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An analogue computer programme v,as &er;ve&, making as fori approximations 

as possible, for the calculation of the flight path of an aircraft leaving the 

end of a shop-borne catapult. Using this 'complete' calculation, It was 

shown that, for most aircraft, other approximations could be made without 

significe3tly iapaLring the accuracy of the result, and greatly simplifying 

the progamme. 

A description of both pro&ramqes is given here, together rmth their 

aerivation anct method of use. 

* Replaces B.A.E. Tech, Report 66026 I-- - A.R.C. 28521 
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1 INTROWCTION 

One aspect of assessing the pcrformancc of Naval aircraft is the 

estimation of take-off charactenstlcs. This may arise during design 

appraisal or when studying the effects of proposed nodiflcatlons or changes 

in handling technique. 

The equations governlng the Nircraft flight path off the catapult are 

such that no general solution is possible, and each intividud ease must be 

integrated either step-by-stsp, by hand, or by B digltal computer such as 

Mercury, which has been used in the past for this purpose, or by an analogue 

computation. As will be soon later, tho problem is extremely well suited to 

solution by analogue methods, an~programmcs were designed for tho Solartron 

S.C.30 computer, though it 1s clearly a simple matter to adapt them for use 

on any other analogdc computer. 

The purpose of this paper is to put on record the work that has been 

dono on t:his problem in order to avoid duplication at a later date, and to 

assist other wwkors in t!lls field r#hon it may be helpful to have cvailzblo 
a Stan&ad procedure. 

2 GENiXAL PRINCIPLES 

The analysis used is fairly stnndard. The problem is essentially 

concern& :vith quite large changes of speed and incdcncc, and thus the small 

perturbation methoa is not applicable. Hw;rever, in the interests of being 

able to use as large pcrconta@ ohangcs in each vsr:able as posslblc, a datum 

speed and &&UI incldcnce mcrc c:hoson at about the mean values of these pars- 

meters expected during the first few seconds of flight, and incremental spcod 

ana incidence vnrlablcs consldercd about those datum points. Thus, although 

tho usual small perturbation approximations cannot bo mode, fullest USC is 

made of the coinputcr scolin, 0 accuracy, znd approximations for sin(a' + CL) and 

cos(a' + a) arc facilitated; theso approximations bclng an order better than 

the simple sin a c a, and considerably better than tho USC of a servo rcsolvor, 

whose accuracy would! be very poor for the any&r changes WC are considering. 

3 &?ALYSIS 

The vertical component of velocity, ii, is given by 

h = (V. + u) sin y . 
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For all practical flight paths, y is less than 4" (the cato&t. bang only 

50 feet obcvc sea level) so :ti:h ICSS than 0.05,. error we may wite 

i7 = Py +Quy (1) 

where P and Q are constants. 

At any point on the f!l.i$t path, 'cho forces on the aircraft ore as shown 

in Fig.1 and may be rcsclvcd to produce equatlcns of notion along and 

pcrpcndiculor to the fllght'path as given bclcff. 

3.1 Motion along the fli&t psth 

Rcsclving:- 

mi 2 ( T+g u 
\ au > 

ai: 
ccs (a.1 + a; + m 6 ;in y - Dn - 2 u - D. (2) 

IVe m&c the fcllc~in~ approximations:- 

(cl As in cqustxm (I), 3in y z y 

(b) ccs(a' + a) = coo 9' co6 c - -in G' Si:l U 

z 00s a' - a sir. a' 

tith only a small errcr.60,, which d~ponds on a' end a as shown in Fig.2 

(0) D = CD $p(Vc + u)~ S 
2 

where C D = 'D +lcc * being B fwcticn of C only, for fixed ccnfigurnticn, 
cv L' GDq P 

and 1: being constent - the induced drop; factor. 

At conatmt thmttlo setting, Cp Scpcds m-S.xly on airspcnd, and Xo s.o,y 

assume the 1inorrit.y 

acD 
'D = 'D +oU 

O?.T 0 au 

where CD is the value of c 
0 

at speed Vc. 

Also, in fixed ccnfiyrat~cn, CL is very nearly n lincez function of a 

for fixed C 
Pa 

and, over the rongo of C we need to consider, 3 Encar function 
P 

of C for fixed a. 
P 

Thus we nay write 
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. , 

CL = acI, acL 

cLaf +zFa+-" au 

ac D 

cD = cDo 
++l+k c ( +z&+$)‘. 

fia’ 

Now (CD + k CL 2 ) is tho va?uz cf CE nt a' and7o; i.?. CD . 
0 a' CL' 

acD ac 
+ 2 " + k 25 L --c+zc acI# 

'D = 'DC, 
-,A 

ac acL 

,t an L a' %- u + '- an, .x licL 
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act 3T a3 
- m 6 = T cos a’ - T sin a’ a + - 00s a’ u - - sin a’ AU 

au .- . . :-. au 

u a+mgy:Dg- 
-< au 

:c :, 
acL 
-a+V Lc,, aa _ 

i. - 

aCD 
*2vouc t2v -2 

Fat 0 au 

as L acL ; 
-- 

+Wcaa a! ‘o”~.a+ 

+ U2CD 
aCD :’ 

-+ -$ u<t a 
Ct.1 

103 = 2- Co+&y-C2a-C3;;-C;ua-Cja*-C6U .- c, u2 a 

- Ci u a2 - C 
2 2-' 

9. ui ; cjo u a - C,, u 
3.e .i 

a - !2,2 us i3 
5 

.- _. f : 
d 

-1 
c, = .I@ 57.3 
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c4 
JCL / acL = $kfdoS- 
aa ('0 3u + ' 'L,, 

c j$ 2 sin a' -- 
m au 57.3 

aCD 
n+kC acL - 

au L ,, au 

y and a .3,re measured in cbgees; x is measured per degree. 

3.2 Forces normal to the fl%ht ~,a~ 

Resolvmg:- 

= m g 005 y. (4) 

ile make the follovr~ng approximations:- 

(a) As in equation (I), y C 4' so with less than O*OOl$ error we may write 

co3 y = I - ;. 

(b) sin (a' + a) .= sin a' co.5 a + cm a' sin a 

KS sul a' + a co.5 a' 



with only a small error, Se 
2' 

whxh depends on a' and a as showa in Fig.3. 

(0) L = c,; p (vo + u)Z s - zq ?J 

ac 
where CL = C +L acL 

La’ ch a+3Tu (see pal-a. 3.1 note (0)) 

fina Zq is the toil dovm1oe.d per unit eiwator deflection. 

Thus:- 

ac 
= $ps V,"CL +vz++ zvcCL c ( 

+-&- aCL\ UC c acL 
+LT - 

2 
u 

a' a' i ( La' 0 au 1 

acL 3 
+=I2 t2v 

% 
ox- 

acL 2 
3 , 

ua+=u a, 
-"$I. 

Using these expressions therefore, ewztion (4) beeomes:- 

-T sin at-T cos a' a -sT . aT sin a,' u - - co9 a' u a 
au au 

. 
- muy 

a' a' 

+s c / 
\ La' 

Rearranging, we get:- 

-l*=Ko+K 1 a+K, 2 u+K 3 ua+K 4 u 2 tK 2 

5 u atK 6 u ;+ K8 y2+ K9 q 

where 

. . . . (5) 

T sina' +ipVf S CL 
a' 



If2 = 
a' 

3cL 

The solution of equations (I), (3) and (5) forms the basis of the 

'complete' progrmme (?rogramae I) shown in F1g.4 (see also r'ig.5). The 

progrme plots out the flight path of the awcraft, from rrhioh the maximum 

height droppe?i below deck level may be read off. 

The scaling coefficxnts are all unity, i.e. for one volt we have 

” = 1 fqsec 

Ii = 1 ft/sec2 

e = q = y 22 a 5 10 
F, = .:, = & = 1 O/set. 



Integration t&es placed in 'real' time, howver the tine-scale in 

volts/set is purely arbitrary and nay he altered at will by alttrin~ tk 

cooffi?ient R. 

4 ERRORS 

4.1 Linearity asswptions and basic data errors 

The errors introduced by the assum@.ons o f linearity In the assessment 

of thrust, lift and drag are considerabl; sx~icr than those due to the 

tolerances to which these pors~~eters are neasured in aircraft fli&t to&s. 

These measurement errors ard separate from, and addition-l to, the calculation 

errors, hence the effects of the linearity assumptions ,aro not included here in 

the.assessmsnt of ovwall calculebion errws,end the va1uo.s of thrust, lift 

and drag arc assumed to be known wxth pcrfsct accuracy. Since this is not 

norIdly the case, the catapult performance of ths circxf't should be doter- 

mined for a range of values of those parawt~rs to cover thy expected range 

of error in the basic dota. 

4.2 Other souroos of error 

The porocntage errors introduced by tho x?$o u;pFzidnations w.dc in the 

calculation are as follo~:s~- 

In equation (2) 

+3 (a) cos (a* * a) is given to - 60~~~ by the a;protiwtion (cos a,' -a sin CL'). 

If we inpose a limitation that (‘3' + a) + 8C", 60, d P-5, - see IkC.2 ma pare.. 

6.8. , . 

= (b) sin y is given to 
+bsg 
- 0 by tiia a?proximation sin y = y, 6s being loss 

than O*O$ - see equation (I), para.3. 

Simplifying equation (2), :ic have:- 

. 
mu = T cos(a,' + a) + m g sm y - D' 

i' 

where D' is aercdynaic drag + non;ontw.Zrz,g , ad the omors in T and'D'are 

ignored as discussed above in para.4.1. Thus the oraorin 6 is.givon by:- . 



If tD set is the time totic.bottom of the drop, t!le ermr in u is given by:- 

In equation (4) 

+gt D sui y 63-1 1 ft,/sec 
(cl u, as described above, is given to - T/m ta be, ? 

+O 
(4 (a’ sin + a) i3 Given to - 6e2!* by the approximation (an a' +a cos arJ 

see Fi6.3. By cmd'ul choice of CS!, Se2 s 2-y<. 

4.0 
(e) co3 y i3 giver. to - bcs by the ~pro'ximztwn cos y = 1 - 2 

2' 
bc being less than O.OOk - see note (a), pars. 3.2. 

. 
F 9% = i” ’ cos y - T sjr$o,' + a) - L ( *fc + u) 

Integi-atmg, 

tD cos y bo -L 
g,tDsmybs 

57.3 

?I be, 
57.3 y * 3 

Substltutlng t;-prcal va1uos, T = 18000 lb, m = 1400 slu&s 

(v. + L) = 293 ft/sec, to = 2 sec. 

Approximotel~~, -18(bc + O=OOl 6s y) G b 1’s 7.L (be2 + 0*013 be, y). 
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. 
Now y lj 4" = o*cr/ raa, therefore we nay neglect the 6s and he, terms. 

Thus WC may write: 
~- 

This Fesults kght have bean e.xpectd f'r~& cons~.dcratlon of'the eqzations 

of motion; ; depends on tk? balance of forces :~onxil to-the flight path, and 

these forces are mbdiiied only sligktb by the lckglwdinnl accel6retion of. 

the aircraft during the first few scconcls of I%&'.. 23 s ~nO‘~~obla &pOt 

that the errors in was calculated bi cqurtion (3) will pro&we only a snsll 

error in.y compared with tine 'direct' assunption.eryors SC and 6e2. 
< 

Novqf'rom c@uc.tion (I);. 

- i; = 
PO + 4 Y 

57-3 l 

x 
is tn sin y 6s 

I ( 

v. + u + (vF;3L,l 5 "2 ',(a; + a) tD]. 

S'ubstituting typical. values again, 

- h ,, 0.0~25 68, + 0.32 -, -f "'1 6 Sii~ h (G*ooo4 Ss + 0.13 - . fie2\ 

\ y/ \ y/ 

Now y # 4' z-0.07 rat!, tlxs once mw3 WC may neglect the Se, ad 6s 

terms. . 

Substituting from eqmtfcn (1) 
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ThUS 
g cos y SC tD be2 sin(a' + a) tD 

57.3 
<slq 57.3 

. 

On integrating, error z.n h is given by 

Typical values give -0*00003 ft g 6h < C.9 6e2 sin(a' + a) ft. 

The lower limit of error 1s negligible in consideration of height drops 

of the order of 15 feet. 

On the nght-hand side, sn(c’ + a) for EL conventional eircraft will be 

of the order of 0.3, but for V/SrOL alrcraft 571th deflected thrust, may be 

almost 1. Examining F1g.3, It will be seen that we can always choose a' such 

that 6e2 < 2.5); (XC pax. 6.2). Thus WC mzy say that in the worst case, the 

height drop c&xl.atcd by thg corrputer may bo optimlstlc by up to 0.025 feet, 

although for a convantlonal aircraft and a good choxcc of paramctcr &turns, this 

error is pmbably less than O-01 feet. 

It should be noted that this error in h 1s directly proportional to the 

error mtroduccd by the approximation for sin(a' + a) in equation (4) i.e. Se2. 

Thus the choxe of incidence datum 1s of paxmount importance. 

This analysis takes no account of the computer syetcm errors (of the 

order of O-l?) which should have little effect, or of the accuracy to which 

the output trace can be road - this bani; com~letcly under the control of the 

computer operator. 

5 SIwLIFICATTON OF THE EQUATIOKS OF MOTION 

The above assessment of errors is nocossardy simplified, but 1s 

sufflciontly pessimistlo to m.dce the final figure more thnr. adequate. 

An errOr of this size ~3 obviously swamped completely by the varintlons 

which can occur in basic data, even from one aircraft to another of the same t.ypc. 

The size of these errors, which are beyond the control of the computer, 

leads to the idea that 2 vary much simpler pro&zxmme might be adequate for most 

purposes. 

The simplification of the programme necessitates a comparison of 'ch8 

relative magnitude of the terms in the calculation as fol.lovrs:- 

The terms of eqation (3) for a typ1co.l modan Naval aircraft have the 
follodng approximate numerical vducs and represent the stat& percentage 

of 10 il. 
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Tern = 

- loliz: 

C 
0 

(+ve) 

c1 a 
(+ve) 

_. 

c,j a (-ve) 

c3 u 
(&, 

c4ua (-1 

c5 a 2- . iwve) 

,"6 u* p, 

.cj u2 a (-ve) 

C8 +a* _ (h2) 

c; u3 (4) 
- . 

C Aojii a2 &ej 
' . 

c11 u 
3 .- a (-ve; 

.4 
c12 u .- a =(=-Ge) 

_. 

vaiuo 
70 

22 

15 

‘2d 

9 - 

1.5 

2 : 

0.3 1 . 

o-o+ 

O-12 

.0.006 
‘,6.003. -- 

0*0003 

$5 xgo-! 

Percentat;e 
of 4O'il 

100 - 

31.5 . . 

21.5 
T . . 
it 29 _. 

?3_ - 
-2.:: . . 

-3 

Negligib3.a 

I, --. 

II 
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‘6 ( .ve) 

x, a (w?) 
I<* u (+ve) 
K3 u a (+ve) 

2 
K4 u c-1 

2 

20 

5 

0.6 

0.1 

o-02 

0. Gal 

I-2 

0.09 

l-6 
I 

- 

6.5 

659 
16.5 

2 

Negligible 

II 

,s 

4 

Negligible 

5% 

Ignoring terms of suffix 4,5,6 and 8 only, introduces a total error of 
. 

loss than 1;; in :'. Hence we vi11 reduce equatmn (5) to 

. 
-1oy = Kc+K,a+K u+lC 

2 3 
ua+K 

7 uhcg7J. (5b) 

Equatmns (I), (3b) and (5b) fom the basis of the simplified pmgrwme; 

pmgrmme II, shorn m ~zg.6 (see also F1g.7). 

6 USE OF T'-X3 'IT/O FROGRWLBS 

6.1 Calculation of the coeffic~cnt vsllles 

!Che tables given m Figs.10 and 11 aid the cdculatzon of the 

coefficlont values for both prcgrmms. InitxLty the first column should 

be completed, since this ccnsxts entirely of idonnatlon derived from the 

basic aero&ynamic da&&. Column two contains tile inxtlal cdlculatlons r 

required to put this dsta into a usable form, ana the other columns are 

sx~ply the calculatxn ?f the required constarits. 

6.2 Choice of speed and incldoncc datuqa, V, and a' 

The choice of Vc and a' is to some c&cd. arbltrary. Ho::ever, it is 

a good guide to choose Vc as being cbcut A0 ft/sec above the expected 
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minimum launch sped. Thi3 ensures that in the most-important of the serves 

of calculatiors(the minlmur! launch-cw+tl?n) thy. vL$uc of' u ~3 kopt s;iiell, - * ., 
and its variation i3 in the &it dirzo',ion for greatest accwncy. 

!l'hc choice of a' is somoxhat simpler t5c.n this, since the inoldence time- 

history is fixed bcforeh3nd, and a g00a datum V~JC can be ~boscr.. It in11 

be noted, bjr reference to Fig.3, that if (al + a)‘is to take ay values loils 

then IO', it 13 bost to choose a' es snail 03 possible consistent xith 

keeping a x ?O', 50 as to shy il.9 far zway as possible fro9 the discontinuity 

at (a' + a) = 0 when a take3 nogntlvo valuoo. Similarly, by referonce to 

Fig.2, if (a' + a) is very large, it is boat to choose a' as large as posslblc, 

consistent ,mth a > JO', to stay ns +r away 13 possible fWm the second 

tisoontinuity nt (at + a,) = VC0 when cu tdas positive values. 

6.3 Generation of tho incidence pro,-r~.wx 

‘The inoidenoc programrx~ hss to be act up on 3 function gonorotor. It 

may be taken directly from incid~nco t&o-history rccordn of flight tests, 

or as a Sim*lo 
: 

"rmp It typo rotation betaeon two inclcicnccs at a given ret?.. 

Experiments have-show? that the r~sulis of Cho height drop calculation 51‘0 

very sensitive to cbangcs It the a-progmn~c, ar.a for t11o purp030 Cf 

comparing results, a st3_n.&rd a-~rogrc~~o must bo chosen and adhered to 

throughout. If the prograunc 13 ~uscd 1x1 oonJunction with a fliggt simuletor 

tho a-term nay be computed vathin the simulator itself and fad into the 

approprxbtc terminal. 

6.4 The-tail-plane downlond tam (See footnote on list of Symbols) 

Although having quite large extreme vdues the tail-plnno downlond term 

often almost cancola ou*, when lntcgrntod o&r the mitXl pvt ?f t;c flight 

path, ~U-ICC, if a large tall-plane doxnlond is required to initlnio a nosc-up 

rotation dter launch, R correspor:tin&y lnrgc'upload ~~11 bc required to 

stop it, hence it may often bc neglected. ;:hcn .uscd, t:ie rctx of q Tay 

ather be set up on n P~nction~~oncrctor, using flqht txt tine-histories; 

be put in from the stick output of a fli&t sinulntor, or bc computed, for a 

given incidence programme, usip;: a lon~<tudin~l stability programe .~ach as 

that shown in Fig;8 (sse al3o bq.3). 1x1 t110 l?.e,sr cxc, jt ~111 bo noted 

that the straight line ranp incidence programe us& for simpllclty in 

comparison calculations (see above) cannot bo roproduscd. 

6.5 Alternative u3c of the two ~ro6:ronmes 

For 3ome aircraft, the opproximstior,s m-do in simplifying tic progXYl;n?lQ 

may be iradcquatc, and a chack sho&l &?a~3 b3 mLae beford using the xcond 

programe, t,bt th13 13 not the owe; o".:ier&e prograze I must be us& 



6.6 Computing procedure 

Having "patched-up ' the progranme requulred on the computer, and set up 

the relevant potentiometer values, operation is slpplicity itself. The 

a-programme is fed into the appropriate terminal, and tho catapult end (air) 

spa33 required is set up on pot. Cj2 on programme I and B21 on programme II 

(values of lnitlal u, both posztivo and negative, may be set up using Key I 

to change the sign) and the flight path, speed variation or a time-history may 

he plotted out for the initial part of the flight path, depending on the 

position of Key II. 

Sophisticatioza to the basic calculation can be madc such as those listed 

below. 

6.6.1 Deck run 

Allowance can be made for the few feet of deck beyond the end of the 

catapult by oclculnting the new nirspccd at the end of the deck using rccti- 

lznenr kinematics. This is a simple c,?lculation by hand, or of requxxx?, it 

could easily bo program~cd into the computer circuit. 

6.6.2 Initla.1 contition of y 

Pot. E&2 in programme I and pot. 351 in programno II, provide a fncilitjr 

for varying the irutinl oontition of the flight path cm&e, y. This would be 

one may of cst3mati~ the effect of energy rcc3vory from undercnrrioge olcos 

and tyres, or tho effect of lcuunching from c oatapult on a pitching and/or 

heaving deck, etc. 0 

6.7 AIrcraft with bounday layer control 

Since most modern naval aircraft are equipped with blown flaps and/or 

blolvn lcadx~g cage, the vnrintlon of the effects of "blow" w.s wrItten into 

the programmes. Shorild the progr<zmes be required to de:+ nlth ti;le cnsc of 
abD, 

an mrcraft with surface suction bounanry layor control, $- and au nay be 

determined from the affects of variation of suction mass flow rate ana tho 

rate of change of this quantity with clrspeo&. It 1s suspect& that, as with 

the case of "blow" bounby ls,yor ooxtrol, this vcrlatxon y,ill have little 

effect on the overall result of the calculation. 

6.8 V/SML aircraft riith dcflcctod thrust 

This paper does not &al xiith the case of a vnrying thrust deflection 

angle during the period of tic hclght drop. ilovcvcr, it is &ubtful If such 

variation would bo a foaslble tcchnniquo during the first few seconSs after a 

catapult launch. 
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The present cnlculatisn does cover ti<o ocse of a lzzge but constant thrust 

~deflection en&e, nhxh rieuls, in~effuct, a.lar~e vdue 0P a'. Study of 

i?i@.Z and 3 shuns that this roquueLant is &to o9m&tiblo witii the nisumptiOXiS 

mcde , provided that a still liss n:tXx i;nc rags 216' (xhich is almost cartnin 

since the chosen a-time-histoq wikt be k&tea bjr the rcouircxonts of 8 more 

or less conventiowl wing) a-d thct the ictd ;~;lgle (a' + a) (?ocs not cxcced 3 

value o-f about 50° (which e&tin is wry lilxiy sines the purpose of the cstn- 

pult launch of Such an aircreCt is to give the aircraft forward Speed, and in 
_I- 

order to maintain this spcerl or ncddoratc, thcrc must be nt 1caSt some 

horizontal cornToned of thrust). ' 

To sum up, tiion; the voctorcd thrust'aircrnft may be dcnlt with by the 

prograaos horain, provuled that the t3tnl inolin?tion of the thrust line 

above the flight pzth d~cs r.ot exceed about SO“, nnE t'ne inclinction of the 

thrust line to the wing datqm I?!OOS act very &ring the first 5x7 so3onEs of 

flight. 

Clenrly; i? either of the abx-e rcqArcmxtS are not fulfiilod, the 

prosont programmes *rc inaacquotc cna modific~at~o~~ must bo ma&o to cwcr the 

O&9*. 

7 CONCLUIXXG RTXARKS 

The calculating ncouracy of bDth proGrammes is oonsid%xtbly hotter than 

the accuracy to which the basic a!.rcrdt aatn can be obtnined. Consoqdontly, 

for most aircraft, there is lxtt&o to choose bctvcon the przgranmes. . 

Rww~or, for some unusual cxc3 (e.g. l~rgs~orosss thrust; smLd.l initial lift) 

the "complete" pl-sgramme is ncc assary to incluck ‘all relevant terms. 
-. . _ 

The main.advnntnge_of the 2nd progrkaa (apart from its inherent 

simplicity) is that ;t loaves more than h::lf the SC30 compitcr free fk-othar 

purposes, such as tho lor~i~~~nal.st~b~llty programme showy in Big.8, 

Fig.12 shows a compwison between results for b2t.h progrnmcs for an 

aircraft ir. trio very different confi~arcrtions atI rcsulto for the sum0 cases 

colcdated indcpcndently on a ;:ercury ti;;ita corrpkcr rind by had. Illlo 

nail? reason for diSaGrCim@nt nith tho he& CdcLktWn EsUl+S is a diSCrep3ilCy 

in basic aerdyzcnic data. IQ.‘13 shov:o a plot of tne height dropped against 

tine ns produced by programme I and as cclsvlntti:d by ha< fk i&?nt'_cd basic 

data. 



sns01,s -- 

incremental an&c of' incldcncc above datum 

datum incidence ol" thrust line rclatlvc to *he flight path 

drag cocfficicnt = D2 
-$pv s 

drag coefficient 3t zero 13.ft and speed V. 

&rag coefficient at zero lift and speed V 

a 

a’ 

cD 

cDO 

cD 
OV 

cDal 

cL * 

cLa, 
C 
P 

D 

D m 
Y 

6 
h 

k 

L * 

m 

rl * 

P 
s 

T 

u 

VO 

V 

2 
? 

drag coefficient at datum incidence and speed 

lift coefflclent = L 

&I* s 

lift coefficient at datum incldsnce and speed 

boundary layer control nonentun coefficient 

aerodynanlc drag force 

momentum drag force (total for aircraft) 

angle bctwccn flight path and horlzontsl (pos;tive on descent) 

acceleration due to gravity 

height &roppcd below deck lcvcl 

in&uccd drag factor = u 

a(c,* 1 
aerodynamic lift force 

mass of alrcraft at take-off 

elevator angle 

air density at take-off condltlons 

totd wing area of aircraft 

gross thrust of aircraft mcasurod nt speed V. and smbicnt 

air amslty 

incremental velocity of aircrsft above datum 

datum speed 

tots1 speed = v, + u 

vortiod foroe/~cgreo clcvnL~r deflection 

A dot implies differentiation with respzct to tine. 

G If trImme& values of lxft and CL.aro used, q is the incremental 
elevator angle over the trimned clcvstor position. Thea is clearly the method 
to be adopte6 if the :: term 1s to be neglected (see later). If stick flxcd 
(untnmea) values of xft ena CL are used, I-, has the usual meaning of elevator 
displacenont from the datum posltlon. 
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THE PHYSICAL INTERPRETATION OF 0~’ 8. a 

t 

IMPLIES .- (I) 0~’ > o 
(i) d+d>O 1 

AT ALL TIMES 24 

- 20 

ERROR 

s., % 

- I6 

- I2 

- 08 

- 04 

cab’-60. 

a: -40’ 

a’=20° 
lx.“O* 

0 

OL DEGREES 

FIG. 2 PLOT OF THE ERRORS IN THE APPROXIMATION cos(dtDL)~~ cos w’-asin co’ 



4’ = 20* 

of’ = 46 

u’ = 6d 

u’ = 86 

-2 4 

-t 2 

-0 

0 

a’ = r30e 
U’ = 60” 
a’ ‘400 

a’ = 200 

2 4 6 

FIG. 3 PLOT OF THE ERRORS IN THE APPROXIMATION sin (aC’+ a( ) = sin d’t a( cos a(’ 
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FIG. 5 LIST OF COEFFICIENT POTENTIOMETERS FOR PROGRAMME I 
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-KEY 1 
SELECTS SIGN 
OF I.C. - u 

KEY 2 
SELECTS O/P TO 
X/y PLOTTER , 

LIST COEFFICIENT POTENTIOMETERS 
FOR PROGRAMME II 





FIG. 9 LIST OF COEFFICIENT POTENTIOMETERS 
FOR LONGlTUDlNAL STABILITY PROGRAMME 



CONSTANT 

ACCELERATION DUE TO GRAVITY @/sd) 

ALL-UP WEIGHT OF .Y/c AT */o cb) 

MASS OF a/c AT +/.a (SLUG9 

RATE OF CHANGE OFG,ROSS THRUST WITH SPEED 

GROSS THRUST AT SPEED ‘4, (lb) 

GROSS THRUST AT SPEED V, cb) 

RATE OF CHANGE OF MOMENTUM DRAG WITH SPEI 

MOMENTUM DRAG AT SPEED V,, cb) 

ANGLE BETWEEN WING DATUM AND THRUST LINE 

OATUM WING INCIOENCE 

DATUM INCIDENCE REFERRED TO THRUST LINE 

LIFT COEFFICIENT AT DATUM INCIDENCE 

DRAG COEFFICIENT AT DATUM INCIDENCE 

LIFT CURVE SLOPE AT DATUM INCIDENCE 

LIFT-OEPENDANT DRAG FACTOR (bc./b~$ 

RATE OF CHANGE OF Cp WITH SPEED 

RATE OF CHANGE OF Co, WITH Cp 

RATE OF CHANGE OF C, WITH Cp 

RATE OF CHANGE OF Co, WITH SPEED 

RATE OF CHANGE OF CL WITH SPEED 

AIR DENSITY AT t/o CONDITIONS 

OVERALL WING AREA 

RATE OF CHANGE OF TAIL DOWNLOAD WITH 

ELEVATOR POSITION (Jb/O) 

DATUM SPEED (ft /WC) 

USEFUL CONSTANTS 

RAW 
DATA 

9 
W 

sT/bu 
T 

born/au 

sp 
zI( 
VO 

CALCULATE 

m= w/g 

T=Ts + ?~T/au’ VOW 

Dm = --/lb” .v. 

‘/2 ps 

pvos 

‘/2 pvep s 

‘O/In 

S=/,V. 

VALUE 

\ WING DATUM 

I SIGN CONVENTION FOR St, 
- 

IS AS FOLLOWS :- 
2 DATUM!?, CHOSEN TO BE IN THE CENTRE OF THE WORKING RANGE OF INCIDENCE 

AND SPEED 
3 CL AND C, AT DATUM WING INCIDENCE 

4 OERlVATlVfS TAKEN AT DATUM INCIOENCE AND SPEED 

FIG.10 TABLE FOR CALCULATION OF 
POTENTIOMETER VALUES 



CONSTANT I CALCULATE I I VALUE 

P 
V. 
STa 

C 100 F& 

.EQUATIONS . . . 
DRAG IOU - c,+c,a-C*a -cau-c,ucL-ccIoca- C.&IL- c,u’a- c,u’ 

LIFT : -lOa-Ko+K,dtK.u +Ksuci+KSu ’ + K,u’or+K,ur+K,ull + Kgll’+ Keq 

HEIGHT DROP: h - Pa+Qull b ,, _ 

FIG.11 CONSTANTS FOR EQUATIONS OF MOTION 



LAUNCH AIRSPEED, Knts TAS 

I30 140 150 160 170 

r RESULTS FOR TWO DIFFERENT CONFIQJRATIONS OF THE SAME A/C 

q POINTS GIVEN BY A MERCURY PROC,RAMME 

0 POINTS GIVEN BY PROGRAMME I 

A POINTS GIVEN BY PROGRAMME II 

Ut POINTS GIVEN BY HAND CALCULATION 
I , I 

FIG. 12 COMPARISON OF RESULTS OBTAINED BY VARIOUS METHODS 



zz DECK 

“‘“, 

FIG. I3 COMPARISON BETWEEN COMPUTER PLOT 8 HAND CALN. FOR IDENTICAL BASIC DATA 
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