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SUMMARY

An analogue computer programme was derived, making as few approximations
as possible, for the calculation of the flight path of an aircraft leaving the
end of a ship~borne catapult. Using this 'complete' calculation, 2t was
shown that, for most aircraf't, other approximations could be made without
significantly impaitring the accuracy of the result, and greally simplifying

the programme.

A description of both programmes is given here, together with their

derivation and method of use.

* Replaces R.A.E. Teche. Report 66026 - A.R.C. 28521



INTRODUCTION
GENERAL PRINCIPLES
ANALYSIS
3.1 Motion along the flight path
3.2 Forces normel to the flizht path
4 ERRORS
Lol Linsarity assumptions and basic data errors

be

Other sources of error

5 SIMPLIFICATION CF TilE EQUAWICHS OF MOTION

6 USE OF THE TW0 FROGRARLES
6.1 Calculation of the coefficient values
6.2 Choice of speed and incidence datums,
643 Generation of the ineidence progromme
6.4 The tail download term
6.5 Alternative use of the two programues
6.6 Computing procedure
6.7 Aircraft with boundary layer control
6.8 V/STOL aireoraft with deflected thrust

7 CCICLUDING RUMARKS

Symbols

I1lustrations

Detachable abstract cards

V. and o
o

Page

3
3
3
N
7

10
10
10
15
15
15
15
16
16
16
17
17
i
18
19
Figures 1-13

-



1 INTRODUCTION

One aspect of assessing the porformance of Naval aircraft is the
estimation of take-off characteristics, This mey arisc during design
appraisal or vwhen studying the effects of proposed modifications or changes

in handling technique.

The equations governing the aircraft flight path off the catapult are
such that no general solution is possible, and cach indaviduazl case must be
integrated either step-by-stop, by hand, or by a digital computer such as
Mercury, which has been used in the past for this purpose, or by an analogue
computation, As will be scen later, the problem is oxtremely well suited to
solution by analogue mcthods, andkprogrammes wore designed for the Solartron
5.C.30 computer, though it 1s clearly a simple matter to adapt them for use

on any other analogue computer,

The purpose of this papcer is to put on record the work that has been
donc on this problem in order to avoid duplication at a later date, and to
assist olher workors in this ficld whon it may be helpful to have aveilable
a standard procedure,

2 GENLRAL PRINCIPLES

The analysis uscd is fairly standard, The problom is esscntially
concerned with quite large changes of speed and incidonce, and thus the small
perturbation method is not applicable. However, in the interests of being
able to usc as large percentage changes in cach varzable as possible, a datum
speed and datum incidence were chosen at about the mean values of these para-
meters oxpected during the first fow scconds of flight, and incremental speed
and incidence variables considered about these dalum points.  Thus, although
thoe usual small perturbation approximations cannot be made, fullest usc is
made of the computer scaling accuracy, ond approximations for sin(a' + a) and
cos{a' + a) are facilitatod; thesc approximations being an order better than
the simple sin a = a, and considerably better than the use of a serve resolver,

whose accuracy would be very poor for the angular changes we are considering.

3 ANALYSIS

The verticsl component of veloeaty, B, is given by

i o= (vo + u) sin vy .
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For all practical flight paths, y is less than 4° (the catapult being only

50 fcet above sea level) so with less than 005, crror we may write
h = Py +Qury (1)

where P and @ are constants.

At any point on the fligsht path, the forces on the aireraft arc as showm
in Fig.1 and may be resclved to produce equations of motion along and

perpendicular to the flight path as givon below.

21 Motion along the £1ight path

Resolving:=
al
mu = (T + 2L 4 cos (¢! +0) +mgasiny ~-D - = 4 . D, (2)
\ au mooou

We make the following approximations:-
(a) 4s in cauation {1), siny = v
() cos{a' +4) = cosa' coseo - zina' sina
= cosa' ~qg sinaf
with only & small error.501, which dopends on a' end a as shown in Fig.2
(¢) D = ¢ %1>(V5 su)?s
where CD = CDcv + k CE; CDOV
and k being constant ~ the induced drng factor,

toing a function of & only, for fixed configuration,
€ B

At congtent throttle sctting, %; depeonds meinly on airspeed, and wo may

assume the linearity

D
0

C = C. <+ u
DO Do du

v
where CD is the value of CD at speed VO.
o Ov
Also, in fixed configuration, C. is very nearly o lincar function of a

wh
L
for fixed C , and, over the ranze of %¢ we neced to eonsider, a lincar function

of CP for fixed . Thus we may write
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CL = CL ' s S a + T u
a
where Cp is ‘the value of G, a% incidence o' onéd speed V .  Thus
a3
G'f

% o, 30 \2
' = O+ u+k{C +—* g+ Ul .
LD D, Ju \ La, 8a, du j

2 . . .
How (cD + kG ) is tho value of Cp at @' and ¥ ; .00 Cp

o) o' @
Therefore
aCDO 20, ot o, a0
= —— - 2 —= —=ug
CD = CD ' + 5T u+ k <ECLG: pnplle + ZCLQ. 3 u + 30 -ou
&

:’C 2 r 12 -
V7N 2, 2 )
\oa \oY

The lincaritics assumed in {¢) szbove shoull be extrerely geod for

nmost aircraft, but in any part:cular case, tho crror znvelved should be

A, r
checked from tne avarlabls corodymamic dotz. In most cascs, the tarms

alTected arc.small cnough 1o accepl quaite large percentage crrors without

sigruficantly ampazring ithe overalil accuracy of the cazleulation,

Using-thcso exprossions thercfore, cquatzon (2) bocomes:-
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6
" ma=Tcosa' ~Tsina' a+=— cosa'u -2 4in gtu a.+mg~r-:Dm-Efu
du - 3w d
~_ #Cp aC 3C
1 .- 0 - R p 2 o n L
-—pS}' C + V w280 —=a+V_ kC —=u i
2 { o Da, _? du 9 LG, da 2 La, gu
ac.  ac, A2 00
+V2 oy —& --l‘-uq.-rkv f—:—l“-‘, c,2+1:V21'-:—-T-'-\ u?
- o da.  ou o aa o' du !
AN r - AN /
ac ) ; .
+ 2V ucC + 2V Douzq:i,_{rr' -a-(-;-‘-’-“'-’\.f ua+ 4kl EE—V u2
o D, o Ju "L 4,3 o L,0u o
“a at | a
ac, . - g 02 - 3 2
S Ly 2 S it '\ - (N 3
+ Lk =~ 3 Vo L7‘0,+21.V01\aa/ ua +2kvo \au_/' u
BCDO o 2“ . a!._:_‘ “,\a*—? . (a(‘L 113 72‘& 6C GCL u, i
+u Cna,“ Fu. ot et g BTN, W *3a du
} /BCJZ‘ 2 6012
+1';-g-I-\ U q +k/’*a“£-> uq'].
NV}
" Rearraaging, we get:= A
108 = C +0 G50 b0 uanC, ot ulno
- o _-’1T 20.- 3__ !+ G Sa'« 6 z 77 Gl‘-
) 2 [ -3 : 2 2'-p 3.- ) )-I- "...
- C_8 uae - v9,\l, - C‘!O‘u a4 - Va4 u g4 - .C12 u (J) :
where ) - g
e 19 (0 cos ot 1,42 *
c, = (T:cosa. —Dm—zp_VQSGDa')
c = 10g k
1 573
r‘ ] t v oC,
oy = W(EEES ke, vl E)
\ -5 L' 0.7 da
’ - - .
oD b aC -
LI i R - o ., - 2.9 - 37
03 = m(au *ZP Y du+‘{CLG,P'T ”au+CD,P*voS"',§E°°S“")



ot aC N
- 10 /. L 10 &7 sin o’
Cl;. = 2 keV, S da kvo 5u * 2 CLG,) Y % 57-3

ac._.2
_ 1o /LN 1 2
6, = T K ac;.)zpvos
aC
. oG\ 2 D ac. ~
_LQl v \_1_ L Q -——_I-i
Ce = m(zpsc '+p\f SLZkv (au) + 3 +2kCL, 3 j)
«Q [e
. oC. aC aC
10 _L L
C e r——
, = mkz el S+kCL'aapS)
L
BCZ
10 /
e = k(3 )pVOS
oG
D aC
.19 / 00 | o
C9umPSkv<a) 2 u+kc,au)
&
¢, .= 2 Sk 21N
1w0w°- @ 2P 3%
ST T SO A
11— mP ac‘ du
c, = 22 Skff—2
425w 2P (au
aC

vy and a are measured in degrees; = is measured per degree.
1%

3,2 TForgces normal to the flight path

Resolving:~

a - " aT\
(p o 2= ol ! - .
L+mvoy+muy+\+auu)31n(a. + @) m g 0ds Y (4)

e make the following approximations:-
(a) As in egquation (1), ¥ < 4° so with less than 0:COt% error we may write

2
oS ¥ = 1_.'{2...

(p) sin (a' + a) sin a! cos a + cos a' sin a

U

]

sin o' + @ cos al



with only a smell error, 692, which depends on a' and a as shown in Fig.3.

() I

1 2
Csz(Vo+u) S-Znn

aCL acL
L CLG', - -E-. a + —a—E——- u (see para. 3.1 note (0))

where C

and ZTI is the tail downloesd per unit elevator deflection,

Thus: -

3 au ' © a Y, n
aC aC ) 3C.\ -~
1 2 2L L\ I\ 2
= sz[V CL :+v° o a.+<2V CL, v w;“*(%a‘*z"oau u
ac aC aC
f z
+-—L-u§+2\ir ——I-ua.+----]-“-u o,]—z m .
au 0 ¢a oa. ) n

Using these expressions therefore, equation {J) becomes:-

. 2 oT - a7
mVO,Y=mg(1-Y—2>-T sina'-Tceosa® a ~— sina'u~--— cosa'u g

au au
aC aC
R Aoy gL _d.q 2 27y
-muT_vaoSCLa,—EPIosaa e EP{ZVOCLG.'Fvoau,u
aC aC aC
4 B P S it /R -2
2PS<CLG.+2V0 au>“ SEPSE W - PS A g ue

ac
1 L 2

Rearranging, we get:-

. o . 2 3 . 2
-—"iOa{_Ko+K‘1 Q.+K2 u+K3ua.+I{!+u +K5u a.+K6u+K7u-r+Ka~{+K9n

esss (5)



x, - 25 (Toosal 1 2SE°_L)
o]

3C, |
1 4 3T sin a!
K :m — ——a — i p——
5 mvoPVOS(CLa,+2voau)+5?36u m v
0
aC
e o 203 L _10 o
B35 = v PV S v av 3 cos o
o o}
5C
1 "
K . 331 >
L T mv (2PSCL,+PSVoau
o} a
aC
K, = 2 (l,q- L
5 m VO 2 da

of"
F

oC
T, ¥ and a are measured in degrees; Zn and 3w are measured per degree and

[ ]
y is measured in degrees/sec,

The solution cof equations (1), (3) and (5) forms the basis of the
‘complete' programme (Srogramme I) shown in Fig.l (see also Fig.5). The
p;ogramme plots out the flighi path of the aircraft, from which the maximum
height dropped below deck level may be read coff,

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

u = 1 ft/sec
4 = 1 ft/sec2
8=TI=-‘Y=G=1O
6 = ':-‘ = q = 10/580.
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Integration takes placed in 'real' time, however the time-scale in
volts/sec is purely arbitrary and mey be altercd at will by altering the

coeffirnient R,
A ERRORS

ot Linearity assumptions and basic data orrors

The errors introduced by the assumptions of linearity in tha assessment
of thrust, lift and drag are considerably smelicr thon those due to the
tolerances to which these porameters arc measured in aircraft flight tosts,
These measurement ervors are separate from, end additionzl to, the calculation
errors, hence the effects of the linearity assumptions are not included here in
the assessment of overall caleulelion errsrs,and fiie valuzs of tarust, 1ift
and drag arc assumecd to be koown with perfect accuracy. Since this is not
normally the case, the catepult performance of the nireraft should be deter~
mined for & range of values of these paramoters to cover the expected range
of errcr in the basic data.

Le2 Other sources of error -

The percontage crrors introduced by the axgle woproximations made in the

caleulation are as follows: -
In oquation (2)

c s AL s .
{a) cos (@' + o) is given to - Seﬁﬁ by the approximation (cos o' ~a sin a').
If we impose a limitation that {a' + o) } 8C°, du, € 2+5, ~ see Fig.2 and para.

6.8,

1

+58s% )
(b) sin y %s given t0 -~ 0" by tho anproximation sin y = vy, s being less

than 0-05% - sze equation (1), para.3.
amplifying equation (2), <= havo:-

md = Tcosla' +a)+megsiny ~D'
. 2,

&

where D' is gercdynamic dreg + momontum Crag, and the errors in T and D'are

ignored as discussed sbove in para.h.t. Thus tho orrorind is.given by:-

T . e s
- 5@1 € 83 € g sin v &s.

a
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If tD sec is the tume to the.bottom of the drop, the erroer in u is given by:-

T :
-~1t e, s dug gt siny ds.
m D

In equation (L)

+ 8 tD sin vy 631 £1/se0
(¢) u, as described avove, is given to - T/m t be, J
+0
(&) sin (a' + a) is given to - bo.« by the approximation (san a' +a cos a'),
see Fig.3. By careful choice of o', 682 £ 2+5%.

+ 0 2
(e) eos 4 is given to - &ck by the approximation cos y = 1 ~ 'Yz— s

§c being less than 0:001:: - sce note (a), para. 3.2.
Simplafying equation (&), we have:-

m oy mgeosy -~ 7Tsinfla' +a) 1L

57°3 ° v, +u

ihe errors in T and L being ipnored, as discussed in para. 4.1 above,

Thus, the error in y is given by:~

57, c gtDs:Ln‘Y'&s

Y -
- . N T
- = { g cos y 8¢ + —h yi<bys _ =
Vo+uL 57+3 3 (Vo-ru m
t. de
: D i
de_ sin(a! - .
x{uez ine' + @) = 573 T}
Integrating,
t. san ¢y 88 o .
5223 1 L. 2 vig - __21;2_7 T
", - w6 oSt Ty (SO RD n

s t. &e
<L 0o #1o(e 4 @) + rsty].
Substituting trpreal values, T = 18000 1b, n = 140C slugs

(VQ + U) = 200 ft/sec, t, = 2 seoc.

Approximately, =18(8c + 0+001 §s v) € & v € 74 (ae2 + 0:013 e, ).
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Now « :} 4° = 007 rad, therefore we may neglect the 6s and 5&1 terms.

Thus we may write:

L] . r.-
_T—EY—L)—V+ug_cosyéctDs5ys."r+u
4 o

8 ha

ot
: ge, sin(a' + &) ty.

This resutts Ezig,ht have been expected from consideration of the eguations
of motion‘; :( depenhds on the balanoce of forces normal to_the flignt path, and
these forces are modified oniy slightly by the longizudinal acceléraztion of h
the siroraft during the first few scconds of rlagit. Thus one would expect
that the errors in u as calculated by equetion (3) will produce only a small

error in y compared with the ‘'direct’ assumption errors 6c and 5e2.

Now from equetion (1),
- E__Q__:..._:)._.._-
- 57-5 : *

Thus percentage error in h is givon by -

Sh _ ﬂ £r6u‘+§f1
: SRR CAE Y By
therefore
_ B (T tD891-+ 57-3 gcosy&ctIﬂ&aﬁs_ﬁ
573 (n (W, +w) "W, + 0 Y 5773
;e :'L = L'. [ ]
. ;r‘, tD sin v &s . 57-3 T 6@2 sin{a' + a) tD
L Vg + ) (v, +u) m Y ¢

Substituting typical values again,

L] - 56
-h(0°0025 be +O'32§-9-\,~<.61'14 h/O-OOOl;. 58 + 0+13 —2) .
' 1 Y, ‘ Y/

Now :l» 4° =-0-07 rad, thus once more we may neglect the 56_1 and &s
terms. - ) - . .

Substituting from ecuaticn (1)
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Thus
3 1
g cos ¥y &¢ tD <5 I ée? sinf{a' + @) tD
573 Tom 573
On integrating, error in h is given by
2 2
g cos v 8¢ t Se, sin{a' +a) t
- D ¢ &h <-2 2 D .
575 2" %h 573

Typical values give ~0-00003 {t ¢ 6h < C*9 6e2 sin{af + a) ft.

The lower limit of error i1s negligible in oonsideration of height drops
of the order of 15 foet,

On the right-hand side, sin(a' + a) for a conventional aircraft will be
of the ordor of 0-3, but for V/STOL aircraft with deflected thrust, may be
almost 1, Exanining Fig.3, 2t will be seen thet we can always choose a' such
that de, < 2+5: (sec para. 6.2). Thus we may say that in the worst case, the
height drop calculated by the corputer may bo optimistic by up to 0:025 feet,
although for a conventional aircraft and a good chorce of paramcter datums, this

error is probably less than 0+01 feet.

It should be noted that this error in h 1s dirsctly proportional to the
error introduced by the approximation for sin(a' + a) in oquation (4) i.e. de,.

Thus the choice of incidence datum is of paramount importance.

This analysis takes no account of the computer system errors (of the
order of 0+1¢]) which should have little effect, or of the accuracy to which
the output trace can be rcad - this being completely under the control of the

computer operator.

5 SIMPLIFICATION OF THE EQUATIONS CF MOTION

The sbove asscessment of errors is nocossaraly simplified, but is

sufficioently pessimistic to make the final figure morce than adequate.

An error of this size 13 obviously swamped complefcly by the variations

vhich can occur in basiec data, cven from one aircraft to anothcr of the same type.

Theo size of these errors, which are beyond the control of the computer,
leads to the idea that 2 very much simpler programme might be adequate for most

purposes,

The simplification of the programme necessitates a comparison of the

relative magnitude of the terms in the calculation as follows:-

The torms of equation {3) for a typacal modern Naval airoraft have the
folloving approximate numorical valucs and represcnt the stated percentage

of 10 1..10
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s | e | T
T 100 =7 .70 | 100 -
C, {+ve) 22 . 34.5
c, @ {+ve) 15 215
Cs @ (~ve) |- 20 - N
03 u (“ve) 9 3
CAL ua (-ve) 1-5 2-"
Sy o T (-ve) - 3
G u® (p-vej O::’> 1 Negligibie
_C:, W a (.-ve) 004 - |
Cq u:a.2_ (-ve) o012 - ‘ oo
C; us_ (_-vé-) - ‘ 0:006 | T A
_’ 0101;2 o’ (:Ye") }b-&os_ ) "
Cy4 w g (v o003 e
e 0:12 w (ve) 5 x-"!O-i Yo L

Clearly, ignor*mg terms of suffiz 6 and above ‘introduces lr*ss than 15

error 1n U. Hence we Wl;.l recace equatlon (3) toi= -

:."“_r- - . -2 L
"IOu..G°+C1y-—02a-C3u-GLua-Csm S

¥

¥

Equation (5) for the same aircraft has- terms with the folloulng appronmate
7values- ) ’ - 0 o i

E
2



N

-0y = 306 | = Yoo
K, (+ve) 2 65
K, ¢ (4v8) 20 65+
K, u (+ve) 5 165
K3 ua (+ve) { 06 2
K, W (sve) | 0 Negligible
Ky W a {+ve) 0:02 “
Ke u3 (4+ve)} 0- 001 "
B U v (sve) ' 1.2 L
Kg Yo (sve) 0+ 09 Negligible
K9 7 (#ve) | 16 5%

Ignoring terms of suff'ix 4,5,6 and 8 only, introduces a total error of

less than 1% in %. Hence we will reduce eguation (5) to

=10 = K +Ka+K u+Kua+Ruy+Kn, (5b)

Equations (1), {3b) and (5b) form the basis of the simplified progreamme;

programme II, shown in Fig.6 {sece also Fig.7).

6 USE OF THE Ti0 PROGRAMUIES

6ol Celculation of the coefficaent valies

The tables given an Figs.10 and 11 aid the calculation of the
coefficient values for both programmes. Initially the fairst column should
be completed, since this consists entirely of informmation derived from the
basic aerodynamic data. Column two contains the inatasl caleulations
requircd to put this date into a usable form, and the other columns are

simply the calculation of the roguired constants.

6,2 Choice of speed and incadence datums, V and o'

The choice of V, and a' is to some extent arbatrary. However, it is

a good guide to choose V_ as being about 10 ft/sec above the expected

15
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minimum launch spced, This ensures that in the most-important of the serzes
of caleulations(the minimum lauggh;cgpd%tlgn) the value of u 1s kept small,

L] 3 . - 3 C‘. -\’ 3 +
and its veriation is in the right dirce%ion for greatest acouracy.

The choice of o' is somowhat simpler thon this, since the incidence time-
history is fixed beforsghand, and a good datum valuc can be chosen, It wall
be noted, by refercnce to Fig.3, thot if {a' + a).is to take any values loas
than 10°, it 1s bost to choose a' as snall as possible consistont with
kooping a < 10°, 30 as to stay as {ar away as possible from the discontinuaty
at (o' + a) = O when a tales negalive values. Similarly, by referonce 4o
Fig.2, if (o' + o) is very large, it is bost to choosec a' as lorge as possible,
consistent with o > ~10°, to stay as for awsy as possible from the second

discontinuily at (a! + a) = 90° when o takos positive valucs,

5.3 ° Generation of tho incidence prorramme

“The inoldence programme has to be sct up on a function gencrator. It

may be token directly from incidence timo-history rocords of flight tests,

or as a éimple "rapp" typc retation between fuo incadences at a given rate.
Experiments have shown that the resulis of the height drop caleulation are
very scnsitive to changes in the a-programme, and for the purposc ef -
comparing results, a standard g-progracme must be chosen and adbered to
throughout. I the programme is used in sonjgunction with a flignt simuletor
the a-term may be computed wathin the simulator itsclf and fed into the

appropriate terminal. .

6.4  The.tnil-plane download term (Sce footnote on list of Symbols)

Although having quitec large exireme values the tall-planc downlond term
often almost cancols oud whon antegrated cver the initial part of the flight
path, sincec, if a large tairl-planc download is required to initiaie o nosc-up
rotation after launch, s correspondingly 1argc.upload w21l be requiréa to
stop it, hence it may often be neglected. Tthen uscd, lhe value ol 1 »ay
cither be sev up on a functlon generator, using flight tost time-histories;
be put in from the stick output of a £flight simula;or, or be computed, for a
given incidence piogramme, using & longitudinal stability programme such as
that shown in Fig;8 (s3¢ also Fig.9). in thie lav.or casc, it w2ll be noted
that the straight line ramp incidence programme used for simplicity in

comparison calculations {sce sbove) conmot bo reproduced,

6.5 Alternative usc of the two nrogramzes

For some aircraft, the approximatiorns made in simplifying the programmo
mey be inadeguate, and a check should glwoys b2 made before using the sccon

programme, thal this is not the cass; o4herwise programme I must be uscd.
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6.6  Computing vprocedure

Having "patched-up" the programme required on the computer, and set up
the relevant potentiometer values, operation is simplicity itself. The
a-programme is fed into the appropriate terminal, and the catapult end (air)
speed required is sot up on pot., C32 on programme I and B21 on programme II
(values of initzal u, both positive and negative, may be set up using Key I
to change the sign) and the flight path, specd variation or a time-history may
he plotted out for the initial part of the flight path, depending on the
position of Key II.

Sophistications to the basic calculation can be made such as those listed

belcow.
6.6,1 Deck run

Allowance can be made for tho few feoet of dock beyond the end of the
catapult by calculating the new airspoed at the end of the deck using recti-
linear kinematies, This is a simple caleulation by hand, or if required, it

could casily be programned into the computer circuit,.

6e6.2 Initial condition of y

Pot. BE42 in programme I and pot. B51 in programme II, provide a facility
for varying the inrtial condition of the flight path anglse, vy This would ba
one way of ostimating the effect of cnergy reeovery from undercarriage olcos
and tyres, or the effoct of lounching from a catapult on a pitching and/or

heaving deck, ectec. L

6.7 Aircraft with boundary laver control

Since most modern naval eireraft are cquipped with blovm flaps and/or
blown leading cdge, the variation of the effects of "blow" was written into

the programmes. Should the progrommes be reguired to deg% warth thg case of
\v]

an aircraft with surface suction boundary layer control, EWe and nay be

au
determined from the offects of variation of suection mass fiow rate and the
rate of change of this quantity with nirspeod. It 1s suspectced that, as with
the case of "blow" boundary layor control, this varistion will have little

effect on the overall r»asult of the caloulation,

6.8 V/STOL aircraft vith deflecied thrust

This paper does not deal with the case of a varying thrust deflection
angle during the period of the height drop. However, it is doubtful if such
variation would be a feasible technicue during the first few seconds after a

catapult launch.
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The present caleculation does cover tile cese of a largs but constant thrust
~deflection engle, which neans, in effect, =z large value of o',  Study of
Figs,2 and 3 shows that this roquirenent is auito comﬁatiblo with the assumptions
mede, provided that o still lies within the rangs #10° (whick is almost cortain
since the choscn a-time-history will be @ictated by the requircments of a more
or less conventional wing) and thot the tetal migle (o' + o) does not excced a
value of about 80° (which 2gain is very liiclj sincc the purpose of the cata-
pult lounch of such an airereft is to give ithe aircraft forward specd, and in
order to maintain this speed or acéslurate, there must be at least scme

-

horizontal componsnt of thrust).

To sum up, then; the voectored thrusthaircraft may be dcalt with by the
progrommos herein, provided that the totzl inelination of the thrust line
above the flight path does not excecd about 80°, and the inclination of the
thrust line to the wing datum docs not vary during fthe first few scconds of
£light,

Clearty, if either of the above reguircmonts are not fulfilled, the
preseont programnes cre inadequate ond modificnat.on nuet bo made to cover the

88,

1 CONCLUDL KNG RELARKS

‘The caloulating nccuracy of both programmes is consilderably better than
the accuracy to which the basic alrceraft data can be obtained. Conscguently,
Tor most aireraft, there is laltle to choosc bebween the programmes. .
HoweVor, for some unusual cases (G.g. lorge oxocss thrust; small initial 1ift)

the "complete! progromme is neceosssary to include all ralevant terms.

The main cdvantage of the 2nd programme {epart from its inkerent
simplicity) is thet 2t leaves more than holf the SG30 compu%cr free for other

purposes, such as tho longitudinal stabilaty progromme showr in Fig.8.

Flgel12 shows a tomparison belween reswita for both pregrammes for an
aircraft in two very different configurations sath rcsults for the same coses
calcalated independently on a illerecury digital corpubtcr and by hande The
nain reason for disagrecment with tho heand caloulation results is o discrepancy
in basic aerodynmonmic data. Fige13 shows a plot of the haight dropped against
tinec as produced by programnc I and o3 celovlated by hand for identical basic

data. ;
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SYMBOLS

incremental angle of ineadence above datunm

datum incidence of thrust line relative to the flight path
D

%pVZS

drag coefficicent at zero 1lift and spoed VO

drag cocfficient =

drag coefficient at zero 1lif't and specd V

drag coefficient at datum incidence and speed
~L
%pVZS

1ift coefficient at datum incadonce and speed

1if't coefficient =

boundary laoyer control momentum ceefficient

acrodynamic drag force

momentum drag force (total for aircrafti)

angle between flight path and horizontal (positive on descont)
accaleration due to gravity

height dropped below deck level

aCD

2
3(C; )
asrodynamic 1lif't force

induced drag factor =

mass of aircraft al take-off

elevator angle

air density at take-off condaitions

total wing area of aircraft

gross thrust of aircraft mcasurcd at spoed Vo and ambicnt
air density

incremental velocity of aircraft above datum

datur spced

total speed = Vo + q

vertical Fforos/degree elevalor deflection

A dot implies differcntiation with respeet to time.

 If trimmed values of lift and C; arc used, n 1s tho incremental

elevator angle over the trimmed elovator position., This is clearly thce method
to be adopted if the Z  term 1s to be neglected (sce later). If stick fixed

(untrlmmed) valucs of glft and CL are used, n has the usual mcaning of elevator

displacement from the datum position.
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l [ l [ 28 o' =80 ——
cos &' - o sinod =(I +6¢) cos (oL'+ OL)
THE PHYSICAL INTERPRETATION OF o' & oo

L IMPLIES .- () o'>o
) o+t > O

} AT ALL TIMES 24

o’ = 80" &'=0*
o = G0 \
o'm 40'\
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FIG.2 PLOT OF THE ERRORS IN THE APPROXIMATION cos(u.'w.):s cos ov-o sin o'
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FIG. 3 PLOT OF THE ERRORS IN THE APPROXIMATION sin («'+ ) =~ sin &'+ o cos o'
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& | & & o g:- e & & | & « 5 '}}-é s Y,!\Q«Qo
< o oy ol & |° N ? 3 & & F [
Al ot
ANz bi2
A2l par | Rfel | % o | e3 [-xu'e
AzZ D2z
A3 D3I

L]
A32 D32 |- S 1] E5 |+K,
A4 D4l [-10 ¥ LN 1| es e, ¥
A42 10a ¢ SHAFT OF 5M 2 psz | 1o 0K, SHAFT OF SM4
ASI ot [ 52 | SR 16 [cs f-couat
AS2 DSz
Bt en |-252 lo2 i | vk ua
812 giz |-woo LTS voler ] ok,
B2 u 10 Ky SHAFT OF SM [ E2!
822 £22
ey [ | 0% 10 | 85 |ecu? E3l | u Ke 1 ] E3 [-k,u
832 |-Azs X3 I [ B85 [rc, ut €32 [ 10 ¥ - 1| F2 [-Puat
B4! E4! | 100 LY I Es [-x,a
Baz +f’u‘ T dd 4 Cpr u*
T _# I [ —_rl‘.b_ E42 IC +10X
ast |- 1% ud _%g 10 | 85 |+cyua E 5|
Bs2 -u cy 1 |85 |+c,u ES2
cn T
12 F1z |v10 g Ky 4 | et J-x,q
c2 Far [kt | oo 10 | F2 [-Qu¥dt
c22 _l‘?'u' l'O‘:K ) £l K‘u. Fiz
L3
T e 1| es [ u F31 [-i00 . v 3| rat
« KEY 1
€3z) IT¢ - u SELECTS SIGN Faz
ca | Ha | Lo 1| ca |-G oFIC-u F4l
¥
cez | KaSun| 52 1| e -2l kev 2 e F a2
4 "G SELECTS O/P 1O

sl 10 Ly | co |- 22 iy PLOTTER F sl
csz | -100 | i¥e 0 | cs I+ cg F 52

FIG.5 LIST OF COEFFICIENT POTENTIOMETERS FOR PROGRAMME I
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FOR PROGRAMME II

<
W el

& & OO B RS R
0‘ < 0(’1 3 - o /\Q\)
< NE ¢ AR

o

At |+ 10% o BN EE
az | - B2 0c, LAl | cgua
Azl -u C, I | AL Cgu
azz | -100 - 1| Az | &
A3l | +i0a <A 0| Az |- &a&

dz c 2
A3Z s Cs I
Adl | +10 & I | A4 | -K,&
A42 | -108 0K, SHAFT OF | 5M 2
A5l | -100 The I | A5 | +K,
AS2 | +m s 10 | A4 [-Kgm
BII
BI2
B2l | IC.-u e KEY 1

SELECTS SIGN
B2Z OF I1.C.~u
B3
KEY 2

B32 SELECTS O/P TO
B 4/ ud oK I | A4 |-K.ua X/y PLOTTER

(%] 3 3
B42
BSI IC. +10¥
BS2 ~u Ky I | A5 | Kzu
c
cie
czi
czz
3l
32
cal | -100 B I | ca| R4t
ca2
c51 | +10% 10 Q SHAFTOF | 5M 3
csz | +10% =& i | cs [-Py¥dt

FIG.7 LIST OF COEFFICIENT POTENTIOMETERS
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FIG.9 LIST OF COEFFICIENT POTENTIOMETERS
FOR LONGITUDINAL STABILITY PROGRAMME



RAW
CONSTANT OATA CALCULATE VALUE
ACCELERATION DUE TO GRAVITY (Ft/sec?) 9
ALL-UP WEIGHT OF 8/¢ AT t/o (ib) w
MASS OF 9/c AT t/o (SLUGS) m=W/q
RATE OF CHANGE OF GROSS THRUST wiTH SPEED §T/50,
GROSS THRUST AT SPEED V, (ib)
GROSS THRUST AT SPEED V, (b) T=Tg + dT/3u? Vol
RATE OF CHANGE OF MOMENTUM DRAG WITH SPEED|2Om /3y
MOMENTUM DRAG AT SPEED Vo (b) Dm=2®0m /3y -Vo
ANGLE BETWEEN WING DATUM AND THRUST LINE Sty
DATUM WING INCIDENCE o'y
DATUM INCIDENCE REFERRED TO THRUST LINE 'zl + Bt
cos o'
sin o
LIFT COEFFICIENT AT DATUM INCIDENCE Cog
DRAG COEFFICIENT AT DATUM INCIDENCE Cogl
LIFT CURVE SLOPE AT DATUM INCIDENCE 3, Saox
LIFT—DEPENDANT DRAG FACTOR (3Co/ac)
AATE OF CHANGE OF Cu WITH SPEED ¥Cp/ du
RATE OF CHANGE OF Cq, WITH Ca [2Cop S2Cu
RATE OF CHANGE OF C, WITH Ca 2, /acp
RATE OF CHANGE OF Cp, WITH SPEED ¥Co, /2u="2Co, facu ¥u/oy
RATE OF CHANGE OF C_WITH SPEED ¥ Sau =30, faCu ¥Cu/du
AIR DENSITY AT t/o CONDITIONS P
OVERALL WING AREA S
RATE OF CHANGE OF TAIL DOWNLOAD WITH
ELEVATOR POSITION (1b/°) Zq
DATUM SPEED (¥t /sec) Vo
V2 ps
PV S
USEFUL CONSTANTS /2 pVe? $
19/m
573 /mVo
THRUST LINE

+ve 8t WING DATUM
SIGN CONVENTION FOR 5t

15 AS FOLLOWS —

DATUMS CHOSEN TO BE IN THE CENTRE OF THE WORKING RANGE OF INCIDENCE
AND SPEED

CiL AND Cy AT DATUM WING INCIDENCE

DERWATIVES TAKEN AT DATUM INCIDENCE AND SPEED

FIG.IO TABLE FOR CALCULATION OF
POTENTIOMETER VALUES




HEIGHT DROP! h = PE+Qu3 ., , .

CONSTANT CALCULATE VALUE
Co |m (TCosct'-Dy -7 pVe® 5Co,)
og
G BE]
TSmG 3CL
C2 |'m 573 aPV" 5-2KC 1 pm .
Cs 'o PVQ s bco. PVD s ZKCL-I' :_ih .
-+ PSVo CDG'*”;%E' - H COS &
AC, aC, 10 aT Sina’
Ca |Zrpvos 32 (V2% vac,, )+ 2 T gie
- 2 2
c: |2 sev K32
o aC N2, 3C
Ca —“,-\(EPSCD-.-FPVOS{ KVo (3% ) + 30
+2K°4‘-g\'_%l'})
c
C-, o (ZKa - 5C|_P VOS*KCI.‘SELPS)
0
s | m "(T-:> pYoS
c. aC 3Co,
Co |m-ze8 (2xVe(3r )+ 22 42K C,po “)
0 3C,
Co |m zeS K (,——,) -
10 dCL
Cu m zPszk au'au
Ch |o 1 PSK (ac.,)
Ko | % ( VASCo.. + T Sinec'- rng)
515 3C, TCosex
A :PV' 5 3«*573
573 acL
Ka -m—V PVDS(CL "!"" 5%‘3 £ Slnd
573’ .
T :
573 3 e i
K¢ mvo{aPS(cL-.‘FZVo ? )} ¢
s13 (1 9G,
Kl ng ) -
373 _-_ ac._
KG !!l\’. 2?5 3 u
0
Ky W
Sg !
s ST-BV,
573
Ky | v, Zn
Ys
13 -
L
5§73
100
EQUATIONS s
DRAG' iOu = Co"'cna c'“ - Cau CQUO‘- Csu. - Cgu - C?L«l o - C.I.L
LIFT -lOJ-K,-&K,d.+K.u +Kaux + Keu® + KgulactKgu+Kud + Kga + Kgm

FIG.Il CONSTANTS FOR EQUATIONS OF MOTION




HEIGHT DROP (ﬂ)

LAUNCH AIRSPEED, Knts TAS
120 130 14O 150 160 170

¥ ! 1
RESULTS FOR TWO DIFFERENT CONFIGURATIONS OF THE SAME A/C
A POINTS GIVEN BY A MERCURY PROGRAMME
© POINTS (IVEN BY PROGRAMME I
A POINTS QVEN BY PROGRAMME T
¥ POINTS GIVEN BY HAND CALCULATION

A/

pRo

FIG.12 COMPARISON OF RESULTS OBTAINED BY VARIOUS METHODS
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FIG. 13 COMPARISON BETWEEN COMPUTER PLOT & HAND CALN. FOR IDENTICAL BASIC DATA
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