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FLAT YAWING YANEUVERS

By John Boshar and Philip Davis
SUMMARY

Dynamic yawing effects on verticel-tail loeds are
considered by a theory of flat yawing maneuvers, A com~
parison 1s shown betveen computed loads and the loads
measured In flight on a fighter alrplene.

The dynamlc effects were investigated on & large
flying boat for beth an abrupt rudder deflection and =
ginusoidal rudder deflection. Only & moderate amount
of control deflection was found to be necessary to
attain the ultimate design load on the tall. In order
to take into account dynamic effects in design, specifi-.
cations of yawing maneuverabllity or control movement
are needed.,

INTRODUCTION

The current use of semlempirical specifications for
the determination of critical loads on the vertical tall
of airplanes and the acknowledged inadequacies of this
nrocedure have led to a great deal of interest in the
theoretical aporoasch to the problem. The equations of
lateral motipn of an sirpglane are well known, (see, for
exemple, reference 1); but because of the inabillity to
obtain accurate va]ues of the lateral stebility deriva-~
tives the amount of lebor involved in effecting the
computations has mede lmpracticable the application of
ths complete thecry fo the tall-loads problem. The
imoortant dynamic sspect of vertical-tail loads thus 1is
entirely ebsent from current specificatlionsg.
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The purpose of the present paper 1s to_conslder )
dynamic yawing loads on the basis of a restricted theory.
With the restriction of flat yawing meneuvers the loads
on the vertical tail that arise from abrupnt deflsctions
of the rudder or from suddenly imposed moments from any
source may be determined. The loads were computed for
a fighter airplane for which loads measured in flight
were available, and, as evidence of the utility of the
restricted theory, the computed and measured loads wers
compared. The importance of considering dynamic effects
in the design of vertical tall surfaces 1s shown by com-
putations mede for a large flying boat undergoing an
abrupt rudder deflection and a sinusoldal rudder deflec-
tion.

¥ETHOD AND RESULTS

In ths cealculations, the theory of flat yawing
maneuvers was adopted. The princlipal assumption of this
theory is that the motion of the alrplane resulting from
a deflection of the rudder is confined entirely to the
vlane of yeaw. This assumption implies low effective
dihedral and may be used for most conventlional alrplanes.
The mathewatical detalls of the theory, a list of the
baslc assumptions, end definitions of thse gymbols used
herein are given in the appendix. The resulting method
is as simple as the method now specifled for the calcu-
lation of loads on the horizontel tell. The method
accounts for changes in the effective angle of attack
of the vertical tail and thereby enables the chord load
distribution to be calculated for dynamlic conditions.

Fighter sirplane.- Flgure 1 presents time historles
of the rudder deflection, transverse—acceleration, and
incremental tail load during an abrupt rudder deflection
for a low-wing single-engine fighter alrplene. The
measured tsll-load variation was derived from pressure-
distribution data and the transverse acceleration was
taken from accelerometer records. The measured data are
shown for a vpower-on condition at 6000 feet and an slr-
spesd of 200 miles per hour. The measured variation of
rudder angle with time was used: ag the forcing function
in computing the theoretical transverse acceleration and
incremental tail load. The asrodynamic and geomsetric
parameters used in the computations and the source or

!
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the method by which they were obtained are given in
teble I. ™ind-tunnel data wers used wherever possible;
vhen these data were not avallahls, reasonable values
were &assigned.

Flying boat.- Zalculations were made of the vertical-
tail load that would be imposed on a four-engine flylng
boat. The loads were computed for the following two
elementary types of rudder deflection: an instantaneocus
deflection to a constant value and a sinusoidal deflec-
tion of a frequsncy that would maximize the final bullt-
up value of the load. The instantansous rudder deflec-
tion simulates the control motion thdt may be used by the
nllot after an engine failure. . The ascillating rudder
deflection corresponds to a flshtall meneuver. Both
rudder deflectlons. and the loads erising from them are
shown 1n figures 2 and 3. The tall loads are plotted
in pounds per degree of instantaneous rudder or pounds
ner degree ampllitude of oscillating rudder. Falrly
extensive wind-tunnel data were avallable for this air-
plane, and the paremeters used are given in table I. The
computations were carried out for a power-off condition
at sea level and an alrspeed of 300 feet per second.

In addition.to the total maneuver load, the load
and distribution on each surface of the vertical tail
must be known for purposes of design. For the times
indl cated in figures 2 and 3, which glve rise to critical
loads on the rudder, fin, and total surfece, chord load
dlistributions have been computed for the flylng boat by
the method and charts of reference li. The chord load
distributions are nresented in figure lj. The distribu-
tion in figure li(a) is that assoclated with the rudder
deflected in a zero-yaw c¢ondlition. Figure h(b) is for
a condition of high angle of attack of the vertical = .
teil and large ovposite rudder deflection. Figure lL(c)
is for a high angle of attuck and small rudder deflection.
All types of chord loed distribution specified in present
design requirements heve been taken into account by these
distributions; figure Li{b) corresponds to the balanclng-
load condition and figure L(c) corresponds to the gust-
load condition. :

DISCUSSION

The agreement obtained petween the measured and
computed loads for the fighter alrplane is good. Similar
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comparisons made for the horizontal tall of a number of
widely different alrplanes (reference 5),; however,
indicate that even with the most accurate values of
parasmeters currently available, such close agreement of

results cannot in general be expected. The avallability

of accurate values for the parameters involved in the
equations of lateral motlon seems to be on par with the
availability of those used in the calculation of the
loads on the horizontal tail (reference 6), and the
sresent wethod i1s believed to provide load magnl-

tudes that will be sgcurate enough for structural
analysis.

The magnitude f thﬁmload_resulting fPQﬂ_éﬂ_iHSﬁﬁnsu
taneous de?%“

ectlion of the rudder is considerablg greake
than the magnitude in the final steady state, which

corresponds to static conditlions. fTnis difference is

shown for the flying bost inasmuch as, when dynamic
effects are considered (fig. 2), an instantaneous
deflection of anoroximately 15° 1s necessary in order
to reach the ultimate design load obtalned from current
specifications; whereas when only the static. condl-
tions .are considered, a rudder deflection of _23°

would be necessary to reach this value. A more
critical condition is that corresponding to the attaln-
ment of the ultimste design load for each surface of
the vertical tail. A consideratlon of the critical
chord load distribution gfigs. L(a) and L(b)) indicates
that a deflaction of 13° is necessary to cause fallure
of the rudder although & deflection of only 10° is
necessary to cause failure of the fin.

in oscillating rudder deflectlon of small _ampli-

tude causes large losds that are reached in 8 shopt

r

tIme., The rudder motion necessary to mesximlige the load

s very moderate because of the low natural frequency
of the eilrplane. One cycle executed in 8 seconds is

sufficient to raise the load on the vertical tall sur-

faces to 2,00 vounds per degree (fig. 3). An amplitude
of only about 9° would therefore be necessary to cause

failure of the taill with this type of deflection. . The
initial cycle of a fishtall maneuver mey be _considered .

%im%ﬁgggggx;zgvg?ﬁﬁlgaﬁa I8 critical nature is shown _
vy the fact that 86 percent of the. oad_corrgsponding to

Tinsl resonance is attsined with only 1 cycle of rudder
motion. . | )

SN
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The large difference in the values of the maximum
loads for the two cases considered inclcates clearly the
lmortance of the type of control-surface deflection.
The importence of the type of control- surface deflection
18 recognized for the horizontal-taill load, and present
requiremsents specify & standard elevator deflection to
be used in combination with the asirplane V-n diagram for
computing critical loads (reference 7). A need 1s seen
to exist for such a dlagram for the vertical tail or

for specifications of what 1s required of the sl rplane )- —{ﬁ»*;

in regard to yawing maneuverability. chL
CONCLUSIOXS R

From a conslideration of the dynamlic yawlng effects
on vertical-tall loads the following conclusions are
indicated:

1. when dynamic effects are consldered, only a
moderate amount of control defleetion is necessary to
reach the ultimate design load of the vertical tall
surfaces of the flying boat.

2. The theory of flat yawing maneuvers provides a
method for investigating dynamic loads on the verticsl
tail.

3. In order for theoretical developments to provide
e method for the determination of critical loads on the
vertical tsll, they must be accompanied by specification
of the yawing maneuverabllity that i1s required of the
alrplane.

Langley Memorial Aeronsutical Laboratory _
National Advisory Committee for Aeronautics
Langley Fleld, Va., March 15, 1946
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APPENDIX
DEVELOPXENT OF EQUATIONS FOR FLAT YAWING MANEUVERS

The following symbols are used:
airplane weight, 1b
alrplane mass, slugs
gross wing area, sq ft
vertical-tall area, sq ft
wing span, ft
radius of gyration of sairplane about yaw axis, ft
‘distance from center of gravity of airplane to
aerodynamic center of vertical tail .(negatlve
for conventional airovlanes). ft
true ailrspeed, ft/sec
density of air, slugs/cu rt
dynamic oressure, 1lb/sq It
tell efficlency factor (qi/q)
force perpendicular to relative wind, 1b
yawing mowent, ft~1b; tall off
lateral-force coefficlent (Y/q3) i
vawlng-moment coefficient (N/qSb); tail off

sideslin angle, radians (angle of plane of
symmetry with relative wind)

flight-path angle (see fig. 5) wlth respect to |
airplane heading at start of maneuver, radians

angle of yaw, radisns (=B +{)
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(acp/da)

do/ap

K
Kl, K2, Ka

slope of 1ift curve for verticsal tail, wer
redian

rate of change of verticsal-tail 1lift coeffli-
clent with rudder deflection, »er radian

relative rudder effectliveness

incremental angle of attack at vertical tail,
radlans

rudder angle measured from trim, radians

rate of change of sidewash angle with angle
of sideslip

empirical damping coefflcient

constants occurring in basic differentisl
equation (defined in equation (5))

The perameters dC,/df and do/df are egual to

-dCp/d¥  and
The parameter dCy/df 1is equal to =dCy/dV¥ after dCy/ab

-do/dVy as prssented in wind-tunnel reports.

has been referred tc the cross-wind axis.

In the development of the ejustions ths following
agsumptions sre made:

(1) The airplane is initially in steasdy, ovower-

off flight.

(2) No changes in spesd ocgur during the maneuver.

{3) No changes in sltitude occur.

(L} No rolling or pitching occurs.

(5) The lateral stability derivatives are linesar

functions of the anzle of sideslin.

"ith these assumptions the equations for the yawing
motion become analogous to the eguetions for the pltching
motion. The development of the equations parsllels that
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given in reference § for the equations for an elevator _
deflection, and for this reason only the essential
detalls wlill be indicated herein.

Equating normal forces and yawing moments to their
resvectlve accelerations results in the two conditlons

miy = -—--gsqs +< nqSVG o (1)

dC l‘ . K .
n ) d x'v do l da - '2 P
-—.dﬁ 398b+<—-——> < ) ﬁ T dﬁ " +(u 5)75 naS,x, =mk, W )

From figure 5,

vo= L+ (-p) (3)

Gombining equations (1) and (2) by use of egquation (3)
results in the followling second- order differential
equation;

B+ KB+ KB = Ky6(t) Y _

where 8(t) 1s the time history of the rudder deflec-
tion and "
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| )

. 2 :
"1 da v k

2 | ac dcr S¢x ac Sx
__EV n Sb L vV do Y K p Ry
Ko =~ +<da> n <l+-—>+——-§ >(5)

- 2 2
2m dag kZ v kZ ag as v
2 2
K}::_fy_ 9, .nsvxv _ {9Cy GCr\ ®n~ p %" Sy
2m |\ 4B /, kza da / \d6 /, /7 2 m kZZ

For an arbltrary forcing function 8(t), Duhamel's
integral method described in refereinces 6 and 7 may be
used to solve equation (L). Tor linear forcing functions
or forecing functions made up of linear segments, the
method suggested in reference 8 may be employed.

The incremental vertical tall load ALy is obtelned
from

acy,
ALy =\ 35 AG MASy (6)
L)

where the effective tall angle of attack Aday 1s glven
by
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and the load factor perpendlicular to
ts given by _

_ 90y Bq

An
E 738 wis

If solutions are required for a
1t may be convenient to introduce as

lndependent variable +t!' = ;, where

the flight path Any

NAGA TN Fo. 1065

(8)

number of speeds,
8 nondimensional

T

L
psv ”

The

nondimensional spring constants X' _wlll then be
Independent of the speed and will be glven by

\NW
1
\N’N
-.l

(9)
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TABLE I.~ GEOMETRIC AND AERODYNAMIC

PARAMETERS USED IN COMPUTATIONS

Parameter FPighter Flying boat
Geometric -

S 236 3,686

b 37.29 200

Sy 22.9 37

W 8,100 145,000

Xy -16.15 -65

X, 6.05 L0.6
Aerodynamic ~f”' T

aCy/dp  (-dCy/daV) 8-0.),5 d.0,675

dc,/d (~dcn/dav) 8.0.030 d.0. 03l

d0r/day by .13 b3, 05

acr/dsy bi,10 b1,71

do/ap  (~do/ay) ©0.10 d.0.090

p ©0.001988 €0.002378

v c321 ¢z00

q c102 c107

M €1.00 €1.00

K ¢1.00 €1.00

8Reference 2.
Reference 3.
Cassigned.

dynpublished wind-tunnel data.
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Figure l.- Comparison of calculated and measured tail loads
during rudder deflection on fighter airplane.
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Figure 2.- Calculated tail load and transverse-load factor

after an abrupt rudder deflection on large flying boat.
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Figure 3.- Calculated tall load and transverse-load factor

during fishtall maneuver on large flying boat.
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(a) Critical ruddler  load.
Abrypt ruddler detlection
art zero yaw.

b) Cntical fin load.
Balancing -load-type distri-
buton ;
large gopasite rudder

(c) Cntical fotfal ocd .

Gust-load-type distribu hon;
high angle of alfack; srmal/

rudaer:

D/ﬁ%/enﬁa/ prf&&dre

ngh angle of alfack;
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Flgure 4;— Chordwise load distribution over ‘typical section
of vertical tall of flying boat.
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