (5)

This equation (5) also applies to the case where the siler-
ons are employed to balance the rolling moment due to side-
slip; that is, for the steady sideslip condition.

DESIGN CHART

The data obtsined by solving equation (4) have been
plotted on figure 1, The values for the parameters have
been chosen to exceed any values likely to be encountered
in‘practice., The figure has been constructed for a 1if#
coefficient of 2, This value was chosen as representative
of the better installations of high-wing devices on mod-
ern airplanes. Various sources hsve dealt with me=ns for
computing all of the factors needed for using the chart.
The chart, however, is intended primarily for use with
wind-tunnel data for specific designs. As wind~tunnel
tests do not usually include evaluation of CLD’ this

value will still have to be obtazined by comvutetion. Hig-
ure 8 of reference 2 is recommended as a convenient source
for values for this fector. The effective dihedral,
C ~ S 1 1
3 3C, 30, c

1
ClB . X 57.3, where SV 1Py i , 1if the data

2

.

_
=

O/




are referred to the wind-tunnel system of axes (4 = aspect
&

ratio), The lateral-force coefficient Cg =355~ % 57,3 - Cpe

[
B oy
The values of Cc used in the preceding equation should be

taken when the yawing moment 1s zero as a result of an
appropriate rudder deflection for the particular angles
of ¥ chosen.

DISCUSSION

The chart indicates that conditions are critical only
for low values of the effective dihedral, (1° dihedral in
the average case will give a value of the abscissa of the
order of 2,2.) The effect of lateoral force in this range
is algso critical. TFor valucs of the abscissa above 6, the
lateral force has only a small effect on the absolute an-
gles of sideslip, For very low values of dihedral such as
are encountered with many modern airplanes at low speeds with
power on, the effect of the lateral force is large,

Bmax/¢o varying from 2 to infinity for the values of the

parameter employed in the chart,

4s previously mentioned, the chart strictly applies
only when the sideslip velocity at the start of the maneu-
ver is zero, In the actual case some rolling or sideslip-
Ping will probably be present at the start of the maneu-
ver, The rolling motion, according to the complete solu-
tion of equation (1), will be quickly damped and will prob-
ably have a negligible effect on the ensuing motion, The
gsideslipping velocity at the start of the maneuver may vary
from the value obtainable in the steady sideslip to zero,
depending on the prior higstory of the motion, which in turn
depends cn the violence ¢f the gust or the manipulation of
the controls producing the banked attitude. In gusty air,
where most intorest attaches to the manouwver, it may Ve
presumed that the disturbance will be viclent and the time
to obtain the banked attitude small, In this case condi-
tions will approach thoso assumed for the chart, ¥For the
demonstration of the capabilities of an airplane to perfornm
the maneuver, however, there may be relatively large
amounts of initial sideslip, depending on how the banked
attitude is obtained. If a turn is entered and the angular
velocity in yaw is stoppsd when the angle of bank becomes
the desired value, the sideslip velocity will approach




zoro and the conditions of the chart will be approximated,
The values of sideslip accompanying the attainmont of the
banked attitude by using tho ailerons will depend on the
speced with which the banked attitude is obteinecd and the
time allowed for Yconditions %o become steady." The value
of the ordinate, for zero value of the abscissa, will ap-
ply as previously mnoted for the steady sideslip condition,
Ifs for example,

and

g /¢ will lie botween 4 and 0.6, a consideradble
Prax

spread aenendlnp on the manner in which the initial banked
attitude was obtained, The probable value will, of course,
more nearly approach the lower limit, The eoffect of any
initial sideslip can be taken into account by assuming a
higher angle for the initial bank than is specified. These
assumed higher angles of initial bank, ¢0', for values
of Bo (initial sideslip angle) greater than zero may be
estimated from figures 1, 2, and 3. For zoro lateral
force, the value of 90'/¢O is given by the formula

gy Tk
-rg— / 14+ <‘“"9—'
90 max
where Q... 1is obtained from figure l. TWhen GY = -0,50

and -1,00, figures 2 and 3 are used to obtain ¢o /¢ by
first connecting the origin to the point having the ordi-
nate B,/8, and the abscissa 1, This line will intersect
the curve having the desircd value of puC; /C; , and the

-

B
reciprocal of the abscissa at this point of interscction
gives ¢°'/¢O. Computations of motion during aileron ma-
neuvers indicate that where the banked attitude is obtained
by use of the ailerons with the rudder being emp10Jed to
hold a constant heading po/@, will vary from about 0.2 to
0.35, depending on whether the specified attitude is at-~
tained in 1 or 3 seconds,




Figure 4 shows,for the range of the parameter Re 1 /Gl
P

considered herein, the time to level the wing from the in-
itially banked position for values of GYB = s sand ol 008

The time is taken as equivalent to that required to attain
the maximum sideslip angle and is given in the nondimen-
sional form, %/7, where T, the characteristic timo
unit for the airplanc, is equal to m/é 87. The cha®t inw

dicates that conditions are only critical for low values
of tho dihedral angle where the time to level the wing
increases rapidly with decreasing valucs of the dihedral
angle, Beyond a value of the abscissa of the order of 4,5
(equivalent in the average case to an effective dihedral
angle of about 2° to 3°), the curve for t/T flattons

and the dihedral effect bccomes small,

ILLUSTRATIVE COMPUTATION

As an illustration of the use that can be made of fig-
ure 1, the following illustrative example is included,
From unpublished wind-tunnel data on a modern low-wing
monoplane with landing gear extended, flaps fully deflect-
ed, and power on, the following data woere taken:

Wit %7 35,8
b = 40,8 ft
A = 5 (515
A = 060
C'L =40 =10 205
P
C = =0,456
Y. ¢
o)
lMaximum angle of sideslip that can be held
with rudder = 17°
CZ from reference 2, figure 8, = «0,43
b
Mo by computation for sea level = 50,7




,
o}

From figure 1, for uC; /C; = 5.9 and Oy = -0,456
D

5max/¢o = 0.52. TFor the steady sideslip condition,
5max/¢o = 4,39 from equation (5) or by interpolation from
figure 1. If @, = 10°, +then the maximum angle of side-
; 5 S0 e O e
slip will fall between 5.2 and 43.9 & Even with allow-
ance for the possible initial angle of sideslip, the par-
ticular airplane should be able to perform the maneuver
satisfactorily. If BO/¢0 ig 0,35 as previously noted as
probable for a normal entry Dy use of thie ailerons and
rudder, according to figure &2, ¢O'/¢O equals 1/0.81 or
1,25. (Fote dash lines on figure.) Tue value f... vnder these
conditions will equal 6,5°. A steady sideslip with the
wing down 109, however, could not be made.

The time to return the wing to level is computed from
figure 4. This figure for the specified values of the
parameters gives t/7 as 0.44, 4&s T ocquals 8.1, 3.6
seconds will be required for the wings to level out,

Langley lemorial Aeronauvtical Labvoratory,
Uational Advisory Committee for Aeronautics,
Langley Field, Va,
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Figure 1.- Variation of maximum sideslip angle for a given initial bank
with parameter pCzB/Czp; €1, = 2.00,
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Figure 2.- Variation of sideslip angle with bank for various values of
the parameter pClB/Clp; Gy = 24003 Cyg = -0.50.
2m dCy ity

T T e S )
2V







NACA Figsaldnd
.0y
[
.6
; MGy [Cp=2
P
6f \\ T
Sedts = =l
al )
@o [ e 5 il
4- '\4-.4\\
— /0 T
T e T [t Foed
—‘ | \
5 \\\
=t
L \
r §
b
o s “‘.IZ. T .“.l4‘” Py “..‘6'““ i H'.'a-“' - 10
?/%o

Figure 3.- Variation of sideslip angle with bank for various values of
the parameter pCzB/Clp; C, = 2.00; Cyg = -1.00.
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Figure 4.- Variation of time to level wing (to attain maximum sideslip
angle) with parameter uCzB/Clp; CL, = 2.00.
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