C.P. No' 242 clP. No. 242
(17,569} (17.569)
A.R.C. Technical Report A.R.C. Technical Report

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH <COUNCIL

CURRENT PAPERS

LIBRARY
ROYAL MRCIAFT ESTABLISHLENT
BEDFORD,

Loading Conditions following

an Automatic Pilot Failure
(Rudder Channel)

By

D. R. Puttock, D.C.Ae.

LONDON: HER MAJESTY'S STATIONERY OFFICE

1956

FIVE SHILLINGS NET






C.P, No. 242

U.D.C, No. 629,13,014.59 ¢ 004.63 3 533.6.013.8

Technisal Nole No. Structures 154

February, 1955

HOYiL ATROR!FT BST.BLISHLENT

Ioadang Conditions Following an Automatic Pilot Feilure
(Rudder Channel)

by
D.R. Futtock, D.C.ke.

SUMMARY

A method 2s presented for the determination of the critical loadirg
conditions of aarcraft that ensue fron an svtomatic pilot fazlure in tae

rudder channel,

Genersl expressions have been derived through response theory for the
angle of sideslip, fan--and-rudder load and lateral acceleraticn beth at the
C.G, of the sircraft and at the tall, that result from the sequence of rudder
movenents assumed to follow an subomatic pilot fealure,  Analysis of these
goneral expressions leads to formulae surtable for assessing the numerical
values of the critical loading conditions and it is suggested that these
formulas might form a basis for the interpretation of the appropriate design

requirement’ .

An example 1s given to 1llustrate the type of response produced by a
rudder chamnel farlure and the caleulation procedure,
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3 Introducticn

A srocedure has recently been developed2 for assessing the critical
loading conditions that ensue frow a failvre in the elevator channel of an
subomatic pilot. The aim of the present 1nvestigation 1s to develop an
n42] ygous procedure for the radder chaanel Tailure, Cwinz to the mumwerical
dafferences in the magmtude of the varicus parameters, namercus rinor differ-
ences 1in aopcroach have, however been nscessary, A [ull discussion of the
problem 1s given below,

The critical conditions in the present case are usually associated with
the maxirnmc angle of sidesliv and with the raximm aercdynamic load on the

fin-and-rudder,

z Cetails of the investagaticon

The investlgatior has been split inte three sections

(1)  the cholce of a general rudder tame-history to describe the sequence
of movenents that occur alter a failure

{(11) the derivstion of ihe response of the aircraft to the chosen rudder
movements

{111) the analysis of the response to deterrine the numerical values of
the parameters of the rudder movement which produce the crilical loadang
conditions arnd to obitain workable formulae and charts suitable for routine
estimation of these conditzons.

These sections are deseribed and discussed in the following paragravhs.

2.1 The rudder moverent

The genesral sequence of avenis in a rudder charnel failure is the same
as that in an elevator channel failures, hAecordangly, -t is assuned that
the rudder time-history 1s composzed of tne following stages

(1) ‘runaway”, during which the rudder moves at a constant rate
sorresponding to the rnaximum rate of the rervorotor,

[ o

{11) T"check" after the rudder has been arrested at 1ts maxirmum dis-
placement, either by a stop or b the fact that aerodynamic forces on the
rudder have stalled the servomotor, untal

{111) "recovery" when the rudder has been moved back instantaneocusly,

The quantrties defaning tnis sequence of rudder movement are ~ the
"runaway" rate, the maxamun dzsplacerent during the 'check” period, the tame
of 1mitiation of the recovery action and the displacement in the recovery.
The sequence 13 1llustrated diagramaticaily in FPag, . The tirnng of the
raecovery action and the magnitude ol che maximum displacenent in the Ycheck”
reriod and in the "recovery" arc discusscd in Appendix I paregraphs A5, A7
and L8 respsctively.

The only difference between the seguence definad above, and that used in
ihe 1rvestigation of the elevator channel fallurez, 25 the adoption of instan-
taneous movement for the rcecovery action instead of gradual movenent, 11s
change permits a srmplification an the matheastical treatment wathout arfect-
1ng the accuracy of tne final results to any appreciable extent; the simpli-
fication leads to a zlightly consevvative result.
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2.2 Tie response of the aircraf's

sanual operation of the rudder alone causes the aircealt to si1deslip and
roll, and perhaps piten. However, 1n tae event of a failure 1n the rudder
cnarnel of the automatic pilot, 2t way be asswed that the ailecon ard elevator
channels contimige to funct.on correctly until the aatomatic pilot i3 dasenpaged,
and opsrats 80 as to reduce the reliing aas pitehking motions :ndvced by tne
rudder displacenent, Az a result, the ar.icralt tends to execute a flat turn, v
The flat tuwrn anvolves zideslip ard lareral acceleration, and bota these nove-
ments affect the loading on the fin-ard-rudder, The Joading 1s due to both the

daisturbing moverent of the rudder and the ensuing resconse of tne aircraflt itself,

The response of an aarcraft to the sequence of rudder moverents assured o
follow the failure 1s deraved in Appendix I by means of iaplace Trarsforrs,
LZpressions are obtawn2d {or the increnental values of the angle of sideslzip
{para, AZ), fin-snd-ruddsr load (para. A3) ernd lateral acce¢eratlon,bot* at the
C.G. of the zsarcrart and at the tail (para, AL). Tue respouse in the
ties 1s 1liustrated an Figs.,2, 3 ard 4 resocctively; the data for t oz
are conteired in Table I,

=
£
2

2,35 The oritiecal conditions

The various response formulas of Appeniix I parapraphs A2, A3 and Al may De
uscd to deternmaine the complete time~historics of ihe loads and accelerations
producsd by ths sequence of rudder movemants defaired in Jara. 2.1, rowever,
Tron the aivworthiness aspzet 1t 18 the verious iccal maxara of taese guantities,
ard 1o particular their sbsoluts maxira which rre of magor interest. It 1s
thercfore 1eoe;%ary to aralyse thce rezponse Tormulas and obtain general expres-
sions for the magnitudszs of the local mexims, Details of such an analysis are
given in Appenlizx I para, AS, including soue discuscion as to the exact tumng
of the recovery action, wh.cn 1s not precissly dofined in para, 2,1 and wiich
nast be chosen in such a way thet the absolute maxuma of the verious guantities
are realised; use is made of Figs.2, 3 gadl L to 121]ustrats this disoussion.
Informaticn concerring a rmarber of charts wiich may be used to IMorlitats ths
caleulation of the sbsolutec saxira s given ia Aopendix I poca, 46, with
regard to thwsc charts, 1t has Loen fourd trat the mudber ne-ded way be razduced
to three i1l certain approxirations arc made, Thege approk mations, heve no
sigmficant effect onn the tinal results,

The analysis of the response formulae aindicates that the sequence of rudder
moverents defin.ed 1a paras, 2.1 produces two sargraficant Jocal naxima of each of
tnc rosgonse gquantities mentiorned above (of Fuss.2, 3 and k) and tius, provaded
the sequezace of ruldcr movemcuts 1s chosen rzalistics. 1], these maxuma reoresent
tno desigrn condbious or tne case of an autonatic p¢lot feslure in tne rudder
chanpel,

In Appendax IT, the orocedure fur caleulating the absolute maxira is pre-
gnted i1n suck a form that the caleulatins ean be carried ocut directly by a
oputor,

P
(=]
~
(o

3 Coacluding reraris

Trig note presents a rabticnal method For aszessing the loads corn aircraft
Follovrg an automatic pilot farlure in ire rudcs: channel, It 18 sugoecsted
et 1t aaont form a basis for the interpretation of the relevart design
rcqulruvent

* At leasti, af the avtoratic pilot heading control is coupled to the rudder,

L
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NCTATION

coeffrcients, see eqaation (23)

wncluding efffects of local sidewash st the tail

WIny span

wncluding effects of local sidewash at the tall

rudder hin e moment coelficient

rudder hinge moment coefficient equivalent to the
stelling torgue of the rudder servomotor

lateral force coeffic:ent of the fine-and-ruddey
frunaway"’ rate of vhe rudder

coefficient, sce egquation (25)

apecial function of tame, see equation (11)
acceloration due to gravaty

special functiocns of time, sees egquations (137,

(23) ard (40) respectavely

coefficient of inertia about the 2z axis

non-dimensional circular frequency, see equation (L)

aon-damensional times of occurrence (in radians) of
local maxima, soe Appendix I paragrachs A5 and Ad

N
non-dimensional time {ain radians) at woich the
Trunaway' 1s arrested

non-dimensional tare (in radians) at whicn the
"reccvery” is inttirated

special function of ime, sec equation {[12)
coefficient, sce equation (5)

see equalion (33) and (41) respectaively
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KOTATION {(Contd)

see equation (18)
radius of gyration sbout the 2 axs

special function of time, see equations (14), (25) and
(40) resnectively

fin-and-rudder arm

distance of C,P. of fin-and-rudder load due to rudder
deflection to C,&, of the aircraft

eneffircient of lateral acceleration at the C,G. of the
ailrcraft

coefficient of lateral acceleration at the tail of Lhe
aircraft dus to acceleration in yaw

coefficient of total lateral acceleration at the tail
rotary damping derivative

static stability derivative in sideslap

rnet fain-and-rudder load

angular velocity in yaw

non-dimensional angular velocity in yaw

wing area

fin-and-rudder area

time 1n seconds

unit of aercdynarmic time

velocity of the C.&, of the aircrafst

fin-ard-rudder volume coefficient

welght of aircraft

lateral force derivative due to changes in angle of
sadsslip

lateral force derivative due to changes in rudder angle
see equations (36) and (40)

angle of sideslip
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Suffices

a

NOTATION (Contd)

rudder effectiveness

rudder disslacement
rudder displacement during "recovery"
rudder displacement during "runaway'

lirzt of rudder displacement under automstic pailot
action

functions, sce equations (48) ard (51)

relative density of aircraft {referred to ceri span)

relative density of aircraft (referrsd to fan-and-
rudder arm)

rotary darping paraneier
functions, sce eguation {(33)

functions, see equatrion (41)
air density

see equation (19)

nen-dimenglonal aercdynamic time

static stability paremrcter in sideslip

relating to tne first maxama (in time, of the
critical condztions

relating to the second maxaima (in time) of the
critical conditions

associated with point at which the "runaway" is
arrested

associated with the "recovery!
due to the effective incidence of the fin-and-rudder

due to rudder displacement
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APPENDIX

The mathemstical analysis

A1 Equations of motion

The non-dimensicnal linearised dilTerential equations of lateral motion
%f an alreraft when rollirg and pitching rotions are absent may be written
cf Ref,3)

ag

d-T

(1)

i
o

+ §;ﬁ + ¥

S

AP
- mnﬁ T - 5nz (1b)

1)

These equations may be written in tcrms of £ alone, whence

2

a7 — -
;;5 + (vn + y#} %%-+ (mn * Y, vn)ﬁ = 6n§ (2)
or
QE@-+ or S8 (32 b 8

4 - . - .
where R = §(vn + yv) 15 the non-dimensicnal damping factor of the

lateral oscillaticns of Lhe aircraft and J = ]jwn - ﬂ;(vvl - };)2

is the non-dimensicnal freguency factor of the lateral oscillatzons
of the aizrcraft.

Ve e
P
-
p—

A2 Solution of the angle of sideslip

The rudder time history defined 1n para., 2.1 s comgosed of linear and
instantaneous movements, and the solution fto eguation (3) is therefore
required for boith these tyses of movement; the prainciple of suverposition
may then be used to build up ths solution for the complete seguenc: of rudder
movements {cf Ref.2),

For lirnear movenent of the ruider the solution 1s, using the nctation of
’ 2

e

Pig,1

R R
B = e\ 2 [z, (eﬂ 5 e -1) 2 e T o
= J2 It . a Ka T Ccas T + s5in

£
(5)



Whence
R.
& / - =)t - =J7
é (____f ce I s R . )
w2 J'rf> . d LK \1 e cos JT - T e sin Jv (6)
and
R
2 5 zZ ~ = Ty
, r
ef 2R, P .e Y sindge (7)
2 JL vJ'"'f.

and for instanhtaneous movement of the rudder the solution is, with the notation

of Faig.1
8 = .é_.r_l. 4 K (1 - e-B Nin 3B_. BJ-JT i J‘T) (8)
_"J.Z‘c‘a 208 -7 gin
50 that
R

& - =JT

d 7 .

E-‘%:-—Z-'Z;G’J'e sin Jt (9}
J

and
%ch g~ B—J«: A
© cosJv-Te ain J’E) (10)

Thus, using the following special functions of tame
R
/ 2 - =JT
2'£+2% JcosJT—1)+<<Bj->-1>e JJSanT\

(-— By
G = Ka. KK o ©
a

jid R
- T p = 37"
K& 1 - e cosJ’r--je 31in J%
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the complete solution for B in Stage III, i.e. when the recovery action kas
been taken, is

5 :g%,(%>(..%akxc> (15)

whence
5 z
ap b °f
L-3.(F) 0 ®ororn) (16)
and
2 &
&8 _ ’n /%)az< (3 . R >
gre . B T= L-L,~-%x{H -=1L (17)
I SN £\ d G)
where ko= ¢Ji, (18)
a"].d (,p = ""é/‘; (19)
g’ °f

The suffices to the special functions, £ and ¢, denote that Jv is
everywhere replaced by J(t - @p) and J(v - T,) respectavely in these
suffixed functions. The correspondaing compleie solutions inm 3tages 1T and
I may be cbtained from equation (15} ete, by putting equel to zmero all the
special functions with suffix e and & and ¢ rezpectively, Thus 1n
Gtage 1o the appropriate equation for £ 1s

and in Stage I1 1s

The appearance of the suffixed special functions implies cnaages in the form
of the rudder movement.,

A3  Tet aecodynamic load on the fip-and-rudder (cf Zef.3)

_— A{BB-—~G%§:+&L2§> (50)

it

- AB (? + Q. %r. g%) A (24)

- -



wiere

Y.
A = 4ovose B = (1+—)a
2 p_ .1
3
{
1 oJ \
- —_ ra— 1 2
C p.3d1 c, = (22)
W
and pB = 5t .

It is converient to write equation (20) in the form

P = PB+PL.’;

where
C
1, 48
Eb = - AB (F T dT) (23)
= aerodynamic load due to effective angle
of incidence cof the fin
and
P, = 2
z A% (24)

= serodyramic load due to the rudder displacement,

AL Lateral accelerations (cf Ref,3)

ng = - B (8 -yl (25)
where
4
. 2_597\5
w/8
and
2
e T W (d Ztiyar TV dm) (26)
3 Mt
a0 that
n, = nS + n6 (27)
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AR Craitical cond.tiors

bxauples of the response in angle of sideslip, fin-and~rudder load and
lateral zcoelerstion both at the C.G. of the aircralt and at the taxl +tu the
type of ruddsr wovesent defined 1n para, 2.1 ars ghosrn in Figs. 2, 3 and L
respectively. In eaca case the full curve 13lustrates the erfects of tas
sequence of runavay and check, and the additional curves zive the ce’lect of
the recovery action, The deotted curves relats te the case i1n raach the
recovery action 1s timed to produce the critical conditiors in the rarticular
quantity., The data ror these graphs are containzd in Takle T,

A5.1 Angle of sideslip (see Fap,2)

Two local maxima occur during the segaence of runaway and recovery, and
the critical values of chese maxima, B, and By, result when the recovery is
anitiated rrmedrately the angle of sideslis reaches a malhecatical peak in
Stage II, 1.,e, when d3/dr = 0 an this stass. Trus  Jvg = Jt,, where Jtg
18 the first root beyond dJvp of the equation

{/f - /e N
_ \:‘:' I,., - hf - 1)
JT = tan 4
1L+ C&\ Cﬁq - 1\
/

]
} (28)
)

- %J'”f A
where L, = e sin JTf X
) (29)
_ %ﬂﬁ
and Hf = e cos JTf :
Then (cf equation (15))
ﬁp Za
3 = ___(_.:_._> (G -G.) .. (30)
a J2 J’Uf kg uT:uba
and
5. /%, : \ -
B = — <—$f> G~G, kX)) 31
b 5 JTf iy c JT:JTb
wheres
Jr, = om o+ I (32)
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However introducing the functions

1T = — (G - G,)
a J’Ef. f JT:JTa l
1
= = (G -G.), _ 1 (33)
rLb JTo b J’t_.:rt+J'ca 'g !
Bx = Kpax i
equations (30} and (31) may be simplafied to
Sn
AR T (3
5n
B, = -J-z- . (I - ¢K) (35)

A5.2 Pin-and-rudder load (sce Fig.3)

Here three local maxima occur during the sequence of runaway and recovery,
but the first one is normally very small in magnitude and therefore unimportant
from the strength aspect. The critical values of the remaining maxima, P and
P, , result when the recovery i1s inmitiated immediately the fin-and-rudder 13ad
reaches a maxnmnn in Stage 1, 1.e, when dP/dr = O in ihis stege, Thus, an
this case = Jtg, wvhere Jvj 1is the furst rool beyond Jrp of the equation

r

g e = (H, - 1)

JT = tan « — = - (36)
LLf+Z(Hf-1)j
wnere
., _ B.A
J Ka
Then (of equations (23) and (24))
Pa = Pba + PZ&
= - AB = 2 Jif\((e-c-f)+c1 (K—Kf)> +ha, L. (1 -9) (37)
JTNP Jre=Jr!

a

I



i

ard

5

* Aaz‘zf (1—4’} (38)

wers Jﬁg 1s the farst positive rcot beyond Jv, of the equetion (obtained
from the condition dP/dr = O in Stage I1I1)

] guend pra :"‘l
L AL, = (H, ~1) + 2, L +2.H |
Jt = tan | <w_f _? i — ij‘L (39)
. 4 - -
lLf.«i-u(Hf 1) L, Lo+ 2, H
where
R
=t 1
K — o |
Z, = %—-(fo})-ﬁ\ T o= ¢ Ycos v |
L)) : o |
} (50)
501 _ *ﬂmc
Z2 = _IE“' LO = e a1n JTO
a
rniroducaing the fellewing factors
1 [
It =—-——((G-G)+c (K-K))
8 e\ £ 1 £ Jr=J7! !

1
1‘=--—-(G—-G,)+C(K-—K)>
Tb JT < i 1 T TroJrt

£ o J
! — N

Kﬂ - U{+'L1L) T=JTt=Jd7! 4

b a
equations (37) and {38) may Yo simplifisd +o
5,
e - 3y 1 s -
P = - 1B 2 Lo o I + da, 2, (1 - o) (42)

6n



A5,32 lateral accelerations (see Fig.l)

(1) at the 0.G. of the aircraft

The oritical values of the significant local rmaxima, Ngg and ng, arse
obtained when the recovery is imitiated immediately the sideslip reachios a
maximue 1n Stage II, 1,e, when dB/dt = O so that Jv = Jr . Then {cf
equation (25)) ° &

A
A, = -E(yvf;fﬁa-yééf (1-q>)> (&)
and
— 61’1 ’ [ag
n, = -E (yvgz';f (I, -¢K;) - Yy & (1= @)) (45)

(ii) at the tail, due to angular acceleration in yaw

Here the critical values of the significant local maxima, Dyo + n\% , are

obtained when the recovery is imitiated immediately a mathematical meairum of
L, 18 reached in Stage II, 1.e. when dne/dﬂ: = 0, say when J1 = JT;. Then
{gf equation (26)) ¢

8 z
B n {®r o
fea T gt 20 KJ'“fX'Jz (- Tp ) v dr, (8- Kf))IT—J’T" e
A
and
n, = f——ﬁﬂ ) (L~ -kEH -2L )edy (K-K -kL)
gb I.lj\ J2 JTf i [&] J ¢ ‘YV f o) JT“JT"
=y
(47)
and if
4 < yv
A = e (L—L)+——(K-K)>
a Jﬂ:f f J £ Tr=gt"
4 yv
=-—-——(L-L)+-—-(K—K)) L (48)
Ab J'rf ( big J f JT:J’!:{;

- 16 =
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"

equations (46) and (47) become

“ta TR, 8 & (4 -9) (9)
A= 8z . (b - ) (50)
e Ty g e Wy T8 A 2

A6 Simplifinations

Calculations aindicate that 1%t may be assumed without significant loss
nf accuracy that

(1) the first critical maxims of £, P, ng and ny cccur al the same

rnstant i,e, o = Jt' = J2Y and n, =n o+ n,
2 2 a ta 58 £h

(11} the other critical maxama of bthere guantities occur at an interval

JT = I after the fMirst maxura 1.¢. JU. = JtT + % efe, ard n,. = n, +n
b T “a th b £b

{211) the Punctions I, ete, are.numerically equal to tae funstions I ete.

\1v)
A = —— (% -1L.) )
2 wa £ JT:Jrg ‘
i
o A P
o= R (L Lf)J’E:J"I?"'-H"E & (51)
f a i
]
A = (H-—%L\ g
© Jr=m :

whers Jﬁ: 1s the first roct beyond JTf of the eguation

Jr = tan

Thug, in practice, the :zstimation of the craticsl maxima of the various
naatitries (see equations (34) end (25), (42) and (%43), (44) and (45) and
(49) ard (50)) only necessita:es the estimation of the appropriate values of
Mo Ty and Ky (from equations (33) or (1) and A, Ay and Ay (frewm
equation (49)), 'This work way be simplified by the use of chasts, ses
Tags.5 and 6, The anformation contained in ¥ig,5 has bzen obtained from
equations (36) ard (L1) wath C4 = 0.3; lhese particular equations have

been used because N7, 1! ete, are in fact up to 2% greater than ihe
a, b P 4 g

-17 -



corrgsponding I, Th ele. and the results so obtained lead to slaghtly conserve-
tive values of the naxima of B and ng, and of P also if the actual value of
G4 18 lecs than 0.3 (0.3 is the expected upper limil to 01). The times of
oceurrence of the critical maxima, if required, may be estimated from Fig.7.

A7  Estimatioa of the amount of rudder displacement in the "check” stage

Tne stalling torgue of the servorotor is asually known, but the externsl
forces on the rudder (hinge moments) deperd on the response of the aircrafi,
wnich, in turn, deponds upon the nagmitude of the rudaer d.splacement, Thus, %o
calculate exactly the amount of displacement to stall the servomotor, Zp, & pro-
cass of "trial «nd crror' would have to be adopted. To ease this labour, two
simplified methods are suggested for obtaining a good approximaticn to &

(1) from asyrpwtic conditions, assuming che recovery action 1s not taken,

The genersl expression for the hinge woment coefficient of the ruddsr in a
yawing menocuvre is (cf Ref,3)

Cp = ~ BB +1% (53)

The asymptotic conditions dewend solely on the asymptetic rudder displacement
and therefore equations (5) or (8) may be used %o determine the asynptotic value
of fB. It 1s, agsumning that {the corresponding rudder displacuement 1s ff,

E & {(54)

5
Fes . 5
¢, = <b2 5%, n1> e (55)

If this hinge noment ccefficient is equated to the servomotor stalling torque
then

£, = = (56)

(ii) from conditiong arising from instantaneous rudder displacoment.
With instantaneous movement of the rudder of magnitude Zp, the response in

8 see equation (8), is 1nitially zero, and the corresponding hinge moment coeffi-
cient 1s

C,_ = b & (57)
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and 2f this hinge moment 1s equated to the servomotor stalling torque then

4, = —= (58)

Method (1) 18 conservative when b4 1s positive, and methed (11) 25
conservative when by 1s negative, It 1s suggested that when determining
&e, the sign of b4 should farst be examined. The conservative value of
Zp {i.e. one larger than that occurring in practice) may then be cstimated,

A8  Estimation of the amount of rudder movement in the recovery

The rudder hinge moment at the instant of recovery due to the runaway
and check movements of the rudder 1s, {c¢f equation (53))

Ch = - b'i Ba + b2 Z‘;f (59)

and the assceziated hinge moment due %o ihe ingtantaneous recovery movement,
%C, ig, since the responsz in £ dus to the recovery movement iz inatially
nEre,

C, = b Z (60)

Thus, 1f, when the autoratic pirlot 1s drsengaged, the pilot does not touch
the rudder pedals, the rudder will be moved undcr the influcrce of the out
of balance hinge noments until equilibraum is reached, 1.e, t1ll

- b1 Sa + b2 ;f + b2 2 = 0
ar
®,
;c = = Lo+ E;‘Ba (61)

Fguation (61) may be considered as a condition to £ix a lower limit 4o ihe
amount of rudder displacemcnt to be expected during the recovery since any
action that ine pilot might make would invariably be in the sense o move the
rudder back still further; gust how much farther is dafficult to assess, and
in any casc is outside the scope of thisg paper.

It should be ncted that 1f by and by are negative (in practics ho
at least must be) the value of %, Trom equation (61) will be lers than
Lp, whilst 2f Dq 18 positive the rudder will be moved back beyond its
neutral position before the resultant hinge moment drops to zero,

- 19 -
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APPENDIY TT

Computational procedure

A Introduction

Al.1 This Apperdix contains details of the procedure for calculating the
maximum sngle of sideslap, maximum fin-and-rudder load anl the maxzmum
lateral acceleration, both at the C,G, of the aircraft and at the tairl, that
ensue from a failure in the rudder chamnel of an automatic pilot and the
subsequent recovery.

A1,2 A list of the mumerical data required s given in para,2 and particulars
vf the preluminary calculations are given an para, 3. The formulae racessary
for the calculation of tae various maxims are given in para.l.

A1, 3 Two formulae are given for cach of the quantities; they refer to maxima
that arise at dafferent stages of the fairlure and subscguent recovery. Just
whxch of the two maxima 1s critical in a practical casc depends on the charac-
teristics of the aircraft and the autcmatic palot, and 1t 18 therefore
necessary to censider both formuilae to detlerrine tne atsolute or critical
mazrmum of the particular quantity in gquestion.

A1, 4 The forumlae contain the furcticons [, Iy, K. fg, Ap and Ag, and the
numerical valuss of thess functions may be obtalned from Tigs.b and 6, The
times of occurrence of the maxima may be obtained from fig.7. Alternatively
the numerical values of the functions may be obtained from the set of formalac
in para.b.

A1.5 A rumerical example allustrating the procedure is given in para, 6. The
date for this examgle are taken from Table 7.

A2 IList of data requircd {of lust of Symbols)

a1 n. Gh

s
a, n % (radians)
b N Zp {radians)

2

b4 s (%) %, (radians)
g = 32,2 1”c/sec‘2 Sn (ft)2 ar

(éED (radians/sec)
k_ (£t) Vv (ft/sec) £
& () W (Ib)
e (£1) o (slugs/ct°)

Note: &, and (dé/ﬂt\f are negative when the rudder is displaced to star-

board; 2 1s of opposite vign to Zp; Op, 18 positive when the rudder is
displaced teo starboard, s

- 20 ~



A3 Basic quantitics to be evaluated {cf Iast of Symbols)

A3
n
L2 2 7 . o
Hy = %56 5 % " 3 R ° "5
_ W _ b LA
M3 = pse T 2¢ e n T I ey
s W ¢ 4 =
boE opst T M3 8, = i M2 'R %
1 2 - d
A = VT E o F T
C
B = (1 + }-v/pj)aal }V = = yv
B o= %Pvg = 181,
D * W/ Vg T 23 ™
2
- e R -
i, = bz R = z(Vn‘i'.Yv)
_ 1 Sy -1 -7
Ka'Rg J ~1/°J 4("11 yv)
T + 1

The rolationship between tame (t) and JT is t = -3 (Fr).

A3.2
(z) &, 1If b, 1¢ negatave then 4o = Lo

or Ghs/b2 rad ians, whichever
of the two 1s less. But af b, 1s positave then Zp = Lo or Ghs/(b2~6n X, b‘i)

radians, whichever of the two i1s less,

(1i) ¢ ard Jv

£
({,:_/Eg) P
\Z; F o Hazsan),

'

A3.3 Im addition I, T, K , A, Ay and A, rmust be evaluated. Here, eather

g
Trgs.5 ari & or the appropriate tormulae of para.5 may be used. In most cases
the graphs will be sufficient,  Further, if the times of occourrence of the
waxima are required, they may be fourd from Fig./. The first set of maxima
scour after Juh 1/J scos and the second set after (x + Jt}) /7 secs where
Jti 1is expressed ip rsdians.
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AL Formulas

Avprox, time

Quantity Formulae for maxima Asscclated of ocourrence Assocrated
Quantity S0 ‘ graphs of max1;a graph
&
n ]
=+ 4, . 1 Pig, J o= Jt g,
e "7 5% a 1. ba a g7
Angle of
Sideslap 5
- _ . - Ve R - ' "
B, = 2 Zooo (0 - 9K)) Fige.5a and 5b | Ju = %+ Jv]
61’1
P =~4B.->.,%,.0 +Aa_¥%, {1 -g9g) F.g, 5a Jt = Jx! "
Fan-and~rudder 2 J2 £ 2 e f &
load
AB Sn Z (L - ¢K )+ Aa, (1 - ¢) Figs.ba and 5b JT o= % o+ Jv! "
P'b = .? A 1-Lb w 2 * a
8, .
= - « T e e L = - T T = t 1
Qoeff, of'lateral n, o= (?& J2 Zf Ua yé éf (1 @)) Fig.5a Jv JTa
eccelaration at
the C,G. o
ng, =~B (?# . 35-. Lo (ﬂb - ¢Kﬁ) ~ Yy Lo (1 - ¢i> Pigs.52 and 5b Jr = + Jt! »
Coeff. of lateral _E 5 5 '
pey - - - ?; - A - 1':1. .6a J’C = J’L u
acceleration at fa My n' °f ( a 9) g
the tail due to
: ; _E - n - '
acceleration in g, = e 5n . Zf . (Ab ¢Ab) Pigs.ba and €b JT =% + Jfa "
yaw 3
Coeff, of total _ '
lateral accelera- “ta = Tsa * s - Juo= Jrg "

tion at the tail

Bap, = Mg+ n%b - | JT = Jﬁ; + R "
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(1)

Formulae for the functions eta,

a

1l

a = 31‘; ((G - Gf) + 0.5 (K - Kf))

TT=dT !
a

where JT; is the first root beyord Jt, of the equation

il
1zi" - (i, - 1) l
JT :ta.nﬂ ‘i_f _f_ L
{Lf + 7 (Hf - 1)J
and R R
_ =JT _ e
Lf = € sin JTf, Hf = e acs Jmf and Z =
(22.)
1 -
= — ((G -G.) + 0.3 (K - X_))
Hb JTf £ £ JT:JT'
b
whexe Jré 15 the first root beyond Jté of the equation
r o - — _ Al
4 Lf-(ﬁf—1)+z1 La+zzﬂa|L
JtT = tan {_ — —
\I? + Z(Hf - 1) - Z, L+ 2, H E
and
k( (R) \ 0.3 k
Z, = ={0,3{=)V~1 L. o=
17K 3)" ") 2 K,
R 5. R
= J.JTa os Ju} nd L = e fa
L, = € cos JT_ a . =
(iii)
K.oo= (K+0.30) 0 i 5
~ b Ta
(iv)
Ay = Jl (L - Lf)JT-Jm'"
8 f “a
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where JT;' is the first root beyond JTf of the equation

- 5% -(ﬁ.w)l

-3 L
lff—%(ﬁf-n J

(v)
A = = (L-1L,)

wa J¢=ﬁ+J¢;

A, = (H " % L)
JT=7

turther details of these formulae are given in Appendix T,

A6 Numerical exampie

The details are gaven under the relevant paragraph headings of this
Appendix,

Para, A3

A3.1 all the necessary data are contained in Table I,

A3.2 b, 18 megatave, £ = 0,2093 and Cp_ /b, = -0.0513/-0,3 = 0.171 rads
8o that éf = 0,171 rads,

~ 4293 x 0,471 N
¢ = 1 and Ju, = 1. 3 % O AThE = 3,142 = =%

£3.3 With R/J = 0,093 and JTf = % we obtain from Figs,5 and 6

I = 1.483 A = - 0,482
a a
Hb = 0,623 Ab = 0,361
— - — Q
ch = 1 ] ?63 AO - Oo ?5/
also, from ¥ag,7, Jt' = 257° so that the first set of maxima ccour after

(257 % 1.34/57.3 x 4?293) secs, 1,6, 1.4 secs. The secord set of maxima
ocour after (257/57.3 + =) 1.34/%. 243 secs or 2.38 secs.
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Para, Al.

Since
&
-4, = 23&555 x 0171 = 0,2093
J- 4,293
Ba = 0,2093 x 1,483 rads = 0.3 rads
B, = 0.2093 x (0.623 - 1,763) rads = -0.235 rads
P = ~64500 x 2,517 x 0.2093 x 1.483 1b = -5000 1ib
o= ~6400 x 2,517 x 0,2093 x (0,623 - 1,765) 1b = 3750 1b
neo= =11.8 x 0.23 x 0,2093 x 1.483 = -0,8
n, = 1.8 x 0.23 x 0,2093 (0.623 - 1.763) = 0.62
n, = 11.8 X 22,53 x 0,171 x (-0,482 - 1) = =2.29
88. - 29.% L - » fand L
11.8 .
Ty = 3ggp X 2253 x 0,171 x (0.361 +0759) = 1,73
n, = -0.84 ~2,29 = -3,1%
ta
n'tb = 0.62 + 1.73 = 2-55

Thus, in the present example, the critical corditions are

B = 0.31 rads
P = -500C 1b
n, = ~0.84

n, = -3.13

they arise 1.4 secs after failure of the automatic pilot,



My = 28, Wy b1 = =0,1 per radzan
'{; = 1.34 sccs bz =z =0,3 per radian
A = 6400 1b 7 = 12°
E = 11,8 = 0,2093% radians
o
I = 4293 Lo = %8
See Apuendix IT
R Para, 6
3 = 0.093 = 0,171 radians
5 = 22.53 %, = -
- az, _ o
¥, = O 23 (dt) = 10" /sec
£
yz = 0,067 = O.1745 rads/sec
a, = 1.8 per radian Ghs = =0,0513%
- 26 =

Wt 2078, GFQUZ.K3 ~ Printed wn great Rritain






RUDDER

DISPLACEMENT STAGE 1 STAGE 1T STAGE 1
‘Q RADIANS 0 " n ) ] u
(" RUNAWAY") (“cHECK) RECOVERY")
RUNAWAY RATE | 1 }
(dt‘)f RADIANS /5£C :
|
I
g
'l +
f 3: ¢ Q-F
|
i
ot 1 J(tc TIME (t) SECS
I, Tt Jz

FIG. | ASSUMED RUDDER TIME-HISTORY

Old

!



FIG. 2

P

(RADIANS)
-3

3

STAGE 1]
‘ _ R . —-
STAGEYL, _ ___STAGEIL
l_ STAGE T
STAGE T . _STAGE 11
h ol
— F
(_‘eaq'fﬁf) / ] x

£.( 8¢ IN EXAMPLE)

- | R — J- v
‘T Jre=Jrg| T2 =71, i
It
BN
y \\
\
1
\\
’ \\ : \\ //
)
\ \ \
/ R
\ '
L
_/ | SEC e sEcs\ 3 SECS
i \ ] —1
T ) \ IT R
\
DATA IN TABLE I. \ \

FIG. 2. RESPONSE IN ANGLE OF SIDESLIP

(VARIOUS RECOVERY TIMES)



FIG 3.

STAGE IT
. STAGE I = | STAGEIL, ~_ _STAGEIL _
STAGE T | STAGE I
S . |
1€ (~98
3, - 980) : ,l
|
| & (: 5 INEXAMPLE)
i i
' )
Yy~ " — =l — T
It = J"CF T = Ted
}
P8
4000 Ty
j‘\ T
,/ \\‘ Pb
f
3,000 ;
' / ,,--.,
/ / /
2000 /

DATA IN TABLE T

1,00Q

/ !
/2SECS [

o N

I
!ZTT

\ /
]

/

i
/
!
" !
|
[
! :
Iy ’
|

v

-2000 : \K /
-3000 ¢ Sy
\

I
|
|
|
- 1
49000 L
|
!
;

/
/
-5000 RT

| Rz

It
FIG3. RESPONSE IN FIN- AND - RUDDER LOAD.
(VARIOUS RECOVERY TIMES)



FIG4

STAGE IT

1

STAGE ‘____§I&§§;ﬁ _____ —
STAGE I

|

S, G-’S; IN EXAMPLE)

IR 1
-+

'l

" —

b . )
Teg: T Tr2dz, FOR Ny
} Ttg EOR R

| SEC " esies 33ECS

HH

Ita

‘r DATA IN TABLE T NOTE: M &= Tg +Ty

/
/ / /7&
/\15&(’:. ' sécs / asecs
Q . : o

-2 }
1 ’&t#*//

FIG4. RESPONSE IN LATERAL ACCELERATION
(VARIOUS RECOVERY TIMES.)




FIG. 5a

7.

AN

7

\\

|4

- N
N \\\
SN AN
~ RN

™

4

FIG. 5. CHART SHOWING
FUNCTIONS Ti, ,TT, AND K

~. N
\ \
e T T ~__
\ T~
\\
= -o:/,71 5 : \2§5 g
R

e
[y



/

A}

\_ﬂ
\
O

NN
N

- 74
511/7

‘6

5 /‘W ///

SR

VE
i

I

FIG. Sb. CHART SHOWING
FUNCTIONS Tl,, TT, AND K, (CONT)

25 RIJ. '3



FIG .6a

N

AN

Tla

/

//
/7
V4

Tif2

Ry

\ \\ ITTf4
\ -
—

\\ﬂr/g
M4
qr

/

‘05 l I5 ‘2 ‘25 3 R-i.f

FIG. 6a CHART SHOWING
FUNCTIONS A , A, AND A, .



<~ \\\ \Q, n
BN
—\\\

08 1 s 2 25
FIG. 6b CHART SHOWING
FUNCTIONS A_, A, AND A_ (CONT)




FIG. 7

{
450 Jes=2T
400
11Tf4
/-——————_.—————
(DEGREEg /
350 // 5‘|T}
2
/
//
300 e _S'TT/,;
/-—f
m
250
3T
il
200 /2
1T/4
Q
150
>
4
Q . -
Q5 d | ‘15 =4 25 ‘3
RIT

FIG. 7. CHART SHOWING
TIME OF OCCURRENCE OF THE MAXIMA









C.P. No. 242

(17,569)
A.R.C. Technical Report

' Har,

r

- L]

A AL b4
+ L] 1
[ " |

1
L.y .;b' I}
§ . ¥ -
1" 1,‘ _"l\ Ed l

L3

1 %

Crown copyright reserved

Published by
Her MAJESTY'S STATIONERY (OFFICE

To be purchased from
York House, Kingsway, London w.c 2
423 Oxford Street, London w 1
P O Box 50g, London s.E.1
13A Castle Street, Edinburgh 2
109 St Mary Street, Carduff
39 King Street, Manchester 2
Tower Lane, Bristol 1
2 Edmund Street, Birmungham 3
80 Chichester Street, Belfast
or through any bookselier

PRINTED IN GREAT BRITAIN

8.0. Code No. 23-9009-42

Wt.2078.K3 C.P. No. 242



