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ARRODYNALIO FACTORS AFTECTING THE ABILITY OF A PILOT TO
RRTURYN AN AIRPLANE TO LEVEL FROM A BANKHD ATTITUDE BY
USRE OF THE RUDDER ALOXE AND WITHOUT CHANGE OF HHADING

By 5, i, Earmon'

IXTRODUCTIOK

Conslderable importance is attached by the Ravy to
the ability of a pllot to return the wing of a banked
airplene to level by use of the rudder alomne and without
a change of heading of the alirplane, particularly at low
speeds, where the airplane may bPe ln close proximlty to
the ground or to the dock of an alrcraft carrier, end a
banked attitudo might be produced by turbulent-alr condi-
tions, Because of the resultlng interest, a study has
been made of the aerodynamic factors upon which the abil-
ity to perform the maneuver devonds 1n an attompt to ob-
tain a better undorstanding of tio conditions involveod
and,if possiblo,to ovolve critorions toat may bo used
during design,

NOTATION
m mags of alrplane
v sldeslip veloclty
4 acceleration due to gravity

rate of change of lateral force with sldeslip
velocity (3Y/ov)

Ly rate of change of rolling moment =lth sideslip
velocity (9L/dv)

LP rate of change of rolling moment wlth rolling
angular veloclty

rollling angular velocity

P
mkI moment of inertia about the X axis, or the plane
of symmetry

¢ angle of bank, subscript O (initial condition)



The forces ~ad the uoments are referrel to the stability
axes, a system in which the X axis 1s in the plans of
symmetry and along the relative wind for steady conditions
of unyawed flight, the Y axls perpeadicular to the plane
of symmetry, and the Z axis in the plane of symmetry and
porpendicular to the X axis, (See roferonco 1,)

B anglo of sidoslip in radians
Cr, 1ift coefficioat
B 2m/-§ §b
C, = acl/aﬁ
g
_ 30, /3
61, = %% /%7
cYp = 3Cy/3p, Oy (lateral forcs coefficlont)
o] = 2,71828
- 8% 1 a
g = 8=y t (time in seconds)
v forwesd Talocier
p
T = nm/=— 8V
/2
S wing area
b wing span

AWALYSIS

The maneuver consists essentially in a sideslip in
the directlion of the low wing. The actlon of the dihedral
rolls the wing back to the level positlon, The rudder 1is
employed to counteract the turning tendency resulting
from the inasrent weathercock stabillty of the airplane,

In the analytlcal treatmont of the problem, it is
first assumed that the maneuver can be performed, On the
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basls of thls assumption, the yawlng motion will be zero
and can bde eliminated from further consideration, Sim-

-.piified equations of motions ‘dre then set up and solved

for the angles of sideslip that will occur during the ma-
nouver., Whethor or not the wings will tend to roturn to
the levol posltiion dopends on the effective dlhedral of
the wings, The abllity to perform the maneuver otherwlse
depends on whether the rudder is sufficiently powerful to
produce the angles of sideslip that must occur, The mag=
nltudes of the angles of sidosllp are dependent on thoe
rolatlon botwoon tho offective dlhedral and the cross-wind
and drag forces,

For a given set of conditlions, the angles of sideslip
vary somewhat with the flight-path angle of the airplane,
Experimental data, however, have indicated that the appll-
cation of power gensesrally tends to reduvce the dlhedral
effect, Bo that the criltical condition occurs with power
on, Tho quantitative solutions, thereoforo, havo only been
obtalnod for tho low-spcod level-flight condition, where
the conditions are probably most critieal,

When the yawirg l1s sero, the equations of lateral mo-
tion for the condition of initial level flight are reduced
to the form:

~
nﬁ-vrv-mg(¢-¢o)=mg¢o

\ (1)

"o

Thls equation implies that at the start of the maneuver
the alrplane is in a banked attitude but is neither roll-
ing nor sldeslipping. The effect of initial roll or side-
8lip 1s discussed later, The complete solution of this
equation indlcates the exlstenco of two suporimposod modes
of motlon, ono a heavily damped subsidence of any initial
rolllng and the othor, the osclllation involving skidding
and some residual rolling, similar to the usual lateral
osclllation but involving no yawing motion. Boecause of
the heavy damping of the first mods, only the oscillation
appears to be lmportant for the maneuver being consldered,

In reference 1 it has been suggested that the solu-
tion for thls oscillation can be approximated by assuming
that the airplane is swlnging latorally as a pondulum




4

about a center of oscillation with a radiuvs of curvaturo
oqual %o 'Lp/Lv' Yhon this asgumption is mado, the sido-

slipping and rolling motions are related by the eguation:
v = ("'Lp/Lv)P

When thie relationship is appllied to equation (1), it
is seen that the angle of sideslip, B = tan™? v/¥, or
approximately v/V, variese linearly with the initial an-
gle of bank, @,. Conseguently, 1t has been found more
convenlent to deal with the relation PB/@, than with B.

The final solution in the nondimensional form thon becomes:

Cy
23, -3--5. 8
o)
B/8, = O
41 O, O©
15 L° - 0y 3
Y B
lp
(2)
x sin| —= R - - I Oy 2 ig
2p Glp p

The differéntiation of equation (2) with respect to s
when set equal to zero determines 8 when the angle of
sldeslip, p, 18 a maximum, and the result is:

4 C Cc
IB L, _ g 8
¢ Y
l B
2l =1 D
8 44 Gy Oy, T3
B_° o, ®
c T T
l
b
The significance of equation (3) 1e that gives the

8
Pmax
timo or distance in semlspan lengths for the bankod wing
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“"to become level,  The maximum angle of sideslip “thet will
occur during the maneuver: )

ﬁmax/¢o

In the 1limiting case where the effective dihedrsl 1s zero
the equatiorn reduces to

cLo

5max/¢o = - UEE (5)

This equetion (5) also applies to the case where the eiler-
ons are employed to belance the rolling moment due to side~
slip; that is, for the steady asideslip condition.

DESIGHN CHART

The deta obteined by solving equation (4) have been
plotted on figure 1, The values for the parameters have
been chosen to exceed eny values likely to be encountered
in practice. The figure has been constructed for a 1ift
coaefficlent of 2, Thie velue wes chosen as representstive
of the better installations of high-wing devices on mod-
ern alrplenes., Various sources heave dealt with memsns for
computing all of the fectors needed for ueslng the chart.
The chart, however, is intended primarily for uee with
wind~tunnel data for speciflc designs. As wind~tunnel
tests do not usuelly include eveluation of Gzp, this

value will still have to be obteined by comoutetion. Fig-
ure 8 of reference 2 1is recommended as & convenlent source
for veluee for this factor. The effective dilhedral,’
oC 3c 3C,?* c_!
1 1 l
Clﬂ = - Tﬁr x 57.3, where = = v + —%—, if the data




are referred to the wind-tunnel system of axes (1 = aspect

ratio), The lateral-force coefficlent Oy =- SWE X 57.3 — Ope

The values of Oc 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

fhe chart indicates that conditione ars critical only
for low values of the effective dihedral, (1° dihedral in
the average case will give a valus of tho abscissa of the
order of 2,2.) The effect of latoral force in this range
is also critical., TYor valuos of the abscissa above 6, the
lateral force bas only a emall effoct on the absoluto an-
gles of sldesllip. For very low values of dihodral such as
are encounterod with many modern airplenes at low speeds with
power dn, tho efrect of the lateral force is large,

Pmax/%o varying from 2 to infinity for the valuos of the

parameter employsed in the chart,

As previously mentioned, the chart strictly applios
only whaen the sidoslip veloclty at the start of the maneu-
ver is zero. In the actual case some rolling or sideslip-
ping will probnbly be prosent at the start of the maneu-
ver, The rolllng motion, according to the completo solu-
tion of equation (1), will be quickly damped and will prob—
ably have a negligible effect on the onsuing motion, The
sldesllipping velocity at the start of the mareuver may vary
from the valune obtainable in the steady sideslip to zero,
depending on the prior history of the motion, which in turn
dopends on the violence of the guat or the manipulation of
the controls producing the banked attituwda. In gusty air,
where most interest attaches to the manouver, 1t may be
prosumod that the disturbvance will be violent and the time
to obtain the banked attitude small. , In this case condi-
tions will approach those assumed for the chart, ¥or the
demonstratlion of the cavabllities of an airplane to perform
the maneuver, howevor, there may be relatively large
amounts of initial eldeelip, deponding on how tho banked
attitude is odtained. If a turn ls entered and the angular
velocity in yaw is stoppsd when tho angle of bank becomes
the doelred value, the sldeslip velocity will approach
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goro and the conditions of the chart will bo approximatod,
Tho values of sidoslip accompanying tho attainmont of the
bankod attitudo by msing tho aillorons will dopond on_tho
spood with which tho bankod attitudo is obtainod and tho
timo allowod for "conditions to bocomo steddy." The valwe
of the ordinate, for zero value of the abscissa, will ap-
ply as previously mnoted for the steady sidesllp condltion,
If, for example,

and
pucy /0 = 4
lﬁ 1p

Bpax/¥, will llo botwoon 4 and 0.6, a considerablo

sproad depending on the manner in which the initial banked
attltude was obtalned, Tho provatls wvaluas will, of course,
more noarly arpproach the lower limlt, Tho offect of any
initial sidoelip can be taken lntoc account by assumling a
highe:r angle for the inltlal bank than 1s speclified. These
assumed higher angles of initial bank, @,'s for values

o n al sldesllp angle) greater than zZero may be
f o (initlal sidesli le) t 1 b

ostimatod {rom flgures 1, 2, and 3, For zoro latoral
force, the value of @ '/¢d  1s given by the formula

1+

ma::

where is obtained from figure l, TWhen GY = -0,50

Puax
and -1,00, figures 2 and 3 are used to obtain ¢, ! /¢o by

firet connecting the origin to the point having the ordi-
nate f,/@, end the abscissa 1, This line will intersect

the curve having the desirod value of p0; /C; , and the
D

roclprocal of tho abscissa at this polint of intorsoction
gives @,'/¢,. Computations of motion during aileron ma-
neuvers indicate that where the banked attitude is obtalned
by use of the ailerons with the rudder being employed to
hold a constant heading pP,/f, will vary from about 0.2 to

0,35, depending on whether the speclfied attitude 1s at-
tained in 1 or 3 seconds,




Figure 4 shows,for the range of the parameter pnc; /0y
B p

considered herein, the time to level the wing from the in-
itially banked position for values of O!p =0 and -1,00,

The time 1is taken as equivalent to that requlred to attaln
the maximum sidosllip angle and 1s glven ln tho nondimen-
sional form, t/T, vhere T, the characteristic timo
unit for tho alrplano, 1s equal to m/§ SY. The chart in-

dicates that conditions aro only critical for low values
of tho dihedral anglo whore the timo to lovol tho wing
increasos rapidly with deocreasling valuos of tho dilhodral
anglo, Beyond a valueo of the absclssa of the order of 4,5
(equivalent in the average case to an effective dihedral
angle of about 2° to 3°9), the curve for t/T flattens

and tho dlhedral effact bccomes small,

ILLUSTRATIVE COMPUTATIOXN

As an illustration of tae use that can be made of fig-
ure 1, the following 1llustrative example 1s included,
. From unpublished wind-tunnel data on a modern low-wing
monoplane with laadlng gear extended, flaps fully deflect-
od, and power on, the following data wore takon:

v/S = 39.5

b = 40,8 £t

A = 5.55
A = 0,50
01' = =0,05
B
Cy. = =0.4586
s
GL = 2

Eaximum angle of sldeslip that can be held
with rudder = 17°

C from reference 2, figure 8, = -0,43

'

78 by computation for sea level = 50,7
ucl /Cl = b,9
B P
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From-figure 1, for- -ul; /0; = 6.9 and Oy = -~0,456
p

Bmax/¥o = 0.52. TFor the steady sideslip conditionm, .
pmax/¢o = 4,39 from equation (5) or by imterpolation from
figure 1, If. @, = 10°, then the maximum angle of side-

8lip will fall between 5.,2° and 43,9°, Even with allow-
ance for the possible inltial angle of sideslip, the par-
ticular airplane should be able to perform the mansesuver
satisfactorily. If B,/@, 18 0.35 as previously noted as

probable for a normal entry by use of the allerons and
rudder, according to figure 2, @,'/@, equals 1/0.81 or
1.25. (Fote dash lines on figu.re.) The value Bm:_. 1ader these

condlitions will egual 6.5°. A steady sideslip with the
wing down 10°, however, could not be made,

The time to return the wlng to level 1is computed from
figure 4., Thie figure for the specified values of the
paramoters givos t/T as 0,44, 4As T oquals 8,1, 3.6
seconds will boe required for the wings to level out,

Langley idemorilal JAderomnautical Laboratory,
Uational Advisory Committee for Aeronautics,
Langley Field, Va.
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Figure 1l.- Variation of maximum sideslip angle for a given initial bank
with parameter pC1g/C1.: C1r = 2.00.
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Figure 2.- Variation of sideslip angle with bank for various values of
the parameter uC1B/Clp; Ct = 2.003 Cyg = -0.50. .
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Figure 3.- Variation of sideslip angle with bank for various values of
the parameter uCy /Clp; C = 2.00; Cyg = -1.00.
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Figure 4,- Variation of time to level wing (to attain meximum sideslip
angle) with parameter pC1B/Clp; C1, = 2.00.
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