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PREPACE

In August 1951 a University of Xansas Rssearch group was
assigned %o study ths gensral preblen of the launahing and
ianding of cazrrier alroraft. Ths work was dcne under contrast
OIR 533 (01)s The purposs of ths atudy was to odtain from
& welletrained diveraified group not too imbuad with past and
present ¥arvy thinking and procsdure, an indspsndsnt evaluation
of the prodlem and posaibls methods of szolution, amphasiz
being placed upon developmsnt to meet Muturs nseds rathor
than just to solve immediate problams.

It was laft to the group to chooss those sapeais of the
problam on which to concentrates As a resuit, certain sspects
of tks prodlem have been studied intensively while others
have been considared only superfioially. In anslysing
the preblem and dividing it into 1ts aeveral aspects, ths group
asksd two queationsie= {1) Is this aspact of ths prodlam of
deoidsd importance? (2) Can tha group maks & worthwhile
contribution by atudying intensively this aspect of ths
problent Emphasis was placed upon those aspects for wvhiah
tiis answer to wach question was affirmative.

e group submita its final report in four parts. Te
titls and general content of each part is as followst

Part l. Genersl Repc.t.

This section presents in a comprehsnsive yst .
understandable manner the problem as the group
sees 1t, and makes clear what the group belisves
can and/or should be dons. This section is
relatively free of detalls but ocomprehansive

8 regards gensral conslusions.

Part IX. Limitations of Cable«Drive Catspults.

This aection presents a detsiled study of the
limitations of cable=drive catapults and the
r¢lative eifecty of different modifications of
cavle drives. It is rather analytiocal.

part III. A Multi-Jet Driven Catapult (Hydrapult),

This seotion presents the results of a study of a
multi~-jet catapult which the group refers to as

& "hydrspult.” Although emphanis 1s placed upon
the general features and opsratlon of the proposed
hydrapult, numerous details are included.

S,




Part IV. DBarrioadas.

This ssaotion pressnts the results of a nodel
study of barriocadss. It contains many tadbular
data giving force distribulions among the
various elemsnta of typisal barricades.
Numsrous photographs &are insludad,

The Univeraity of Kansas Research Group assigned to study

this problem and submit this report was 2ompozed of ths
following staff memberag ’
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Jo Argersinger, Jr., Ph:.D., Associate Professor of
Chemintry.

We. Seagondollar, Ph.D., Assistant Professor of Paysios.

M. Simpson,l Ph.D., Professor of Asronautical Enginsering
and Chaimman of department.

Pe Smith, PheD., Associate Professor of Rlestrical
Bngirsering.

Be Snydnr‘,z Fh.D., Assooiats Professor of Mschanlcal
Bnginsearing and Chairman of departaent.

De Stranathan, Ph.D., Professor of Physios and Chairmen
of department,

Go Wilson,3 Fh.D., Professor of Blectrical Enginsering
and Chaimman of dapartment,

Ge Wiseman, Ph.D., Assistant Professor of Physics.

Resigned from group January 15, 1952,
Reaigned from group August 15, 1952.
Resigned from group March 12, 1952.
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INTRODUCTION i

The hydraulls drive (Hetype) oatapult with indirest conrsce
tion %o the airoraft by means of & cable has been uged by the
Navy for a number of years., Although this type of catapult has
besn quite suscessiul, L1t seens to be the gesneral opinion that
it has been extanded to a point near its ultimats prastical
capacity and that further expansion to higher ocapacitiss is
unwise. NAMC Report No. Me[305, “Comparison of Hydrsuliec and
C-Typs Catapults,”™ indlicates that the weight of the Hetype
catapult inoreases very rapldly ss the launshing valocity
approachss 275 to 300 inots. The study shows clearly that ths
linitations are due in large part to the pressnce of ascelsrated
cebles in tho system, and t0o & smaller extent to the asocelerated
srosshesd and sheaves.

Inasmuch as the indirectedrive cable catapult has advantages
not offered by any direatedrive catipult yst proposed, it was
doemsd desirebls by this group to investigate in scae dstall
the origin and magnitude of the faoctors giving rise to these
limitations, and to determine itho approximats velooities beyond
which cabla=drive catapulis ars not fsasibls.

In the anslyses of the following paragraphs, many sizmplie
fications have been made in order to bring sut alearly the
salient features of the indirectedrive system. In these
analyses the effects of friction, plane thrust, shuttle welight,
and ocable vibration,as well as certain other less important
factors, have all beeon neglscted. While thase factors may be
vital for design purposes, they are not generally responsible
for ths inberent limitations of cable-drive systems,

In the following analyses, the type of engins has been
unspsoifieds Whether the driving sangimne be hydraulic, slotted-
tube or other type, is of no consequence except insofar as it
alters the cabls system. In all cases, however, it nas been
assunmed that tha moving engins parts are accelerated and
decelerated by means other than cable~transmitted forces,

ELEAENTARY CONSIDERATIONS

Preparatory to a discuasion of particular cable-drive
catapults, it will be advisable to considsr certain more general
features of the problem. This section will therefore be devotsd
to a conslderation of wire rope characteristics, a discussion of
the accelsaration of a etraight cable, & treatment of the
acceleration cf a stral ht cable with wttached masses, and a
discussion of the effects of fixed and of moving sheaves.



Wire Rovs Characteristlios

The most important varlable affecting the performance of
indireot=drive catapults is ths 1atio of the safe working load
of ths cabla to the cable linaar welight. Ths weight of a given
size of cable 1a readily found from tabulstad data, but ths safe

. working load must bs obtained by dividing the breaking atrength
by ar arbitrary factor of safety. The salety lactor ia dspesadent
upon the type of sarvice lnsofar as bonding stregs, abrasion,
corpoaion, hsat, apssd, and nature and dsgree of malntanance are
concerned; it is also depondent upon the useful longth of 1ife
desired. All of these factors which affeat ropa performancs
should be considerod, but ths most i{mportant is probably the
bending atress thet results when ths ropo is passed over a
sheave or drua.

Although bending stress has bsen the subject of a great deal
of investigation, there has not yet been found any satisfactory
mathod 2f ocomputing its magnituds. The 1947 edition of the
Rosbling Handbook® 1ists eight formulas for the computation of
bending stresses, but the results computed from these equations
vary preatly, the smallest being only 8.5 per scent of tha largest.
Cbviously with this wide range of estimutes available, it is )
impossible to compute rope bending stress with any degree of
confidence. :

It is recommended by wire rops manufasctures that allowance
for bending stiress be absorbed directly into tha safety facter.
Since & stress ceused by bending appears to hava more effect on
the rope life because of fatigue than it does on its useful
static load, manufacturers state minimum shrave diarme ters that
may be used for reascnable service life. The use of smaller
sheaves than the recommended nminimum will -ause a greatly
shortenad life; larger shsaves will give a longer life. It
should be noted that in the application to catapults, rope 1life
is secondary in importance to high performance. Safety may be
assured by a rigid and regular inspection procedure.

In the computations to follow, the ratio of working strength
to linear weight has been based on the data shown in the follewing
table. The table lists the breaking strength in pounds, the
linear welght in pounds per i'oot, and the calculated breaking
strength to linear welight ratio in feet [or two types ard for
several asizes of wire rope. From this table it can be seen that
all of ths cebles liastod have a ratio of breaking strength to
linear weight of about 55,000 ft. In later calculations, a
factor of safety of approximately 5.5 has been assumed. Hence,
ths ratie of #orking strenglh Lo linsar weight 13 10,000 rt.}
in other words, the walght of 10,000 ft. of rope hanging freely
will cauase the maximum safle working stross to oscur in the upper

> e W G W W W M W t W T M W o e @ N W g = W

5 Published by Inhn 4. Roablinz's sSons Company.
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end. The use of & somawhat difforent faoter of safety would alter

the quantitative results of these sectlons but would net ahange
ths basis sonclusions.

STRENGTH OF WIRE RCPE

Nominal Approx. Linear Nominal Breaking Caloulated
Dlameter, Weipht, w, Strength, B, B/w,
Inchss ] lbﬂ/n« LQIQ J{to

6 x 19 with fiber core"

1 1.60 95,000 5

1-1/4 2.0 5,000 ngggg
i e 5
2 - 'Ziuo o 350,000 84,700

6 x 17 with independent wire rops coref

1 1.76 102,100 58,000
1-3/4 : 2.75 157,000 57,100
1-1/2 3.9% 223,600 £6,500
13/ 539 301,000 55,800

# MIL~R~6015 Mllitary Specification Rope; 6 by 19, Extra-Highe
Strength Wire (Por Aircraft Launching and Arresting).

# MIL-R-7871 Military Specification Rope; Extra-ligh<3trength
Wire, 6 by 19 with 7 by 7 Independent Wire Rope Centar
{Por Alrcrart Launching and Arresting).
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Hote that the maximum attalnable velooslity iz indspendent of
ths accslesration so long as ths maximum psraisaible loed is
applied continuoualy to the cabls. If a conatant asseleration
of 4g 1a ziven to the cable, the distance requirsd to attain a
velocity of 802 ft/sec, is 2500 ft. This 1s alao of ascuras ths
paximua permlizsible langth of aable.

On board ship, the accelerating distancs is nct the eritisal
length, but rather the sum of the ascelerating snd develersSing
distancea is oritical. Theoretloaxlly it is possibla to stop the
cable in practically zero Jdistance without breakage by gripping
ths cable at every point on and in the oable. In practice,
however, this situation is difficult to approach cloiely.

Case II:~ Prodably the simplest way to decelerats the
oable is to replacs the towing forece by a braking force applisd
to ths rear end of the ocabls. . Ths braking forcs as well as tha
towing force must not excesd ths safe working load of the osabla,
If a distance L ia available to accelerats and then decelarats
to zero veloaity & cable of length L and linear welght w lbs/ft.,
it 13 obvious that ths maxlmun velocity that can be attainesd
without exceeding the safe working load of ths scabls will be
that obtained with equal ascelerating and dscelerating distancea.
In other words, the safe working load is applied to the front
ond of the cable as a towing force for ths first halfl of the
distance L, and then the towing force is replaced by a braking
force of equal magnituds for the last half of the dlatanece L.

For sush an arrangement, with a = 10,000/L, the maximum
velocity attainable is :

v = \é &g (L/2) = 567 ft/se0. (3)'
= 387 mph.
= 336 mots.

The same %total shuttle run is required in Case II to reach a
given terminal velocity as is required in Case I to reach a
terminal velocity greater by a factor of 2.

If, in ths future, materials with a& higher strength to

linear weight ratic are avallable, higher maximum velocitiss
will be possible for any given system. An improvement by a

factor of 4 4in the strength to weight ratio would increase the
maximm terminal velicity by a faetor of 2, '

Acceleration of s Straight Cable witn Attached Masses

In any indirect-drive catapult, a great amount of mass in
addition to that of the cable must be accelurated and perhaps
decelerated by cable-transmitted forces. During the acceleration
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run, the plans and shuttle as well aa certaln othsr coapensnts
nmuat ba accslerated along with the cable} during the decelersation
rn, thers may be a portion of tha moving mechanism that must

be decelsratad by cable=transmitted forces.

Lat 1t be assumed that a plane of weight W 1ds. and an
additional weight Wy lbs. are attached to the cabls during
sccaleration, and that a welght W4 1bs. is attached to ths
ceble during decsleration. let the total length of run be
L L%.,, snd 1let a atralght length of ocable of langth fL f¢t.
be used to aitach the towing cabls to the towing engine.

*he aystem ix shown in Plgure 1, Two cases are considesredgs=
Case I, in which ths entire length L is used for acceleration,
snd Caszs lI, in which the length L 4{a divided into an ascelerat-
fag portion A and a decelerating portion D. In Case II, the >
cabls and attached mass Wy undergo a decsleration of dg f£t/ses®.

WG - Wd

L ————— fL—

Case I

Pigure 1. Straight cable with attached masses.



Case l:= With the notaticn defined in this and the preceding-

seation,
pefusnnevev e . ()
At the ond of the scoslerated run of length L, the velooity v ia
given hy
-/ 2(P/) gL
vV E L TR (5)

It is comvenient at this point ts introduce ths concept of
the equiwvalent langth of thsse additional masses. lat the
squivalent length of & given mass be definsd as that length of
eable which has the aame weisht as the mass being ocnasidered.
Thus the total effactive length L, is given by

Ly = (1 ¢ £) Ls Wy/w+Ww , | (6)

and ths terminal veloclity v by

rs Jg’/‘ \é L/I‘ = 547 VE aLO rt/‘.ﬁ. {(7)

Ths terminsal velocities which can be obtalned with various
valuss of the ratio Lg,/2L are shown in the table below; ;7:‘ is
taken as 10,000 rt.

- Lg Ly + Lg

3 °F —5% Vrax j
1 567 rt/sec. 336 knots
2 401 237 1,820 1lvs.
5 254 150 12,600
10 179 106 30,600
20 127 75 66,600
50 - 80 47 175,000

100 57 3 355,000




3
Casa Ili= During the asscelaration mm
?-[w(1+r)x,+u.+w]. (8)
and at ths end of ths acceleration run, the tarminal valooity v
is given by
/ 2 (F/w) g A (%)
1?5 ]
v L8 A (L +2) L+ Wo/w+ ¥/u 2
During deceleration ..
-

Pelwilen) L enga (10)
and if the velocity iz to be recuced toc tero at the ond of the
dacelsrated run of length D = {{ - 4), thsn

2 (p/w) g (L = A) .
V2 11
ve dgb= (1 + )L + Wa/w (1)
Prom squations (9) and (11) ore findas | N
(L + ) L + W/w + W/w
A % . {12)
1 2 {1 + {) L + w‘/v + Wi g/
which may bs substituted in equatlon (9) to yield
P / 2 L
v V/= E v 2{(1 + )L + w./w + Hd/w + W/iw (13)

It is ilmportant to nots that in this equation the weight of
cable ascelsrated, w (1 + £) L, the weight of ths cable decsleratsd,
Ww {1l + ) L, the waight of tha masa which must be accaleratsd,

Wos or dscalsratsd, Wy, by cablée~tranamitled forces, and the

wol, bt of tae plans, 3, all enter in exactly the same manner.

It is thus important that decelsrated masses as well as accelerat~
od masses by kept at a practical minimunm.

[}
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If the effective lengths of cable during aceeloraticn and
decelaration are dsfined respeatively as

Ly = (1 + 1) L +W,/v ¢+
and
Ly ® (1 +8) L+ : ()

then squation {13) becomes

'-J-gg \/ 2L ?‘/'L_.i*i‘ﬁ £t/s00. - {15)

g +La

m terminal velocitiss which can be obtsined with various retics
£ (Ly + Ly)/2L are shown in the table on page 8; P/w is taisn as

20,008 pe e able contalns caloulated plane weights W for

an 1llustrative exampls of Case lI, in which L = 200 ft.,

£ » 0,5%'%nd W, = Wy = 0,05 W. Thsas are inscluded merely te

indicate the Crend or lane uoightl with inareasing values of

ths parameter (Lg + L3)/2L. Mote ¢ 11y that for either Case I
or c;a- II, the ! tinl antry for w 1 corresponds to
acceleration of ths cable without p or other attachsd mass.

Efteot: of Pixed and of Moving Shaaves

The effect of & ashsave depends upon whathsr the sheave is
fixad oF moving, and upon whether it is a part of a reesved systeam.
This seotion will be concerned with the effecta of sheaves under
varioua cirsumstances.

Gensral Conaidorationi

In the treatment of sheavea, the rotational and translational
affects are oconsidsred independsntly of each other. In the
subsequeut analyses, the following notation will bs ussd with
referencs to Figure 2 on ths following page.



Uppor rops load (in 1lba.)

Lower rope load {in lbva.)

Applied force (4in lbs,.)

Velocity of the upper rope {in ft/seu,)

Veloality of ths lower rope (1n-rt/|oo.)
Translational volocity of the sheave (in f£t/sec.)

Accalaration of the upper
rops (in g)

Accaleration of the lower
rops (in g)

Translational accol- C ey,
eration of tha ‘ - —*q,
sheave {in g) F,~

Linsay welsht of the
rops (in lbs/ft,)

wWeight of the ahaave
(in 1blc) (O

Weli-nt of the yoke TV
(1!1 1bl|) -——-003
Msan radius of F, e

osurvature of tha 2

cabls {(in ft.)

Radius of gyration of

_aheave {in rt,)

Pigure 2., Porces, velocities
and accelsrations
in a fixed or a

Angular aoceleration moving sheave.

of sneave (in rad/secZ.)

Angular vslocity of
sheave (in rad/sec.)

. .‘..
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Fronm ths gsometry, the following relations are apparentt
' b Sl
&) = &>
VYq + ¥
1 2
W 18
- - (18)
8y + 2
1 2
" T
Considarations of the rotational motion give:
F y.rw Ei-o-unr‘;.._l_:_:z. | {20)
I S ;2
Conaiderations of the translational motion give;
- 4y = @
i 1 2
P, > P, ¢ . W, + ¥ +wwr1-—--- 21
Pym Py * Fp s W+ ¥y | (21)
Fixsed Sheavass
For a fixed sheave, v4 = v, = v, A = a, = 3, 73-On.nd
a3 » 0, Then from oquat.iok (80? N
Po Py Wy 2 1
.%._l--—‘-’--‘s-z-&nr}n . (22)
v o v r K
In this equation, the tema in bracketa on the right side
corresponds to the sum of the actual length of cabls in a 180°
bend plus the squivalent lenygth of the sheave itself. If ths
latter {s deaignated by Lgy 80 that
w 2
8 k
L' = ‘;' "'2' ’ - (23)

r

u“t



then squation {22) becomss

.._-.;.-;z,'+nr.a . (24)

The quantity in brackets in equation {24 ) may be tsrmed ths total
squivalant length. PFrom oquationa {(21) and {24},

1

4
_"}..23“3- Laq»wr;%a . {25)

Typical valuss of L, are shown in the table on page 1. Wwhile
the values for the 3qu1valons‘. lencths of various ansaves vary
over & consiuersble range, it 1s ressonabls to use an sguivalant
length of 25 ft, for any shuave in the present calsculations, It
may be noted that the squivalent length in feet 13 approximately
the sane as ths shsave to cable Jiamster ratio, D/d, for tha
shesavaes considered. .

m"igﬁ 3heave with Ona Cables Dead-Ended

In this case as shown in the adjacent sketch, v, = 0,
a2=0, vy = vl/z, and a3 = 8y/2, <
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Then from equations {20), (21) and (23}
P2 b ar, (26)
oWt T E J 1
and
P P, (W, W, L }
.‘.'2.2.;..3‘.5;4.2%..2_ 4y - (27)

-l

It ahould be noted here that the total squivalent length as showm
in brackets in squation (26) 1s cnly half that of equaticn (24)

The reason is that the angular ascelerstion here is only half as

great as that in ths previous csse. :

m:.tigl; Reaved 3hoavs Systema

Considsr a systsm of moving and fixsd sheaves of multiplis
cation n. There are n/2 moving aheaves, and {n/2 - 1) fixsd
ahsaves, or (n = 1) shoaves in all. The system is shown in
Pigure 3, page 16, Let the fized aheaves be designated by
1#1,2,3 «...n/2-1, the moving sheaves ty § = 1, 2,
3, [ n/Z' and the cable segmants by k = 1, 2, 3. . o s s
ne1, all 4n ordsr from the uJsad end of the cable, The
acosleration as indicated in the figure is saro in the first
cable segment, 4 in the last segment, and 21 a/n in the two
cable segments in contaot with the fixed sheave i. The linear
sccalsration of ths whole set of moving sheaves is a/n.

In subsequeont anulyses it is convenient to use a qQuantity
hore definsd as the "effective length" of csrtain cables. Since
most of the cables in a multiply resved system have accelersations
less than the muximum acceleration in ths system, force caloue
lations are simplified by considering tha "effsctive length® of
any cable as equal ‘o the actual length multiplied by ths ratio
of ths acceleration of that cable to the maximum acgelearation
in the system. If the center to oenter distance betwsen the

two sets of sheaves i3 Z ft., the sffective length L,y of the
two cable segments in contact with the fixed sheave L is

LM--—n—z . . (28)

Ao
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The total ott‘ouuio length of cable between points A and B in
Figace 3 is L,, glven by

- nf2 -1
, %5 2 _ »
L‘HZ*Z . -;-Zigu . (29)
i =3

™he cabls segmenta in contact with the fixed sheave 1 are
those designated 24 and 21 + 1. Ths difference in force between
thess two segments, from equation (22),1s ’

P g r '
21 _ 21l Lo+ w ,]ﬂ a , : (30)
v W _8 n

in which L, is the equivalent length of & single sheaves Thus L.,
the effsctlve length of fixsd sheave i and the half tum of oabld’
about it, is given by _ :

.’-u'%"("a*”} ' (31)

-

and thes total effective length of all the fixed sheaves and the
oable wrevped on them, desimated Lg, 18 given by

n/2 - 1

Le = E %['L.+ﬂr}-n;2l[l.‘+wr] « (32)

i=1

Thae caole segments in contact with the moving sheave j are
those designated 2§ - 1 and 2j., The difference in force
botween these two segments, from equation (20}, 1s

- 2

P2-1_'P_2_,1.{L.4.,,,.}.1.:!—.2._u;;:_1).,+‘%1.}_
w T |

- !—L; + % r]’ -2—13:-—1 a . (33)

This squation takes no account of forces required to produce a
translational acceleration of the sheaves or of any possible
oroashead; these forces are not transmitted by tho cable in any
practiocal catapult application., Prom equation (33), LmJ' the




- total affective length of tha moving sheave J and ita half turn
of oabls, i»

oy = H 2 (B e ne] )

and LEQ the total effective length of all the moving shesves and
ths cudle wrapped on them, 1a given by

n/2 -
AR :E{: 3115_1 [L. +n Q} - % Ly + 0 f} . (35)
=1

The total effective léngth L, of the entire assexmbly betwsen
points A and B of FPigure 3 is the sum of ths individual effective
iengths of cable segments and sheaves. Thus ome finda from
equations (29), (32) and (35)

n-z . 7 n
L‘.%Z+T[L'+“rj +K[L.+wr] (36)
or
L ® % [é Z+{n-1l)wr+(ne-l) L.] . (37’

Since the total actual length of cable is n 72 + (n = 1) v rJ,
and there are n -~ 1 sheaves each of squivalent length Lg, the
. total effective lengtnh of the reeving system may be expressedsim
the form

Het oaffoctive length = % X Sum of equivalent langths of componsnts.

Consider for example the system shown in Pigure [, drawn for
8 reeving syastem of multiplication n = . The length of run i»
assumad to be 200 ft.; thers i3 assumed an additions) 100 ft. of
vertioal cabls. 3ince there are .four sheaves exclusive of the
reeving sysiem, each of equivalent length 25 ft. as diacussed
earlisr, the total 20fsciivs longth of Uie system, exclusive of
the reeving, is 600 ft.
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50"

Pigurs 4. A multiply resved cable systan,

Negilecting the diameter of the asheaves and the distance x,
one finds that with multiplicetion n, the minimum possible
langth of additional cable is ,

=1 x0 rt.,
. n

N

haif of which will be effective; in all probability, the length
will be somewhat greater than this. In addition there will be
2(n = 1) sheaves, each ocontributing 1/2)x 25 ft. to ths effeotive

length of the ayatem. The net effect of these additions is as
follows; :

- 4




0 2
Multiclication B&:?gﬂgxzieg Ad:ét;zg:ingﬁn Tota%g;é{;ct&v.

1 600 ft. 0 ft. 600 f%.

2 600 15 675

L 600 _ 150 750

6 600 208 . 808

8 600 263 863

10 600 315 915

12 600 367 . 967

U 600 418 1018

16 600 469 1069

It is of intereat to note that in this exampls, when the
multiplication is increassd by a factor of 16, the total
effective length i3 increased only be a factor of less than
2, On the othasr hand, the unavoidable incresse in effective
ocable lengtl. 1a extremsly significant at high capacitiss,
partioularly in case & long run is necesasary to attain the
end speed desired. Both the length of run and the maximum
sccoleration are in gersral detsrmined by othar fasctors.

The sole advantage of multiple reeving therefore lies in
decreasing ths length and spesed of the engins stroks.

However, this must always be done at the expense of inoresaing
the effective length of cable, and in cable«drive syazteoms
already near their ultimate capacity, the addition or rultiple
reoving becomes impractisal or even imposaible from ths stand-
point of the over-sll weight of the installation.

INDIRECT CABLE-DRIVE CATAPULT WITH RETIIEVING CABLE BRAKING

The previous examplas have been concerned with the basie
relationships involved in cable syatems in a sirplified fom;
the systems have not conformed to what 1s actually used in a
practiocal application. In order to determine the characters
istics of a typlocal cable-drive system, consider the indireot-
drive catapult shown in Figure 5.
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Pigure 5. Indirect cable-drive catapult with retrieving
zable braklng.

One~ta-0ne Heeving

Let it be assumed that the plane 1ls accelerated for a length
of ran A to an end speed of v ft/sec,, lollowing wuich the cable
and associated sheuves are docelerated in & length of ran D to
zor0 velocity. Let it further bo assumsd that the accelerating
cabls 18 of linear wel ht wy lbs/ft, und is acted upon by the
safe working lomd 2, lbs, Jsimlilarly, the decelerating and
retrieving cable is of Iinear weight wy 1lbs/{t. and is acted
upon by 1its safe Worxing load Pyq ibs. e mass of the shuttle
is nezlected, and it ls assumed thut the cable does not transmit
forces to ochange the kinetic energy of any part of the catapult
engine. In the analysls the following notation will be used:

L = Total length of run (in ft.)
A = Length of accolsrated run (in ft.)

D= Longtﬁ of daceleratsd run {in ft.)

fL = Length of auxiliary cable requlred to connect the
catapult to tho en;ine, in¢luding the equivalent length
of the sheaves required (in ft,)

..h
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P, = Apolled {zafe workling) load for driving cable (in 1bs.)

W, = Uriving cable llusar weight {in lbs/ft.)

Pq ™ Applied {(safe working) load for retrievin; cable (in lbs.)
Wy = Rotriaving cable lineur welght {in lbs/fi.)

a = A6celaration Jdurin, accelorated run A {in g's.)

d = Decelorati n Jduring doocelusuted rmun D {in g's.)

y = gd/a* - pd/p‘ = Hatlo of eross-sectional aroas of
8

reétrievin; and diylving cables, asswmad to bo £ same
‘materiul and conastraiction.

v = End apoed at snd of ucsslermated run {in ft/sec.)
a = Kinotlic enorgy of nlune at take-off {in Tt-1ba.)
Durinp ths scccleruted run, thoe blane Aand all of the cable

are accelwrated by the apnlloed r'ores F,; applleaticr of Newton's
Law yields:

h:
Py mw (L+fL) +wg (L4 fL)+W' a (38)

At the end of thc accolerated run A, tho velocity will be

[ ————— - - —

ey TS
veviagas We (L + IL) + wy (L + fL) + W * (39)
Similarly for the deceleratad run,
Py ® wa (L *+ fL) + wy (L + fL)i d (40)

H

ana

vey2ZdrD = J;u . (41)

8

(L + fL) + wy (L + L)




Rliaination of A from squationa {39) and (Ll) yieldas

2 (Pg/vg) &
v-\/ /v (42)

(1 + Po/fa) (1 + vig/ug) (1 £) & Wk

or since y ® wu/v, = Py/Pys

/ 2(R /Y E (
TtV ey un (e svL w3

From equatioca (38) one obtains

L

1 Fa
'.-:;.‘..(144') (r+0)L . (44)

Substitution of this result in equation (43) ylelds

/ 2 (Pg/v,) B
vre 1 . (LLS)
(1 +3) 410+ (1/aL) (Pg/wy)

In equations (L) and (h5)2 P,/Mgq = 10,000 ft. as in previous
oases, and g = 32.2 ft/sec<.; hense

[

(46)

L
u..;-;1o,ooo-(1+y) (1L +r) (alL)

[ .

641,000 (aL) '
v - / . (47)
10,000 + (1 + 1/y) (1 + r) (aL)

'I&o energy ilmparted to the ;(:hne at take=off is g‘lvon by
E = Wvé/2g; thus from equations {46) and (47) one finds

j
£ w 10,000 V;(JOLOOO = (1 +9) (1 + ) (aL)! (at;)_ (48)

Y 10,000 + {1 + 1/y) (1 » r) (aL}

~—




- In applying thess results to a typleal catapult inatallation,
it i3 rosacnadle to assume £ ®» 0,503 that Ls, that ths total
squivalent lengths of the tow cable and the retrisving cable
are sach 1.5 tines the total length of run L. Fop furthep
analysis it ls also convenisnt to introduce two new variables
W' and E' definsd as follows;

W o l;f- * 10,000 = 1.5 (1 + y) (aL) (49)

and

ia 110,000 = 145 (1 + y) (al)
R T R T e T v g

(50)

Both W' and B! have the dimenalcns of length., With £ = 0,50,
squation (47) becomes - -

7 444,000 (alL)
vse ‘/10,000 + 1.5 (1 + 1/y) (aL) (51)

‘These thres equations now define W', B' and v as functicme of Y
and (alL) only.

The ratlo of accelerated run length to total length, A/L,
is of importance in datarminln% catapult perfomance and sisze
3

requiremonts. Prom equations {39) and (S1) this ratio is esasily
shown to be given by -

10,000
" 10,000 + 1.5 (1 + 1/7) (aL) _(52’

A
L

for the spsctal case undsr considereation,

Anothsr factor of oxf.rem importance in determining catapult
performance is the idsal efficiency e, hers defined as the ratio
of the ensrgy imparted to the plane at take-off to the total

enorgy delivered to the moving systems In the te:ms used above,
una finds from equations (48) and (52)

—- ' 4 W

* "% k" 10,000 ° : (53)

This result nholds for Pl/'w‘ = 10,000 ft, and for any vnlw.; of f.
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. ' Valuss of v, W', K', e and A/l have been computed for »
A range of ¥y from O %0 1.2 und for values of {alL) over the entire
% 83ioally realizable rangs. These results ars shown in Plgures
N =3, pages 26=29; in sach flgure the uppermost cyrve corresponds

Lo 2er0 plane weight, and the dashed line to maxirum snsrgy
output as shown below,.

Prom thase curves, 1t may be seen thet the values of v, W',
E', ® and A/L depond mardedly upon y as well as upon al. For
maximum energy output, the optimum valus of y for a given valus
of al can be found by sotting (aa'/éy)“‘ « 0, The optimum value
of ¥y Yms 1s glven by

6667 - (aL)

- (
Tm ¥ 5667 + (aL) 54

Values of y, for optimum ensrgy output from this equation are aa
followss

al

Ia

0 rt,. 1.000
1000 739
2000 0538
3000 «379
4,000 «250
5000 143
600G .033
6667 .000

These values define the dashed line on the four sets of
curves, The exact vosition of thes curve is determined by the
assumed values of f (0.50) and Pc/v. (10,000 ft.}; similarly
the maximum ellowable value of al is determined by thess assumsd

values, and is equal to (P./wa)/(l + L), or 6667 ft. in the
present inatance.
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Plgure 6. Valuss of v (in ft/sec.) &8s s fun=tion of alL and
¥y 'for an indirect-drive catapult with retrieving
cable braking.
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Pilzure 7. Valucs of W' (in I'te) and & (in per cont) as
tunztions of aL und y for an indirect-irive
catapualt with retrieving cuble brakiag,
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?igure.B; Valuss of %' (in ft.) as a function of aL and y
for an indirect~drive catapult with retriaving
cable brakinyg,
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Pigure 9. Vvalues of A/L &s a function of alL and y o~ an
indirect-drive catapilt with retrieving cable
br&king. . .
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The maximum valus of B' posalble with this catapult may be
found by satting

"R
ia(aL)_,

S

= 0

and substituting equation {54) in the result. 7The sooxdinatos of
the maximum snergy polnt and the snergy at this point are

AL = 157“ £t,

y = 0.618

E' = 601 L¢.

This point is shown as a solld circle on all four griphu.

From Figure 6, 1t 18 seen that the maximum velocity is
obtained on tho upper limiting line of perfomance (when W' = Q),
The equation of this lins is from {(49), !

10,000
"15(1+y)

al (55)

L3

Substitution of this resilt in equation {51) yialdb v?, thi
velocity corresponding to zero plane wei.ht, as a function of y.

T 429,000

[-]
eV Tis

(56)

The maximum valus of v° and the corresponding valuss of y and
al, may be found 'y setting dv°%/dy = O and solving for y. Thus
ona obtains

al = 3333 rt,

y= 1

'omnx = Vo oax ® 328 ft/sec. = 22, mph = 194 knots..

Tois point 1s shown on the graphs as un open ¢!/rclo.
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The nmaximum veloclty obtained on the maximum snsrgy lins
{ the dasheod line in all figures}, may be found from equations
(51) and (54). Subatitution of {54) in (51) yields v', tha
velocity for maximum energy output, as a function of al.
_/-_ T TRt T T
v w /G L) (6T 2 (a1) (57)

6667 + (L)

Setting dvt/d{al) = O and soiving for aL, ¥ and v', ons finds

aL = 2761 ft.

Y O
Vipax ® 271 ft/asc. = 185 mph = 160 kmots.

This point is shown 1n the graphs as an open aquare,

The curves in Plguree 6=9 show that tho posaibls tabs-ort
apoed is definitely limited regardlcsa of the size of ¢ wving
and retrieving cable used, The maximum energy for a gi.an sice
cable is also limited; it doeas not inocresase indefinitaly as the

. length of run is increased,

The relationahips emong E', W' and v for increasing values
of al are shown in Figures 10 and 11, pages 32 and 33. Pigure 10
shows the perfomance of a series of catapults in which ths valus

.of y is varied continuously so as to remain at the optimum value

as al, is inoreased. With this condition, it may be noted from
equntiogﬂ (L9}, (53) and (54) that ths curves of y, ¢ and
W' x 104 a8 functions of al all ocoincide. Figure 1l shows

the performance with ¥y conatant at a value of 1.0 as aL 1s
incressed., Al30 plotted in Figures 10 and 1l are ths valusa
of end speed (2 & g L) to be obtained waro the entire langth
of run used for acoceleration.
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Multiple Reeving v

Sincs the general aspects of indirsctedrive cable syatems
with retrisving cab’e braking have been covered in the preceding
section, ths treatment of & multiply recved ayatem may be
simpliried to emphasize the actual sffect of multipls resving
on speed limitations. The system is that shown in Pigure 5
{page 21) modifisd to include multiple reeving of the sort
indicated previously in Figure 4 (page 19). It is assumed that
all cable has the same linear welght and maximum strength, that

- 4y = 1. In the notation previoualy used, the total equivalent
longth of cable, Ly, 18 glven by

_ e w11 L
':.,-z(1—+r)L+un,+;“n1}-’2=+2(n-1)-{-. (58)

in which n is the multiplication and L, the equivalont length of
a sheave. This expresalon ia casily oBtained from the discussion
on page 19, In addition to this effective length of cable, the
piston and crosshead assembly must be accelerated and d.ocloratod.
but it 1is assumed that no cable~tranamitted forces are involved,
The welght of ths shuttle, which generally will be relatively
smnll, may be neglected in the approximata treatment.

If now ths maximum load P is applied continuously durlng
locelorltion, )

e ueua, (59)

in which w is the cable linear wei ht, W the olane weight, and
a the relative acceleration in units of g. At the end of the
accelerated run of length A, the velocity v is given by

[ . PA
N s

. (60)

During the deceleration run, 1f the safo working load P is
again applied to the cable,

Pmlygwd . - (61)

Since the velocity is to be reduced to zero in the distance
L-A’, :

"\/ng(L-A)s\/é"gy/-’——éf—;—ﬂ:- - (63)
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If the velocity v i3 oliminated from equationa (60) and (62), -
ore cbtains

AL Lo ¥ ¢ w
T 3-5:1;-:73 s {63)

and the substitution of this rosult in equation.(60) ylelds for
tho velocity v,

— , PL
vevEVEiue et

Since L. increases with increasing multiplication, it is obvious
that th8 maximum veloclty v must decrease with increasing
miltiplication., For specific illustratiosn the following valuss
of the various quantities nmay be assumed consistent with
calculations made in the several other sections of this report

P = 100,000 lbs. w = 10 lha/ft.
L= 200 ft,. L' = 25 o A9

Let us take f = C,25, the valus appropriate to the system shown
in Figure l;. Substitution of these valuss in equations (58) and
(64) yields

L, = 600 + 100 rn ; 1 1 + 25 (n -~ 1) ft. (65)

and o |
35900 (66)
v rt/sece

) VvV W + 12000 + 500 (n = 1) + 2000 (n - 1)/n

since there 13 almost certainly a maximum acceptable
acccleration, 1f ths safe workiny load P is applled to the tow
cable, then the plane welpht W must oxceod a certain minimum
dotermined by the maximum acceleration taroush equation (59).
If for example the maximum acceleration is yg, then for
nel the welght W mist exceed 19000 1ta,; for i hsr valuss of

| n, lower corresponding 1limits ey be caloulated r'or W. Obviocusly,

lishter loeds may be catanulted st a safe accoluration by
applyin, less than the maxlimum workin,- lcsd ? to the tow aablea,.
It 1oy be shown, howsver, that the 1limiting; velocity in such
case 13 exactly the suamo a3 for the heyvier load if the maximum
braking force is to be mppllied in oach casuv, I the towing and

{
!
|
'
i
i
i
i




braking forcea are %o be squal for a light load, snd less than
the maximum ellowsble, then the limiting velocity for a light
load is lsss than that attalnable with the heavier load at the
sams acceleration (over a longer agceles rating run) with the
maximum lcad P applied to the cabls.

Valuas of tha limiting velosity v in ft/sec. calculated for
selacted valuss of the plsne welght W and multiplication n are
shown in thoe following table.

W in lbs, Por a Multislizationn
Py 2 'Y 8 a2 ]
19,000 20, 199 195 189 133 179
25,000 187 183 " 180 175 170 167
30,000 175 172 169 165 161 158
10,000 157 155 153 150 17 U5
50,000 s n2 0 138 136 134

An alternative way of viewing the effect of nultiple
reaving 1z to consider the veloclity as limited by the acceleratiocn
maximm mentionsd earlier. If the scceleration must not sxceed
4g, then one finds from equation (66)

2

4w 35900
H ' '

- 12000 ~ 500 .{n = 1) = 2000 ‘3’—-;—-}-1; R (67)
L

N

but fram the restriction a £ § and equation (59)

-

19000 = 250 (n - 1) - 1060 5‘-—";-1- . (69)

>

W

i

Elimination of W {rom these two rslations ylelds the following

expresslon for v', the upper limit on the veloclty consistent
with a maximum acceleration of Lg.

! e ——————————— L VAL T (69)
v 31000 + 250 (n - 1) + 1000 (n - 1)/n
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valuos of the limiting velosity v' and the corrospondlng vnluol
of minimum¥ plune wolcsht W ure yiven in the rolloainh tablo for’
seluotod values ol tho rulti;lluutlon ne

n 1 2 4 8 1 1
v! ft/8sece . 204 201 199 " 196 193 190
W 1ba. 19,000 13,300 17,500 io;uoo 15,;00: 14,300

The idoal of!icloncy of a cntanult installation doponds on
the de,ree of reovinge, und 1s easlly shown to decrouse with
increasing nultiplicution in the reovin;:e «With tho safe working
cabls load P snd the longth of run L fixod us above, and with the
same values again assumod for the several: o:hor quuntities, tho
ideal erfiolongy e is glven by

2 . B w ) . . J . . . l
W Vve/2 8 o ‘
PR Lowew . 410)

for the case conasldered,

o , W
W+ 60007+ 250 (n.= 1) + 1000 (n - li/n

S (71)

The table. below llsts values of the efficlen:y. e in per cent for
sslected values of the plane welght W in lbs., and the multlpli-
cation ne

W in 1bs. ) FOr a Multlolicution n
Tz s 3 1z 28
19,000 76,0 738 7L 6B.0 66,3 6ike0-
25,000  80.6 78,7 76,9 743 72,1 7041
30,000 "83,) 81:6 30.0 ‘7?;7 T5:6 73,7
140,000 87.0 85.6 4.2 32.;- 89,5 73.9,
50,000 CoB9.s SLL 9700 053 833 Sa

# Seo 1ast parugruph on pagcy S5 oy slgnificance of "minimun,™



Although the undoalruble effest of increasing multiplication
on the efficlency becomes leas pronounced as the plane weight
inocreases, it 1s novortheless an important factor and definitely
militates againat the use of multiple reeving in high capacity
indirectedrive catapults,

It should be recognized that sconcomitant with the decreases
in maximum velocity and idoal efflclency doacribed above, there
nust always be an increuse in the total weight of an indirect
installation as tho Jopgree of reeving is increased. With
increased multiplication, the added cablo, shouves and yokes
all inorease the totul woight. The contribution of the cable
is given by L w (n = 1)/n, where L is the length of the entire
run and w is the weigsht per foot of cable. The increased weight
dus to the sheaves is Alrectly proportional to the number of
sheaves in t'e reeving, and hence may be written as a funstion
of ths multiplication n. Thus : :

W, = Constant x{ne-1) . - (72)

The crosshvad must also increase in weiprht with increasing |
multiplication, probably almost linearly. As an approximation
ons may write for the weight W, of the orosshead

W, = Constant + Constant x (n = 1) . (73)

A 1little conaideration lndicates that ncne of the constants
in equations (72) and (73) is necessarily amall, and ths totel
increase in weisht with increasing degree of reeving may be
quite considerable. Thus maximum velocity, efficiency and
total weight are all uffected in an undosirable manner by
increases in ths degree of reeving.

INDIRECT CABLE=DRIVE CATAPULT WITH SHUTTLE BRAKING

The preceding section (page 20) has .shown the generalized
performunce to be expected from a convontional indirectedrive
catapuit with a retrieving cable used for braking. It was seen
that the retrieving cable size is of considerable importance in
the performance, and the retrieving cable ia itself an
nppreclable part of the acceloruted mass causing the limitations
in speed.

In the following anulyais it 1s assumed that the retrieving

cable is eliminated ontlirely, with bruking accomplished at the
“shuttle after the end of the ucceleruted run. All other facters
affecting porformancé are lel't unchansed; that is, the effective
length of the driving cable is assumod to be 1.5 times the length
of the total run, und the shiuttle welght 1s neglecteds The
syatem consldered is ashown in iFisure 12. Let tho notation be

the sume ao in the previous suection, oxcudt thaut PpPg = p, and

Wg = we .
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Figure 12, Indiroct cable~drive catupult with

shattle bruking,

During acceleratlon,
P {l5wl +V¥) 8 (74)

and at tho end or ths accelerated run, the velocity is glven by

»

veVza s A iif w- . (75)
Similarly for tho deceleruted run,
P=1l.bwLd (76}
and
=y a g =/ EELLL ) (77)

1.5 W L




sllinlnatin,: &\ from ogquutiona (7%) and (f7) ono finda

/ 2PeglL
Ja L +W

v o=

From equuation (7.,) the plunv wolyrht W 1s pgiven by
p
o= : - 105 w L ’

which may Lo sunstituiud in equation (79) to yisld

2 (vyw) ¢ (al)
V=V TEur v 1.3 (al)

With P/w = 10,000 U't. anu g v 32.2 ft/a0c e, eqiations (79)
(30) vocomo )

Wl o= %‘- = 10,000 « 1.5 (alL)

and

644,000 (aL)
= .
V= V15,000 + 1.5 (a9

The energy impartud to the nlane at tuke-off is given by
' !

,m‘v«\r2

and from equations (81) und (32) ovne obtalnsa
» ! 10,000 = 1,5 (QL
E = 10,000 (uL) T {55500 + 1.0 (aD)
or

£e (ary 10,000 = 1.5 (aL)
10,000 w 10,000 + 1.5 (al)

oL

%

(18)

(19)

(80)

and

(81)

( 82)
(83) -
(8l)

(85)
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Tha ideal afficiency, a, delined as the ratlo of cnurgy impartad
to the plane to the totsl imparted to the olane nlus ths moving
cabls, 13 glven by _

W
"W l.5w

(86)

o

Thus from equation,{3l) ono obtains for e the same result as in
tha previous sectidn,
w‘
MRS——— - 8
® *33,000 ° {87)

The ratio A/L {3 founu from equatlions (75), (78) and (81) teo
‘_be siven by .

AL 10,000
'L 10,000 + 1.» (aL)

(88)

The maximum valus of B' and the correspondins valuo of al may
. be found by setting di'/d{alL) = 0; the values are

E'max = lm Tt
al = 2761 I't.

The maximum value of v occurs for al = 6667 rt, (l.s.,, when
W = 0), and Ls lound frorm equatlion (82) to be

Voax ™ 463 r't/sec. = 316 mph = 274 knots.

W', L' and v are shown as functions of al in Plgure 13,
puge 42. also lncluded ls a curve of 2 ¢ a L, the veloclty
atteinable .1t tne entlire length of run is used for acceoleration.
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INDIRECT CARLE=DAIVE CuTalULT WiITH MILTIVLE HAARING

A study of the procedlng two sectiona {puyea 20 and 38)
shiows that the cupucity and spoed of an indirect-drive catapult
are limited by two factors:

l. Tho energy tnst is absorvod in acculorating tho cabdbles
Y and i1a therefore not uvaillable for the uccoleration of
the olane.

2+« The distance that ia required for the doceluration of the
cable.

Tne [irs®t of theso two limiting factors 13 inhersant in a
cable=drive aystem und can be reauced only by using a cable
naterial of highor stronyth te lineur welght ratioc, or, of
gourse, by decreasing tho effective len;th of cuble required
for a given total run.

The gsecond luctor, nowover, might bu eliminated by one of
ssveral conselvable braking arrungoments. For sxamslo, braking
forces could be applied to the cable slmultancouusly &t & number
of polints along ita lungth so tiet any ono brake would need
decelerats only & small vortion of the cuble; or tho shuttle
could be detaciud trom thio cubls st the end of the run for
independent hlph=-g braxing, und the cable braking systam 30
arranged that the cable could continue to move for soms distance
in a direstion otihner than in the line o: the agocelerated run.
wWith elther system an lndupendunt 1li,51t retrleving system must
be provided, Wille it must bs conceded thut these schenes
present serlous practical dilficulties, nolther is Lnpossibdble,.
In elther cdso, the linmiting purformance would be thut obtalned
with acceleration over tho entire length of run and braking over
a negligible Wstunce.

N In the following analysis of a catupult witn cither type
of braking it 1s assumed, therefore, that the total length of
run ls ussd for occceleration, and tnat other factors remain ths
sams a8 in the previous two unalyses. During acceleration with
the safe workin, load anpllod to the cable,

P= (l.5WL +W)a (89)




Tihius at the ond;or the run the voloeclty v 1s uLVoﬁ by
, ' 2~P gL
vayeagls=y T WL oW ° : (91)
The enerygy ilmparted to tho plune 1is
2 (p g . a s '
Wy (p/a - b wi) (¢ & ~L) . . 92
Talkin_ P/w -_10,000 fte unJ'g = 32,2 rt/séc’., ono f{inds
Wa _- :_ . ;
W' o= o = 10,000 - 1.5 (aL) _ (93)
v = vby.i (aL) SR (94)
EY = B e - (aL) 10,020 - 1.5 (h;): (95
1 ..1J'°JJ W 19?003. '! | L v : [} 9 )
The ldoal_dfrigiunpy is, as bofore,
W W
J - . (96)

®*W+l.owl 19,00

* The maximum value of =' and the corresponiding value of al, may

be found by setting d'/d(al) = O; the vualios ure
.E'ma%'s 1667 ft.
.alL = 3333 ft. -
The méximum velocity unq {ts corresdonding vulue of alL aé..'.

v

,mgi -4 655 ft/ﬂcc.‘?ﬂh46:hph‘ﬂ ?Bd knots

L = 6667 ft.
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Note that this maxlizum voloclity 13 necosaarily loas than the
absolute limiting volo:lty ror a stralgcht cable wlithout
auxiliary cablo commcting Lt to an onglne; this lutter
limitin,: volocity wns varller shiown to be 602 ft/aec.

W', 5' ani v aro shown a3 fun:tions ot al in #L.ure 4.

: THE SHUTTLE CLUT.YH CaT. LT

Anothor typo of cubla=drive catansult wilch has been proposed
conslats of u contlnuounly mowings.eablo, una a shattlo which can
bo clutchod to. and uutu:wid f1rom the :uwblo. The :able, driven
by a flywheol, movos at a velo:ity sormuwhat groator than the
desirod take=-of! upoed und, at the start of the accelorated run,
the shuttle is clutchod to this cably. Initially tho slippage
botween the cuble nnd tho sinuttle is largse, but it decreases as
the plane progrussed. At the vud of thy run the shuttle 1is
Jotachied und braked, whille the cable ia accoluruted back to lits
orliginal speod In proparution for the noxt siote Such a system
has been conalderod In Mai¥C Report No. M=5930, entitled,
"uvaluaticn of Plywinol Type Catapults.” In thls report,
catupults using standard wire rope, flat wire rope, and steel

- ribbon were considered. The penorsl coiiclusion was that the
use of nonoe of tho th:es would result in a practical catapulte

This group uagroes with thuv concluslun statud adbove, but
would llkA to polnt out t:ut tho use of multinle flat ribbons
would elininatn scmo of .o Jdifficultius describoed in the report.
Consider, for oxwiilo, tho multiple ribbon syatem siown in
fipure 15. In thls system tho flywheel is fittod witkh rollers
for the purpose of increasl:,” the normal force, and hence the
frictional force, betweven the ribbons und the flywneel. This
system sliminates the noed for rultiple wraps on the f{lywhsel,

43 well us tho neud for grat tensiocn in the portion of the
syatem not transaitting forco to the plunc., While there is in
this portlon of the ritiLon systom a moderate tension furnishing
tho centripetal force acting on the ribbons as they puss around
the pulleys, tils force is developed by the rlbbon ltself; the
-only purpose ol the tensluning pulleys, the:ruw{ore, 13 to provide
a take-up for the uslack. ' .

There is no slippu-c botwoon ribions us they vass over the
sheaves, but botwoun sheuves slivht slinouje occurs tecause the
linoar velocities of adjszent ribbons are Jdifferents Such

~ slippage is unimportunt in deicrmining serlo:viunce, und may be
oliminated if deslroid f'ur saorvice 1lile conallvratlns by
sliphtly separating the rilbons in the portions butwooen sheuves,

With a4 m4eltiple »luaty ~Llitch ay :;:-.-J".m, tho stormul lorcoes

‘butweon palira ol mirince.s aru ldeatlesl; ense the distrldutlon
' of towlnye r'orco andg aentdigs olreot unmon.s Liw slblong tenas

towurd uallopnliye AL Lo ptrssurs, LU loarse, Lo pruvide

amplo ceolim o2 thw mlatrn noavanuar Live 50 oobler Seuands

.
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It e roalizod that thoro are serious practlcul difficulties
in oconstructing a aystom liike tho ono sugpesated, particularly ths
clutching mechaniasm. However, 1t is not the purpose hsre to
discuss the detalln of constiiction, but rather to considor
the basio porfornunco of uiuch a systom could it be made

practical.

In order that the norio:mnnce of an ideal shuttle sluteh
catapult can be compared with the porformance of other catapults,
let it be assumed that tho towing ridbbons have the charscteristis
strength to linear welght ratio of atandard wire rope, and that
the olutch is capable of developing the sal'e working ioad of the
cable. Let it further Lu assumed that the braking of the shuttle
takes place in a sufficiuntly short distance that it may dbe

noeglected,

Using the notation defined in previous aootlons, one finds
for the asceleruted run, .

Pumwa (97)

vea2agl . (98)
The energy impartod to the plane at take-off ia given by

W Vz

2g PL D (99)

E =

With P/w again taken as 10,000 ft., and since g = 32,2 rt/see.,
one obtains

Wi - -"’:‘! - - = 10,000 (100)

v = B4.L (aL) o " (01)
B a

K! = 33:333-: - ({L)_ . : (102)

‘The performance of this {tnoult is shown in Pigure 16, It

should be pointed vut that tils type of catapult is not an
indirestedrive but rather a diroat-dpive bype, and 1:s perlormance
is therefore identlical with tnat of other dlruct-dr.vo t"pos of

the seme capacity.
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APPLICATION TO SPMIINIC CATAPULT SYS3TIMS

In order to illuat:ate more clearly the relutive perflormance
of the four types of asalanults of the preceding sections, the
reaults of thuse sectlons will be applied to tho dilacusslion of
speciflic exariplea. The lunrths salectued for thsse examples are
200 rt., 4C7 ft. und 800 ft.; the latter i3 lncluded for poassibla
application to lund«tased ‘atapults. In all calculationa it 1s
assuned that thie caoeclty of the anglne is 100,000 lbse; this
value 13 nlso taren for tuo safle working lcad of the cable and
sorresponds approxi:utely to that of a 23-inch cable welghing
10.0 1bs/ft. The results computed hero iay be applied directly
to a catapult o! the awno lensth but having a cable welphing w
1bs/ft. by ths followiny oquations wheru the sturred valuss now
represant those comwesponding to the different linear welisht wiy

o W
W =W
, 16
vt u ¢
a¥* = g

it
% w gl

8 10

There are four difierent cases corresponding to ths,four types of
catapulta dliascussed in tho vrevious sectlonas.

Case It Indirect cableo-Jidive Catuoult withh iHetrieving Cable
Braking (sec page 20): If y = 1 and { = 0,5, tihen the relative
acceleration a (the awozeleratlion in units of g) is

105,000
8= 0L

The velocity v and ener,y oitput = are piven respectively by

,SIQ&JIUOO L
VEVTIVR L




Cass IIt Indirect Cable-Drive Cutupult with Shuttle Braking
{seo page 38): It 1a sassumed that the shutile and tow cable are
braked by a braking forco applled at tne shuttle, and that no
retrleving cable ia used. Tho longth of run used in the braking
phass may bs dstermined from equation (88). If £ w 0.5, then

- 100,000
W+ 15 L

and the teminal ve'looh.y v &nd snergy output E are given by

"6,41,0,000 1,
v V’rw + 30 L

W ve

2 = [}

28

Cage III: Indirect Cable«Drive Catapult with Multiple
Braking (ses page 43): It ia sssumed that some means of braking
is provided, such as discussed on page L1, 3o that the entire
length =f run is avullable for acceleration. If f = 0,5 as
befors, then ons finds for the relative scceleration a, terminal
velooity v, and energy output B the following:

v | | o » 100,000
. W+ li5L

- /6|£H'.0l00° L

VIV Y15 L

Gase IV: The Shuttle Clutoh Cstspult, or other direct~drive
catapults (see page 45): An independent means of braking the
shuttle in a negliglbly short distance must be provided at the
end of the acoslerution run. An ideal clutcn is assuisd, that 1is,
.one capable of developing the safe working load of the cabls. The
relative accseleration &, terminal velocity v, and energy output
E are given respectively by }

. = IDOw‘OOO

6,449,000 L
va\/—-'-lff—-‘—-——w

W 2

. v ~ . )
Sﬂ-ﬁ—g-t 100,000 L v




Ths relative accolaration a ls shown in Pigure 17 a3 a
function of plane weivht W for all four types of catapulis of
200 fto langth. An arbitrary maximum acgoloratien of lg 1is
indicated in the figwe., It is inturoating to note that the
acceleration attains a tinite linmit for zero plane woipght. The
terminal velosity v and energy output B for the four csaes for
catapult runs of 200 ft.,, 400 rt, and 800 ft, are shown in
Fioures 18, 19 and 20, The breaks in all the curves arise
from tha fact that in all cases the acceleration was limited
to a maximum of 4g, as indlcated in Fygure 17 for catapults of
200 ft. length; the equations sbove were sultably modified to
take this limitation into accounte.

In all of the curves it thould be notad that the performance
decreases in the order of Cusos IV, IIXI, II and I. The difference
in performance is small in tho 200 ft. catapult but becomea quite
large in the 800 ft. catapult, Por the greatsr length, the
conventional catapult of Cess I can not attain an acosleration
uf g sxcept for & plane weight of 1,000 lba. or less.

~"The variations in relative performasnce of thase four types
of catapults are further emnhasized in Fygures 21, 22 and 23,
which show ths velocity and enercy output for Cases I, II and III
a3 pereentages of those for a direct-=drive catapult (Case IV).

Pigure 21 for a conventlional catspult with retrieving cable

. braking (Case I) shows that the veloclity and energy output are
seriously reduced as the catapult longth is inocreased. For the
200 ft, mun the energy output averages about 75 per cent of that
for the dirsct-drive; for the 400 ft. run it drops to about 60
per cint; and for an 800 ft. run it averages about 45 per cent
with & minimum value of loss than 35 ver cent, It should be
emphasized again that thlis energy dscroase is due entirely to
the decreased spesd that can be obtalned and not to & decresss
in permissible wolight; the wei;ht is unlimited in both cases.

Pigures 22 and 23 show similar results {'or Cases II and
11I, but the rsduction in performance 1s muoch smaller than flor
Cuse I. Figure 23, for example, shows that with a 400 ft. run,
the terr.inal velocity in Case III is only slightly less than
thut for the directeurive catanult; and even with an 800 rt,
run, the velocity over riost o! the range is more than 85 per cent
of that for the alreote-drive catapult, and the energy output over
the welght range consluered aversges more than 80 per cent of that
from a direct-drive catupult of the same length of run and
engline capmclity.
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CONCLUSIONS

The reasulis of ths foregoing sectiona show clearly that

1imitations are imposed upon ths porformance of a ocatapult when
the foroe prodced by the engine is transmitted to the aircraft
by means of an asccaleratad cable. The uas of ths cable imposes
e limit on ths maximum velaoolity that can be attainsd, and
redudcss tha velooity undsr other operating ocondltions bvelow
that obtainuble ware the same engine used for s directedrive
systam,

The conolusiona to be drawn from the previous analyses may

be awmarized as followasg

b Y

2e

3o

L.

Indireot=drive cable catapults have an inhersnt upper
spesd limit beyond which it is impossible to accelarate
withouc¢ exceeding the sale working atrength of tha cable.
This ultinmate limit for a length of conventional cable
squal to the total length of run has been shown toc be
802 ft/mec,

Although this limiting velocity 1s conaiderably in excess
of any velacity required at present or in ths near futurs,
the usable speed that can be obtalined in a practical
oonfiguration and without excessively heavy ceblas is
considerably less than the ultimate maximum.

In terms of idealized ocable limitations only, without
regard to increases in engine power and total weight
introduced by the use of cables, the maximum speed of

any catapult is determined by the permissible acceleration
and the total available longth of run. The spead limita-
tions here Jdiscussed, then, do not become prohibitive,
except with a high degree of multiple reeving, untili
sither the allowable acceleration or the length of run

is inoreased to a value conaiderably in excess of that

in current use, The practical limit of & cable~drive
system arises from the rapid increase in total weight

of the installation as the length of the uccolerated

run is increased to provide a higher temrinal velocity.
The increase in total weight becomes serious at velocities
well below the ldeal 1limit,

A multiply reeved system introduces nmore serlous
limitations than a l-to~l reeved asystem, The limiting
maximum velocity attainable, regardless of wel ht, decreases
as the multiplication of reeving is increased. For high
degress of reeving this decrease results in a limiting
voalocity net smreatly in sxisss of thwe velocities to ve
expected in the immediate future. Lven more important,

the total welight of an installatlion nocessary to attain a
specified velocity even considerably less than the maximum,
is appreciably grester for a multiply reeved system than
for a slnyly resved system. The Universlty of Kansas
group belleves that multliply reeved systems are
Impracticabhle Cor antenulés o gven he Livwulale

future,

-
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The seriousness of the cabls limitations is insrsased as
the amount of cabls {or squivalent length of other
socelerated and decalorated masses) is inorsased. Por
this reason, indirsctedrive catapult performsnoe can be
improved over the exlsting hydrazilo arrangement by:

¢ The use of shuttls or multipls draking systems}
be Elimination of multipleereeving aystens,

It must be recognized, however, that ths elimination of
multiple reevin: almost necessarily eliminates ths
hydraulie catapult for high eapacity service. It is
oxtremely unlikely that a leto-l coupled indirectedrive
hydraulic system could prove feasible, partly from weight
and slze conslderationa, but particularly from high
veloolity fluid flow limitations,.

The limitations in present aystems result in part from the
necessity of braking the entire moving cable system by
means of forces transmitted through the retrisving cables
Por this reason ths length of acoceleratsd run is
considerably less than the total length of run availabla.
Thus the suggosted improvements in braking arrangsments

‘(1.e. shuttle or multiple braking, as discussed on

page 38), improve performance not only by reducing ths

‘welzht of accslorated cable but slso by increasing the

ratio of accelerated to total run,

Thare is no 1llmit 'z the welght of airoruft which can bs
launched with cable«drive catapulta. Purthermore, the use
of ecable materials of higher strength to weight ratio,
which may soon become commercially avcllable, will
increase the usefulnesa of this type of unit. Finally,
although the indirect-drive ss&ble catapult is not eapable
of indefinite extension to ever higher velocities, the
l-to~) indirect cable drive is capabls of axtension to
velocitles sufficlently hicher than those now used that

it will be practicable lor several yeara to coms, It
should be realized, however, that the rangs of extrspolation
to very high capacity is limited for all indirect-drive
cable catapulta, and smphasis must be placed on the
development of other types.

The contlinuous -cable drive, shuttls ciutch catapult offers
posaibilities for medium capacity installations, suoch &
unit retaina many of the equipment-location advantagd>s

of the indirectedrive cable catapult, but is without
ssveral o1 the novere disadvantages. On the other hand,
the introduction of the shuttle c¢lutch loads to different
specific aifficultios of design, construction and service.
The shuttle clutch catapult is almost certalinly impractical
for high capacity installations,
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9. In the final unalyasis, the choice of a catapult is a

compromise among the contradictory deaires for the best
posaible unit from the standpoints ofi= (a) low over-all
welrht; (b) low topside weight; (c) high effiociency;
(d) protection from damage; (e) reliability and
durability; (£) lack of interference with the armor

and structure of ths flight deck and with other carrier
equipment., The indirectedrive cable catapult appsars
quite favoruble at present in all of these respects
exaept over-all weight and efficiency. Por low snd
medium capacity use, it is satisfactory in its present
stage of development. However, since it has definite
limitations even within the range of speeds possidble in

" the foreseeable future, it seems futlile to expend fwrther

great eftort on its development for very high capacisy
use., Rather, developrent work should be concentrated on
the more practical direct-drive systems capable of much

| highar capacities., If space and convenience dictate,

any directe=drive unit cun be converted to an indireoct-
drive system of smuller cupacity. Thus if successful
high oapaclity direct-drive units can be developec, the
wilole launching problem is solved.



