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P•IPACS

In August 1951 a University or Kansas Research group was
asesigned to stuy the general probleo of the la hing asd
Ian g o oarier aircraft. Tea vwo* was Oonoe wj4.r contrast
om- 5£3 (01). The purpose of the study was to obtain fro
a well-trained diversified group not too Imbued with past ad
present Navy thinking an prceduzre, an indepsndent evaluation
of the problem and possible methods of solution# aphasis
be~ig placed upon development to meet ftuture neds rather
than Just to solve =wmediate problems*

It was lf t to the group to choose those aspeats or the
problem on wh£*ih to concentrate. As a result, certain aspoets
of th pVroblem have been studied intensively while others
have been acnsid.red only superfioally* In-analysing
the problem and dividing it into Its several aspects, the group
asked two questlons8- (1) Is this aspect of the problem of
decided ieportaneel (2) Can the group make a vorthwhile
contribution by atuying Intensively this aspect of the
probles? Ebph .is vas placed upon those aspects for uhiAh
tho answer to each question was affirmative.

1te group submits Its final report in four parts. T
title and general content of each part is as followsl

Part I. General Ropc.,t.

This section presents In a oaaprohonsive yet
understandable manner the problem as tbe group
mees It,, and makes clear what the group believes
can and/or should be done. This section is
relatively free of details but comprehensive
as regards general conclusions.

Part Il. Lizaltations or Cable-Drive Cattpultse

This section presents a detailed study of the
limitations or cable-drive catapults and the
relative etrfets of different modifications of
cable drives. It is rather analytical.

Part III. A MultS-Jet Driven Catapult (Hydrapult).

This aeotion presents the results or a study of a
multi-Jet catapult which the group refers to as
a "hydrapult." Although omphanis is plaoed upon
the gener eatLLa atnd operatio of the proposed
hydrapult, nurerous details are included,



Part IV* Barrioads,.

This section presents the results of a model
study of barricades* It contains many tabular
data giving fore. distributions among the
various lements of typical barricades.
Nmrous photographs are Included.

The University or Kansas Research Group assigned to study
this problem and submit this report was eompoasd of th
roflowing staff -mwmbors:

W. Jo Argersinger, Jrp Ph.D,# Associate Professor of
Ohemistry.

Le U. Boaan4follar, Ph.D., Assistant Professor of Physics*

W. Me Simpson, 1 Ph.D., Prcressor of Aronautioal EngineerinS
and Chaim=u or departments

W. P. 3m4ith Ph.D., Associate Professor or nleotrico2.

V. B. Szqd*r,,2 Ph.D., AssOociate Professor of Meahniaal
finees-ing and Chairman of departmnt,

To Do Str't-•Ataan, Ph.D., Profossor of Physics en Chairmn
of department.

D. 0. Wilson, 3 Ph.D., Proressor of Bleotrioal Engineering
and Chairman or department#

0. 0. Wisemn, PhD,* Assistant Professor or Physics.

I Resigned from group January 15, 1952.
2 Resigned from group August 15, 1952.
3 Resigned from group March 12, 1952.
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INTRODUCTION

The hydraulic drive (H-type) catapult with Indirect onome.
tion to the aircraft by mean@ o a cable has been used by theNavy for a number of years. Although this type of catapult has
been quite successful, It seems to be the general opinion that
it has been extended to a point near Its ultimate practical
capacity and that further expansion to higher capacities Is
unwvise. NAM Report No. '-4805, *Comparison of Hydrau•• c and
C-Type Catapults** indicates that the weight of the H-type
catapult increases very rapidly ts the aun••ing velocit7
approaches 275 to 300 knot&* The study shows clearly that the
limitations are iue in large part to the presence of accelerated
cable in the system, and to a smaller extent to the accelerated
crosabead and sheaves.

Znasmuch as the Lndireot-drive cable cat4apult has advantages
not offered by any direot-drive oatapult yet proposed, It was
deemed desirable by this group to investigate in some detall
the origin and magnitue of the fators- giving rise to these
limitationa, and to determine the approximat, velocities beyond
which cable-drive catapults are not feasible.

In the analyses of the following paragraphs, many simpli-
fications have been made in order to bring out olearl, the
salient features of the Indireot-drive system. In these
analyses the effects of friction, plane thrust, shuttle weight,
and cable vlbratioruas well as certain other less important
factors, have all been neglected. While these factors may be
vital for design purposes, they are not generally retponsible
for the Inherent limitations of cable-drive systems.

in the following analyses, the type of engine has been
--usp6!ified. Whether the driving engine be hydraulio, slotted-
tube or other type, is of no consequence except insofar an it
alters the cable system. In all casess however, It na been
assaued that the moving engine parts are accelerated and
decelerated by means other than cable-transmitted tbrces.

EAESNTARY CONSIIDEIATIONS

Preparatory to a discussion of particular cable-drive
catapults, it will be advisable to consider certain more generalfeatures of the problem. This section will therefore be devoted
to a consideration of wire rope characteristics, a discussion of
the acceleration of a straight cable, a treatment of the
acceleration or a ztraiF'ht cable with %ttached maSes3, and adiscussion of the effects of fixed and of moving sheaves.
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Wire Roos Characteristics

The most Important variable arfeating the performance of
indirect-*drive catapults Is the ratio of the safe working load
of tae cable to the cable linear -jeight, The weight of a given
size of cable In readily found from tabulated data, but the saWe
working load must be obtained b7 dividing the breaking strength
by aor arbitrary factor of safety. The safety factor is dependent
upon the ty" of service insofar as bending stress, abrasion,
corrosion, heat, speod, and nature and degreo of -maintonane are
concerned; it Is also dependent upon the useful length of lt.
desired. All of these factors whiah affect rope performance
should be considered, but the most important is probably the
bending stress ths.t results when the rope is passed over a
sheave or drum.

Althou# bending stress has been the subject of a great deal
of Investigation, there has not yet been round any satisfaotory
method of computing its magnitude. Thi 1947 edition of the
Roobling H•ndbook* lists eight formulas for the computation of
bending stresses, but the results computed from those equations
vat7 greatly, the smallest being only 8.5 per cent of the lasgost.
Obviously with this wide range of estimates available, it is
impossible to compute rope bending stress with any degree of
confidenoe.

It is recommended by wire rope manufactures that allowance
for bending stress be absorbed directly into the safety factore
Sinc, a stress caused 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 shr-ave diameters that
may be used for reasonable service life. 'Me use of smaller
sheave# than the reoommrendod minimum will -ause a greatly
shortened life; larger sheaves will give a longer life. It
should be noted that in the application to catapults, rope life
is secondary in importance to high performanoe. 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 following
table. The table lists the breaking strength in pounds, the
linear weight in pounds per foot, and the calculated breaking
strength to linear weight ratio in feet for two types and for
several sizes of wire rope. From this table it can be soon that
all of the cables listod have a ratio of breaking strength to
linear weight of about 5,000 ft. In later calculations, a
factor of safety of app:-oimately 5.: ha3 been assumed. Hence,
tne ratio of 4oAUI16 aLraenth ýo lfar w ht is 10,000 ft ..;
in other words, the weight of 10,000 ft. of rope hanging freely
will cause the maximum safe working stress to occur in the upper

S, .-d.b•1_.k_. )- .T• A. Romblinr ls Sons Company.
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ends The use of a somwhat different racotr of safety would eater
the quantitative results of those stations but wouldA not change
tbs basic conolusiors.

SMRN022H OF WIRS Ronl

1~oira1Approx. Linear Nocminal Breaking Caloulated
Diameter, weight# wt StrengtbB B/V.
Inches lba/rt.bs ft.

6 x 19 with fiber core

1 1.60 95,0000
1-3/14. .902

112 4035t50 547.00

6 X I' with independent. wire rop care

1 1.76 102,100 581,00
"A 2.075 157,000 57 100
1-1/2 3*96 223,600 56,500

5.39 301,000 55,800
2 7.04 376,300 53#,500

C MIL-R-6015 MIlitary specification Rope; 6 by 19, Extra-High-
Strength Wire (For Aircraft Launching and Arresting).

SMIL-R-7871 Military Specification Rope; Uxtra-High-Strength
Wire, 6 by 19 with 7 by 7 Independent Wire Rope Center
(For Aircraft Launching and Arresting).
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Note that the maxim=u attainable velocity is indpendent of
the acceleration so long as the maxium permissible lorA is
applied continuously to the cable. If a cointant aaeoleration
of 4tg is given to the cable# the distance required to attain a
velocity of 802 ft/seo. is 2500 ft. This is also or *oura* the
mx==mum permissible length of cable.

On board ship, the accelerating distance is net the critical
length, but rather the sum of the accelerating and decelertuing
distances is critical. Theoretically It is possible to stop the
cable in practically zero 4istance without breakage by grippin
the cable at every point on and in the cable. In practice,
however, this situation is difficult to approach closely.

Case M:- Probably the simplest way to decelerate the
cable is to replace the towing force by a braking force applied
to the rear end of the cable*. The braking force as well as the
towing force must not exceed the safe working load of the cable*
If a distance L is available to accelerate and then decelerate
to zero velocity a cable of length L and linear weight v lbx/ft.8
it is obvious that the maximum velocity that can be attained
without exceeding the safe working load of the cable will be
that obtained with equal aecelerating and decelerating distancese
In other wozds the safe working load Is applied to the front
end of the cable as a towing force for the first half of the
distance L, and then the towing foree Is replaced by a braking
force of equal magnitude for the last half of the distance L.

For such an arrangement, with a 1 lOOOO/L, the maxim=
velocity attainable is

v a Vf,2a _ (L/2) - 567 ft/sec. (3)

"a 387 mph.
"a 336 knots.

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

If. in the future s materials with a higher strength to
linear weight ratio are available, higher maximum velocities
will be possible for any given system. An improvement by a
factor of 4 in the strength to weight ratio would increase the
maximum terminal vwl.city by a factor of 2.

Acceleration of a Straight Cable witn Attached Masses

In any indirect-drive catapult , a great amount of mass in
addition to that of the cable must be accelrated and perhaps
decelerated by cable-transmitted force3. During the acceleration



run, the plWA_ and shuttle as well as certain other components
w-mst be aaoelerated along with the oablej during the deceleration
run, there may be a portion of the moving mechanism that aat,
be deoeleratei by cable-transmitted forces*

Let it be assumed that a plans of weit W lbs. and an
Wditt•onal weight W& lbs. are attached to the cable dur•ng

aoceale ration*and that a weight Wd lbs. Is attached to the
cable. during deceleration. Let the total length of run be
-L ft*, and let a straight length of cable of length ML ft.
be used to attach the towing cable to the towing engine.
hse Aysten Ix shown in Pigure 1. Two oases are consLderdt-

Case I# in which the entire length L Is used for acceleration,
end Case 11, in which the length L Is divided into an aaoelerat"
iUg portion A and a decelerating portion D* In Case 1#U s 2h
cable and attached mass Wd undergo a deceleration of d ft/see.

WL

Case I

L"A"-O--- f L--•

a

Case II

Figuzio I* Straight cable with at~tac-,hed masses,



Caso It- WIth the notation Wetined in this and the preoediug-
sea tion,

P- (a 1 + f) L + W + W1 & a )

At the end oft the sacelerated run or" length L, the veloc.ty T is
g, Von by

2 (P/w) g L

T ' gLt ) L +W/vW + (5)

It is onvenelnt at this point to introduoe the concept of
the equivalsnt length or these additional massess Let the
equIvalent length of a given mass be defined as that length ot
cable which has t sam- weiht as the mass being oonasdere.d
Thus the total effective length Le Is given by

LS fi ) L+v./V +W/V , (6)

and the terminal velocLt7 v by

rg W~7 v E I-4 -567 V~T-7L. ft/sec. (7)

The terminal velocities which can be obtaine4 with "•ra 1 oUms
values of the ratio L,/2L amr shown in the table below; P/V is
taken as 10,000 rt.

Le or -+ vmax W
2L 2L

1 567 rt/sec. 336 knots

2 401 237 1#820 lbs.

5 2,e4 150 120,600

10 179 106 30,600

20 1l7 75 66,600

50 80 4.7 175,000

100 57 34 355,ooo



Cate IZi- During the acceleration run

w (1 + f) L + Wa + W1 a (8)

and at the end or the aoceleration runs the teminal walocity v
is given by

S2 ( P/v) 9 A
V2 aTL A a V (9)

Durin deceleration

p. L1 ~t + wd] d (10).• P • ~Lw (I + f1) 10

and if the velocity in to be reducaed to zero at the end of the
decelerated run of' length D ( CL - A), then

2~~ (1.) A)

Prom eqmations (9) and (11) ore finds

A (1 + r) L +Wd/V ÷W/w
L 2 (1 + f) L w+ W T W +'FW

which may be subatituted in equation (9) to yield

-- /T' V/ 2 L

_ 2 (1 + f€.)L 4+ w', Wdw,' +_ (13)

It is important to note that in this equation the weight of
cable accelerated, w (1 + f) L, the weight of the cable deoclerated,
w (i + f).L, the weight of tha mass which must be accelerated,
Was or dfoalax~tea, Wd, by oabl*-ta•aialtted forces, and the
weljt of tie plane, 0, all enter in exactly the saom manner,.
It is thus important that decelerated masses as well as accelerat-
ed mas3ee be kept at a practical minimum,.



It the effective lengths of cable during aaeelaration and
deceleration are defined respeatively as

La * (i + r) L + W4/w + W/w

and

Ld (1 + f)L+w/V (14)

then equation (13) becomes

/- 2L 2 -L
Ta - In 567 (33)ec

* oLa + L) sa

Tb terminal velocities which can be obtained vith various ratios
of (L + L.)/2L are - hown in the table on page8.8 P/ Is takena
10+00 ft. 2lis table contains calculated plane we.hts W for
an illustrative example o Came U, ain which L a 200 Mpt•
f 0 0.5,and W - Wd = 0.O0 W. ThSe are included meryt
Indicate the trend of plan weights with inoreasIng values of
the paranmtez' ML + Ld)/2L. Iote ftgAlly that for either Case I
or Case II, the !nitial entry for LL/2L w 1 oorzrsponds te
acceleration of the cable without plane, or other attached mass.

Sffeots of Fixed and of Moving Sheaves

The effect of a sheave depends upon whether the sheave is
fixed or moving, and upon whether it is a part of a reeved asytem.
This section will be concerned with the effects of sheaves under
various oircumstances.

Goneral Considerations

In the treatment of sheaves, the rotational and translational
effects are considred independently of each other. In the
subsequent analyses, the following notation will be used with
reference to Figure 2 on th, following page.
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U- lppor rope load (in lbs.)

P2 a Lower rope load (in lab.)

P - Applied force (in lbs.)

vI - VeLocLty or the uppoer rope (in ft/sec.)

V2 a Velocity or the lower rope (in rt/eea.)

v3 a Translational volooit7 of the sheave (in ft/aeec.)

a= - Aoceleration or the upper
rope (in s)

a2 - Acceleration or the lower
rope (in g)

&3 a Translational aco-l-
eration of the
sheave (in s) F

w n Linear weiGht of the
rope (in lbs/ft.)

W& a Weight of the aheave
(in lbs.) F3

Wy WeiMht of the yoke- VS
(in lbh.)

r a Mean radius of Fz-
curvatur, of ths
cable (in ft.) V -

02 "

k a Radius of gyration of
aheavo (in ft.)

W - Angular velocity of Pigure 2. Porce.s velocities
isheave (in ra•i/so.) and accelerations

hn a fixed or a

c, - Angular aoooleratlon moving sheave.
or sheave (in rad/seo2 .)
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From ths goometryt the following relations are apparen;t

91 - 42"3 =--•(S

3 - 2 (17)

ST1 + T22r

a + 2(19),,° -- ,,()9

Considerations ot tzbe rotational motion gives

1P2 .0 P wm r + w ff ri. (20)

S r2 Wi 2

Considerations of the translational motion gives

P3 " P1 + P2 Ws + Wy + w f r] (21)

Fixed Sheaves

For a rixod sheave, VA 7vi v Al a, a2 v 03 &Ad
&3 a 0. Ten from equatiofl (20 ,

i~ P W 2
doL - 3 1: + n2 r! a (22)w w r2

In this equationf the tena In brackets on the right side
corresponds to the sum of the actual length of cable in a 1800
bend plus the oquivalent length of the sheave itielf. If ths
latter is designated by Lo, so that

Ws k(2
L m II



then equation (22) becomes

P2 ?l-- a L +.r ra a (4)

The quantity In brackets in equation (24) tnay be termed the total
equivalent lungth. Prom equations (21) and (24)

L 8 +w rl a . (25)W W

Typical values of L are shown In the table on page 14. While
the values for the Iquivalont lengths of various sheaves vae7
over a consiusrsbl. range, it is reasonable to use an eqauvalent
length of 25 fts for any shuave in the present calculations. It
may be noted that the equLvalent length In feet is approxitately
the same as the sheave to cable diameter ratio, D/d. for the
"sheaves conside red.

Moving Sheave with rme Cable Dead-EnWde

In this case as shown In the adjacent sketch, v2 * 0,
a 2 * 0, v 3 - v,/2. and a3 * a/12.

C]= 0 0 --
I n ii I I l I2
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Then from equations (20), (21) and (23)

-*2 Fl T
ý týW 4 -]1a (26)

2 12 + sL (27)V W 2w 2

It should be noted here that the total equivalent le•ngth as shwain braokta in equation (26) is only halt that of equation (24.).
The reason is that the angular seaelsration here is onIl hal U
gzmat as that in the previous case.

MURtiply Reeved Sheave Systems

Consider a System oa moving and fixed sheaves of multipli-cation n. There are n/2 moving sheaves, and (n/2 - 1) fixedsheaves or (n - 1) sheaves in all. The system is shown inFigur S. page 16. Let the frxed sheaves be designated byI a 1, 2, 3, .-. . n/2 - 1, the moving sheaves by j a 1t 2,
30 * * . • n/2, and the cable segments by k a 10 2t 3a . .n - 1 all in order fra. the dead end of the cable. The
acceleration as Indicated in the figure is sare in the firstcable segment, a in the last segment, and 21 a/n in the two
cable segments in contact with the rixed sheave i. The linear
acceleration of the Whole set of moving sheaves is s/n.

In subsequent analyses it is convenient to use a quantity
here defined as the "effective length" of" certain cables. Sincemost of the cables in a iultiply reeved system have accelerations
less than the maximu acceleration in th, system, force calou-lations are simplified by considering the "effective lengthm ofany cable as equal -o the actual length multiplied by the ratioof the acceleration or that cable to the maxim=u acceleration
in the system. If Lhe center to oenter distance between thetwo sets of sheaves is Z ft. the effective length Lbj of thetwo cable segments in contact with the fixed sheavo sie

L L AI z (28)n



A 2

0
n0

1~n-g

21

21
n

4

2 2

n

2

n

0

Figure . Multiply reeved sheave systems.
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The total effective length of cable between points A and B in

PFgure 3 is Lot given by
ri/2 * 1

A 2 -Z (29)

iIu

The cable segents in contact with the fixed sheave I are
those designated 21 and 21 + l. The ditffeence in forte between
these two segments, from equation (22), is

p2i. *?2L a t (30)
W W

in which L Is the equivalent length of a single sheave. Thu L.
the etfective length of fixed sheave I and the half turn of cab1V"
about it, is given by

21F 1
Ihf±i nLa + rJ 1 (31)

and the total effective length of all, the fixed sheaves and the
cable vreoped on them, designated Lf. is given by

n/2 - 1
2'U j + f r- [Ln+-r]+ . (32)-- f-•"La wn 4 [a

The caole segments in contact with the moving sheave j are
thous designated 2J - 1 and 2j. The difference in force
between these two segments, from equation (20), is

W n

+ VL r] 2-~ (33)

This oquation takes no account of forces required to produce a
translational acceleration of the sheaves or of any possible
crosshead; these forces are not transmitted by tho cable in an7
practical catapult application. From equation (33), TMJ, the
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total eOfeotive length of the moving sheave 3 and its halt turn
of oablop is

andL' the total effectlvivel .nth of all the moving sheaves and
terls wapp4d -on themp I ven by

n/2

-I 2J I. +nr] +"fLs 1] (35)

The total effective length Lt Or the entire as3embly between
points'A and B of Figure 3 is the sm of the individual offeotive
lengths of cable se ments and sheaves. Thus one finds from
equations (29), (32T end (35)

Ltu Z + F L, f1 s ~~r (36)
L L

or

Lu[f Z + (n-i1) wv r + (n 1) L] . (37)

Since tile total actual length of cable is in z + (n 1) v r]
and there awe n - 1 sheaves each or equivalent length Ls, the
total effective length of the reeving system may be expressed.-f
the form

1
Noet .•ffotive length -I x Sum of equivalent lengthb of components.

Consider for example the system shown in PiFure 4, drawn for
a reeving system of multiplication n 4 4. The length of run Is
assumed to be 200 ft.; there is assumed an additional 100 ft. of
vertical cable. Since there are .foui sheaves exclusive of th!
reeving system, each of equivalent length 25 ft. as discussed
eorller, t-he totall e-rfctvo langth of Ute system, exclusive of
the reeving, is 600 ft.
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200O I4

S n ,• I
.

Figure 4. A multiply reeved cable system,

Neglecting the diameter of the sheaves and the distance xe
orn finds that with multiplication no the mlnimi= possible
lezingth of additional cable is

n~ 1
- x 200 ftoon

half of %i4doh will be effective; in all probability, the length
will be soaewhat greater than this. In addition there will be
2(n - 1) sheaves, each oontributing(1/2)x 25 ft. to the effeotive
length of the system. The not effect of these additions is as
follows.-

I•1 I I ~ ~~~i iiiII I|!!!
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Longth of Additional Duo Total ffeootI•e
MtNltiolicationI Basia System to Reevnt Length

1 600 ft. o t. 6o00 t.

2 600 75 675

4 600 IS0 750

6 600 208 808

8 600 263 863

10 600 315 915

12 600 367 967

24 600 1 iol8

16 600 469 1069

It is of interest to note that in this example# when the
multiplication is increased by a factor of 16, the total
effeotive length is increased onxly be a faotr of. less than
2, On the other hand, the unavoidable Inoree,.e in effective
cable lengthk in extremely significant at high capacities,
particularly in case a long run in necessary to attain the
end speed desired. Both the length of run and the maximms
acceleration ake in gereral determined by other factors.
The sole advantage of multiple reeving therefore lies in
decreasing the length and speed of the engLrA stroke*
However, this must always be done at the expense of increasing
the effective length of cable, and in cable-drive Systems
already near their ultimate capacity, the addition of rn•ltiple
reeving becomes impraet!ial or even impossible from the stand.-
point of the over-P.l1 woight of the installation*

INDIRECT CABIZ-DRI.VE CATAPULT WITH RETJIEVI71G CABLE BMAKING

The previous examplas have been concerned wLth the basic
relationships involved in cable systems in a simplified form;
the systems have not conformed to what is actually used in a
praotical application. In ordeer to determine the character-
istics of a typical cable-drive system, consider the indirect-
drive catapult shown in Figure 5.
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A ,, ,,. ,

L iiSII

I I

of ruigute n. Indiraet able-doif voataoult followit retheitcbl
:able brakizng.

One -t •OnW i~eev$nh:

Let it be assumaA that the plane is accelerated for a leng~th
of run A to an end spu•d oIf v ft/sec1 ,, rollowin• wihich the cable

and associated sheuves are decelerated in a length of ruan D to
zero velocity. Let it further be assumed that tho accelerating
cable is of linear weig-ht we lbs/ft. and is acted upon by the
safe working load ?• lbs. ?,lilarly, thie deeleratIng and
retrieving cable is of linear weight wj biS/ft. and is acted
upon by its safe working loadi lb3 s. -The mass of the shuttle
is neglected, and it Is assumed that the cable dcos not transmit
forces to change the kinetic energy of any part of the catapult
engine. In the analysis the following notation will be used:

L w Total length of run (in ft.)

A - Length of accelerated run (in ft.)

)D - Length of decelerated run (in 4t.)

fL - Length of auxiliar7 cable required to connect the
catapult to tho cn'i-ne, inqluding the equivalent length
of the sheaves requirod (in ft.)

W We I -ht of n!,3n (½ Ib.,)
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-Ap;)Ued (aare" work~nz,) load ror drivin1 ý cable (Iz lbs.)

WS a )rIvIng cable JJiziaar woitght (in lbs/Ct.)

*~ Applied (Wae working) l.oad for retrieving~ cable (in lbs.)

wd - Rotirievine cable lincur wcijght (in lbs/rt.)

a = Aacal3ration Juri±nt auccelarated run A (in g'e.)

d mDecelorati n during dooijluratod run D (in SI*.)

y a d w m pda - Htio of cros3-sectional aroas of
retrtevirk and dr'iving cablaa, usstund to bo of' 3aR
.materitl and cionsitruction,

v a £flri spoect at and of u&c lte.ated run (in Ct/saee)

S r )Xintit: anaorjy of' p1ain at tako-ofr (in ft-lbs.)

D)uring tha acce1.mnited min,, the Alam and all. or the cable
are accel-,ratd by the up,)liod J'oven PfA; appl11 ~a timor f Newton's
Law yields:

~a W 1 (L +fL) + wd(L4 L *W a0 (8)

At the and of the ae-ola.rated run t,# the velocity will be

V W 4 gA 7 T(L4rL + d (1, L+ W (.39)

Sixoilarly for thu deoeleratted run,

Pd w, (L + M) + wuL fL)ý d(4)

and

vuV daz(L fL) + d(L +fL)
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ElVJMnation of A fr equ.ation& (39) and (41) yielda

1 2 P./w.)

"(1 ' ?*/Pd) (1.* wd4/w) (I * f) , (14.2)

2(PA/ta) g

"(2 .+ + 1/y) (1 f) ) wt,,

Prom oqu, atio (38) om obtains

W& W&

Substitution of t•is result In equation (43) yields

2 (P./w.) g

(1 *1) (1"- + f) + (l/aL) (P?/w)

In equations (144) and (45) P1w a -10,000 ft. as In prevIOus
oasses and g a 32.2 ft/sok.;%eonce

W. 10,000 - (I + y) (1 + f) (a L)+ (146)

and

v ~ ~644,000 (aL) (7
V. •/ 6S.(oo_7)•

10,000 4 (1 + l/y) (1 + f) (&t)

E be energ imparted to the lane at take-off is _iven byE WvZ2g; thus fr~om equations ?46) and (47) one finds

10,000 w a o o o90 -0 -(I + 1) (1 + f) (a LL 1 d (48)
a + +1 (
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In app34inZ these results to a typioal catapult Installations
it Ls reaonable to assu•e t a 0,50; that Lio that tho total- equlvelent lengths of the tow cable and the retrieving cable
a"e each 1.5 times the total length or run La Porz turtheor
analysis It is also convenient to introduce two now variables
Wt and E, defined as followas

W, . L " 10,0000 - 1.5 (1 + 7) (&L) (49)

and

S a 10,000 - 1.5 (1 + 7) (aL)

Both Wt and 31 have th.e dizanxnans of length. With f a 0.50,
equation (47) becomes

S/
644*000 (aL) 

(1
100000) + 1.5 (1 + 1/7) faL)

These three equations now define Wt. St and v as functions of y
and (&L) only.

The ratio of aecelerated run length to total length, A/t.,
is of i=portance in daterminin? catapult performanoe and size
roquiremonts, Prom equations(39) and (51) this ratio Is easily
shown to be given by

A 10,000

L 10F.,oo 1.5 (1 + V1Y) (&L) (52)

for the special case under conuideration.

Another factor of extreme importance in determining catapult
perrormance is the ideal efficiency 9, here defined as the ratioof the energy imparted to the plane at take-of" to the total
energy deliver-ed to the moving system. In the- tesms used above,
Qne finds from equations (48) and (52)

WS (53)
-a A 10,000

This resalt holds for Pa/wik m10,000 ft. and for any valu. of f.



Valuis of v, W1, I', a and A/L havo been computed for's
range of y from 0 to 1.2 iLr.d for values of (aL) ovor the entire
physically realizable rang*. 'Tiese results are shown in Figures
6-9, pages 26-29; in each figure the uppermost ourve corresponds
to zero plane weigt, and the dashed line to maximum energ
output as shown below.

* Prom these curves# it may be seen that the values of vY W',
E', & and A/L depend mardedly upon y as well as upon &L. For
maximum energy output, the optimum value of y for a given value
of aL can be found by sotting (Ži'/6y)aL a 0. The optimum value
or yg yat is given by

6667 - (aL)
Ym 6667 + (aL)

Valueas orf7 for optimum enearg output from this equation are as
followst

-- aL YZI

0 ft. 1.000

1000 .739

2000 .538

3000 •379

4000 0250

5000 .143

600k. .053

6667 .000

These values define the dasnod line on the four sets of
ourves. The exact position of the curve is detenmined by the
assumed values of f (0.50) and Pi/Wa (10,000 ft.); similarly
the maximum allowable value of alis determined by these aseumed
values, and is equal to (Pd/Wa)/(l + f), or 6667 ft. in the
present Instance.
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Figure 6. Values of v (in rt/sea.) as a f£in:tion of aL undy'for an in'airct-Jrive -,itaoult with retrieving
cable b.-aking,
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6000-

4000 0

25000 0

30000

20%

2000,000

6 0

108000

80000 .00

0 4. 8 1.0 - 1.2
y

F'i~ir* 7. Va1uus of1' , (in ' '.) anii a (in pur cent) as
iunzt~iona of uL- und y for an -fldirtct-drive
catalalt~ with retriavLig cable brakLng.
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Figure .8. Va luea of Eel (in ft.) U3 a function of aL and y
for' an inciirect-drive catapult with retrieving
cable brak~invr.
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6000'-

5000 4,/
0/ *0
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..................... .........

2000ý

1Q0008
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0 I.0
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y

FIgigue 9. laluesi of A/L &3 a function OT aL and y £c'- &n
Indirect-drive cataoult with retrieving cable
braking..
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The maxitum value of V' possible wtth this oatapult may be
round by setting

and substituting equation (54) in the result. The oooiznatoas of
the maximum energy point and the energy at this point are

aL - 1574 ft.

y U 0.618

n 601 ft.

This point is shown as a solid circle on all four graph&*

From Figure 6, it is seen that the maximum velocity La
obtained on the upper limiting line of' perfonnance (whon W' 6 0).
The equation of Utis line is from (49),"

10,000
.L 5 (1 + Y)

Substitution of thii resaJt in squation (51) yields ve, the
velocity corresponJing to zero plane wei.:ht, as a function of y.

Vy 429t000 (56)

The maximum value of v1 and the corresponding values of y and
aL may be found 'y setting dv*/dy = 0 and solving for ye Thus
one obtains

aL -3333 Irt.

v 0 max M VM&A 328 ft/sec. - 224 mph - 194 knots.

This point is shown on the graphs as Un open cfrclo.
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The maximum velocity obtained on the maximum energy line
(the daskad line in all figures) may be round from equations
(51) and (54). Substitution of K.) in (51) yields v', the
velocity for maximumu energy output, as a unctloion of aL.

-64. (aL) F6661 - (&L). (57)
6667 + (aL)

Setting dvt/d(atd) a 0 and solvzing for' &Le y and vie one finds

aL a 2761 Ct.
:r - o.43.4

V max a 271 Ct/seo. 185 mph 1 160 knots.

This point is shown in the graphs as an open square.

The curves in Figuves 6-9 show that the possible tesm-Off
speed is definitely limited regardlCes of the site or d' ving
and retrieving cable used. The mxitmum energy for a g.,*n size
table is also limited; it does not increase Lndeoinittly as the
lungth of run Is increased*

The relationships einonk E', W1 and v for increasing values
of aL are shown In Figures 10 and 11, pag-es 32 and 33. Figuzr 10
shows the performance of a series of catapults in which the value
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
equatio" (49), (53) and (54) that the curves of' y, * and
W1 x 104 as functions of aL all coincide. Figure 11 shows
the performance with y constant aL a value of 1.0 as aL is
increased. Also plotted in Figures 10 and 11. ame the values
of end speed (- 2 a'7T3 to be obtained wore the entire length
of run used for acooleration.



32

t4

144

0

0 J 4.4

w4.a

0

-)0.4

0 "d

0 00

Uo9
C') ~ 4

0

0 v-4

0, U, ~ Q O



1-E x 10'-

0-
C)0 2CC' -00 00

o.L (ft,

ecfrlcsu ian .trv

wI- re r e in.:c ',I

4,-& \. -
-cr -inaU r



MultiPle Reeving

Since the general aspects of indirect-drive cable systems
with retrieving cab•e. braking have been covered in the preceding
section, the treatment of a multiply reOved system may be
simplified to emphasize the actual eLeCot of multiple reeving
on speed limitations. The system is that shown in Figure
(page 21) modified to include multiple reeving or the sort
Indicated previouuly in F4k,4e 4 (page 19). It is assumed that
all cable has the same linear weight and maximum strength# that
is y a 1. In the notation previously used, the total equivalent
length of cable, Le, is given by

Le2 (1+ f) L 4 L + + 2 (n- 1)- (58)

in which n is the multiplication and L the equivalent length of
a sheave. This expression Is easily o~tained from the discussion
on page 19. In addition to this effeot.ive length of cable* the
piston and crosshead assembly must be accelerated and decelerated$
but it is assuned that no cable-transmitted forces are involved*
The weight of the shuttle, which generally will be relatively
small, may be neglected in the approximate treatment.

"If now the maxzium load P in applied continuously during
acceleration,

P (Le w + W) a , (59)

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

a A- T (60)

During the deceleration run, Ifthe safe working load P is
again applied to the cable,

P Le w d . (61)

Since the velocity is to be reduced to zero in tho distance'
L - Aj,

V --4 ( --A) =.V;F ~ L A) (63)
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If the velocity v is eliminated from equations (60) and (62),
one obtains

A 2 Lew+W
L 2L~+W S(63)

and the substitution or this result in equation.(60) yields for
tho velocity v.

""' L, + W "

Since L increases with increasing multiplioation, it is obvious
that thi maximum velocity v must decrease with Increasing

* multiplication. For specific illustration the following values
of the various quantities may be assumed consistent with
calculations made In the several other sectirns of this reportl

P - 100,000 lbs. w " 10 lbs/ft.

L a 200 ft. Le a 25 ft.

Let us take f - 0.25, the value appropriate to the system shown
in Figure 4. Substitution of these values in equations (58) a*A
(64) yields

L , 600 + 100 -n - I + 25 (n - 1) ft. (65)

and
35900 

(66)

V W + 12000 + 500 (n - 1) + 2000 (n - 1)/n

Since there is almost certainly a maximtwi acceptable
acceleration, if the safe workinv' load P is applied to the tow
cable, then the plane weight W must oxceod a certain minimum
determined by the maximum acceleration thruvuh equation (59).
If for example the maximum acceleration is 4g, then for
n a 1 the weizht W mi'nt exceed 19000 l-2.,; for ... ,.• " alua" of
n, lower corresponding limits may be calculated Ifor W. Obviously,
lig:hter loads miay be catanultud a4 a safe aczoluration by
applyin,: less than the maximum workin,- load F to the tow eabla.
It nay be shown, however, that thu limiting; velocity in such
case i3 exactly tha sen as for the heqvier load if the mzximum
braking force is to be appliod in each ca3o, If the towing and
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braking forces are to be equal for a light load, and les than
the maximum allowable, then the limiting velocity for a light
load La less than that attainable tith the heavier load at the
ame acceleration (over a longer acoele',ating run) with the
mLximum load P applied to the cable.

Values of the limiting velocity v In ft/seo, calculated for"
seleoted values of the plans weight W and multiplication n aer
shown in the following: table.

W in Ubs. Per a Multiolication n

1 2 1 .8 12 16

19,000 204 199 195 189 183 179

25,000 187 183 180 175 170 167

30,000 175 172? 169 165 161 158

40,000 157 155 153 1.50 17 145

50o0000 I4 142 140 138 136 134

An alternative way or viewing the effect of multiple
reeving is to consider the velocity a& limited by the acceleration
maxim=i mentioned earlier. If the acceleration must not exceed
4g, then one finds from equation (66)

!3900 n 1 fl (67)W- - 12000 500.(n - 1) -2000 1 - 1 , (67)S• ~L n

but from the restriction a 4 and equation (>9)

W = 19000 - 250 (n 1) - 1000 n- I1 • (69)n

Elimination of W from these two rslations yiolds the following
expression •for v', the upper limit on the velocity consistent
with a maxlmum ac•eleration of 4g.

v' rt/'sec. (69)
331000 + 25U (n- 1) + 1000 (n- 1)/n

' -- I I I I I I I I I I ' 'U
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Valuos of tht3 lmaltin,: voia,1Ity v' oril the corrosponding values
of mInLum* plune wol.-ht W tro i-lven in the following. table for'
se1ootod valu6S Of' U10 Multi.dlidtion n.

n 1 IP .~16

v' ft/aoe. 204 201 199 196 193 190

W lbs. 19,030 l$,30J 147,00 16,400 L,5300. 14,300

The ideal ofL'icioncy of a catapult. installatLon depends on
the deý.':'oo of reevi.:', and is easily shown to decrease with
increasing multipli.zation In the reovLni:. 'ith the safe voriking
cable load P and the lowith of run L fixoe, us above, and with the
saMn. values again assum.ed for the seveval other quantities. the
ideal efficiency a is givon by_

W V21? w 170)P= A Low w W

For the case considered,

e - W + 6000"* 250 (n. - 1) 1000 (n- 1)/n "

The table. below lists values of the offcien:y. e In per cent for
selected values of the plane weight W in lbs. and the multipli-
cation no

W in lbs. F6r a Multiolication n-

i 2 12 .16

.19,000 76.0 73.8 71.7 68.8 66.3 64.0

25,000 •80-.6 73.7 .76.9 .74.3 72.1 -70.1

30,000 8i.J 81.6 30.0 77.7 75.6 73.7

40,000 87.0 35.,6 ,34.2 32.3 0).7 7'.39.

500000 69.J b l•3 7.0 1)5.3 83.9 82o1

SSee last parudr.rph on puj,,4 fvr .s~nf1'1rcncu.. of ."rmninm.,V."
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Although the "undosi-ruble ettect or increasing multiplication
on the efficiency becomes less pronounced as the plane weight
inareaases It is nevertheless an important factor and definitely
militates against-the use of multiple reeving In high capacity
Indireotedrive cutapults.

It should be recognized that concomitant with the decreases
In maximum velocity and ideal efficiency described above, there
must always be an increuse in the total weight of an indLiret
Installation as the dogree or reeving is Increased. With
increased multiplication, the added cable, sheaves and yokes
all increase the total weight. The contribution of the cable
Is given by L w (n - 1)/no where L Is the length oa the entire
run and w Is the weitht per toot of cable. The Increased weight
duo to the sheaves is •Lroctly proportional to the number of
sheaves in tie reeving, and hone. may be written as a Monction
of the multiplication p. Thus

W5 uConstant x (n-l) , (72)

The crosashad must also Increase In weL-ht with increasing
multiplication# probably almost linearly. As an approxLmation
one may write for the weight We of the crosshead

W0 • Constant + Constant x (n - 1) • (73)

A little consideration indicates that none of the constants
in equations (72) and (73) In necessarily small# and the totel
increase In weight with Increasing degree of reeving may be
qui-te considerable. Thus maximum volocity, efficienoy and
total weight are all affected In an undesirable manner by
increases In the degree of reeving.

INDIRECT CA,\LE-DHIVE CATAPULT WITH SHUTTLE BRAKING

The preceding section (page 20) has shown the generalized
performance to be expected from a conventional indiroot-drive
catapult with a retrieving cable used for brakLine. It was seen
that the retrieving cable size is of considerable importance in
the performance, and the retrieving cable is itself an
appreciable part or the accej.Lrated mass causing the limitations
In speed.

In the following analysis it is assumed that the retrieving
cable is eliminated ontLrely, with braking accomplished at the
shuttle after the end of the accelurated run. All other factors
affecting porformanc6 are loft unchanged;. that is , the effective
length of the drivIng cable is ascumod to be 1.5 times the length
of the total run, and the uhutLls weLght is neglected. The
oyatfim con.idered is shown In FI.ure 12, Let tho notation be
the some ac in the previouu sootion, excuo' that P, - Pp and
Wa M We
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Figure 12. Indimct .able-drive catupult with

sh-4ttio bruking.

Du~ring acceleratiorls

p (1. 5 -4 L + W) S(74~)

a~nd at tho end of the ac-!ele.-ated r-in, tkhe velocity ise iven by

V a 12 a A g(75),5w L + W

Similarly for tho deceler'LtCa rLun,

P 1.ý w L d (76)

and

V W ;) \ L-A (77)

-- L iw L



i:L•;ALnatin.- A ,ro,, oquutlor-I (75) and ('I7) ono rLnds

/ 2 + (78)
J,1 w L *W•

From equation (7.0) Uie plainu woaitht W is ,ivon by

S--- l.S 4 L, , (79)

whLch may bo win:atLitLud in utj.uiLLrn (73) to yi-il-

v 2 .) (80)(P/W) + 1.5' (aL) (0

'Withi I =/w 1 00 0) ... ia r, 32.2 t/inuJ., eqaitiuns (79) and
(dO0) be oumoa

Ida
wI - 10,000 -l." (-b) (81)

and

644,UOo (aL)
V l'V 9JOO + 1.5 (uLi (82)

The energy impartud to the plane at tuko-otf Is given by

W V2

and from equations (31) and (32) one obtains

B =wv,00 (,L) ! 108030 1.!5 (aL) (8J.)
a 10,000 + 1.5 (aL)

or

_, == (,• 10.000o- 1.5 (uL)
10,000 w 10,000 + 1.5 (aL) (85)
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The ideal efficiency, a, defined as the raLio of energy Impartad
to the plane to the total imparted to the alane olua the moving
cable, Is given by

a W ... (86)
W + l.5 w L

Thus from equationl(bl) one obtains for e tie name reault as in
the previous secti n.

W1

a W -(87)

The ratio A/L is £ounu from equations (75), (78) and (61) to
be riven by

A - 0 0 (88)
I. U,QOJO + I..,> (AL)

The maxi~mum value of E." and tho correspondlng value of aL may
be round by setting dE'/d(aL) - 0; the values are

E'max - 1144 ft.

aL a 2761 ft.

The ma~ximum value of v occur., for aL= 6667 f't. ( I.e., when
W = 0), and in found fror eu•uatlon (62) t.o be

VOLLx W 463 :/iseý. - 316 iph = 274 knota.

W', E' and v are s.hown as functions of aL in. 71-ure 13,
Page 42. h~lso in.Auded iýý a curve of V) :a L, t~he velocity
attainable ir tii entire length of' rwi is used for acceleration.
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A study of the procuuzn.; two sections (pUgea 20 and 38)
shows that the cupauity and speood of an indiroct-Arive catapult
are limited by two factors:

I. Tho energy that is abisorod in acculorating thio cable
and is thorueoL'o not ava1llble for the accoleration of
the nlano.

2. The ýistanco tait is required for the doceluration of the
cable.,

The first of theso two limiting tactors i1 inherent In a
cable-drive system AnJ can be reauced only by using a cable
material of highor stroxith to linear wei~it ratio, or, or
course, by decreasing the effective length of cable required
for a given total run*.

The second fuctor, howover, mna;ht bu elimInatod by one of
several conceivable braking arrungement~s. For exam)loe br&kilng
forces could be aoplied to the cable simultanouusly at a number
of points along its lungth so U.at any one brake would need
decelerate only a small portion of the cubllo; or t" shuttle
could be detaohed from theu cuble at tie end of the run Vor
independent hirh-g brakine,, and the cablo braking system so
arranged that the cable could continue to move for some distance
in a direction otner than in the line of the accelerated run.
With eitler system an Indueendunt li,-ht aetrieving system must
be provided, Wiilo it must be concaded that these soiemes
present serious practical Ulfficulties, nulther is impossible.

'In elther case, the limiting purfo.nancc w'ould be that obtained
with aoceleration over tho ntirre length of run and braking over
a negligible Jsa3tucu.

In the following analysia of a caLapult witn oither type
of braking it is assuuned, tz-revfore, that the total length of
run is used for acceleration, and tnat other factors remain th*
same as in the previous two unalyses0  During acceleration with
the safe workin,; load aDpliud to the cable,

P " (1.5 a L + W) a (89)

or

W M -E- 1.5 w L (90)a
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Tius at the end of Uie run the volocity v Is givon by

v • %,2 a g L - / . gL w (91)

The enor-.y Lmpartod to tho plune is

W T2  (!/a l.o w L) ,,, L(k a 1(92)
M ~ 2 g

Takin." P/v*w 1O.JO ft. an,.i . U 32.2 f"t/s00.%., one finds

W, = lJoQJo- 1.5 (aL) (93)

V. ,.•+. CaL) (914)

E•Za ( at) •To .=.-#030o 1.5al 11
- *.13 00j w 4)....) (95)

Tho Ideal-. .ffticioncy isp as boefore,

S. .. . 'I. " (96)
W + 1.5 w. L 13,300

The maximum Value of r;' and the corresponding value of aL may
be found by setting dz'/d(aL) 0 0; the val xos are

I'%'2ax 1667 ft.

aL = ft.

The maximum velocity Lind its correoapondin" vulue of aL are

a 65) t/oc. "'446 mph • 336 knots

'aL - 6V)67 ft.



Note .that this miuzaiwl velocity is noces.arily loas than the
absolute limitini, valo.,Lty f'or a straight amble without
auxiliary cabla conitiziotLng It to an ongine, this latter
llmittný- velocity wis oarl.ur shown to Ne 02. ft/sec.
WO s ".' ani v aro siaow .is f-ui:tlons of aT. in A":ure 14.

Another typo of cuble-dr'vo c:ata-ult w:aich han been proposed
consists of a contInua.nly :uoiin..abio, an, a shIttlo which can
be clutchod to. uia u Lut-..u,l Crom the *:tble. The .able, driven
by a flywheol, nmovooi it u a velcoity 3or-aihat gmator than the
desired take-ofr' upued u:d, tit the sta.-t of the acceloratod run,
t.e shuttle is clutdhad to this cabl.3. Initially tho slippage
between the cble unda the shattlu is largo, but it decreases as
the plane progruuso3. At the end of the run the shuttle Is
detaclied und brakedi, whIle the: cable Is 'iccoluruted back to Its
ortginal spood in proparati'on for the next s:nt. such a system
has been considerod in '{AM1 Repozot !1. M-,,030, entitled,
"Evaluaticn of Plywhoul Type Catapuits." In t.is report,
catapults using standar.d wire rope, flat wire rope, and steel
ribbon were considereod. The -•onodrul co:ncllasion was that the
use of none of the th:'eo woild result in a practical catapult*

T'hisgroup aseroes with the conclusiun statud above, but
would likl to pot.nt out t:.ut the .use of ziultiplo flat ribbons
would elininatq somu of tA.u difficultius described in the report.
Consider, for exw-:1lo, the multiple ribbon system shown in
Firure 15. In this system tl.o flywheel 4,s fitted with rollers
for the purpose of inatrasli:, the normal force, an, nenco the
frictional force$ between the ribbons and the flv.wneel. This
system eli.minates the iood for m.ultiple wraps on the flywheel,
as well as the icu1 for .-. at tens iton in the portion of the
system not trans:nittin: Vorco to the pluno. While there is in
this portion of tUe ribLon system a moderato tension Pi":ishing
the contripotsl force acting on the ribbons as they p:ass around
the pulleys, thij foroe is develoPed by the ribbon itself; the

-only purpoeo of 0 io tenritning pulleys, the:milo., is to provide
a take-up for the :,lack.

There is no slippi,,'- botwoen rib'-ons as they :)ass over the
sheaves, but botweun st.tsues :lii'ht sl.'"p-•;e occurs because the
linear velocities of adjii,.,nt ribbons ru differoent° '•ch
vlippajge is unimpqrtw-t in do toam-ining -)er:fo:u~unce, and ..ay be
eliminated if doei:ro .1 fr service lie, e c3n.s Is.'-a.ti )r.s by

slij'htly soparatInt. the :",:. in th.u ;)ortl.rs butwoen sheaveso

With a j'jLip[)lj '>lJ eL't~ch .t• 0..J., j:0 ;0or'n forces
bA'tweon p.,rJ o1 ,: i.ue, .tru
:)f. .towin: 1.:"o "nu . at;i:.r .af: uct v b t. , bo in ' t. t'ia o

Utod U-rd -XIIo r".0M.. it A. .,, r ,r: " ' to :0:'Ovi-es

Best U00v1a1uL Copy

Best Available Copy
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It Is realized that tho.ro are sorious practical difficulties
in constructing a ayatom llico. the one suggested, particularly the
clutohing mechaninm. ]lowevert It Is not the purpose here to
discuss the details of constz'ICtion, 'but rathor to considor
the basic porforntinco of ,oich a 5ystOm could it be made
praotIoal,

In order that. the no.'or."mnoe of an ideal shuttle clutoh
catapult can be compared with thse performance of other catapults,
lot It be assumed that .the towing ribbons have the characteristie
strength to linear weoight ratio of" standard wire ropet and that
the clutch Is capable of developing the aafe working load of the
cable. Let it further bt assumed that the braking of the shuttle
takes place in a su31icountly short distance that It may be
negleoted*

Using the notation defined In previous sections, one finds
feor the accelerated runP

P -Wa (97)

and

v - V2 a g L (98)

The energy impartod to the plane at take-off Is given by

E -vP L (99)
Sg2

With P/w again token as 10,000 ft., and since 'g 3 2.2 ft/seo2 .,
one obtains

W, 1- w. 0E ,o000 (100)w w

V W v1',.04 C.L) (101)

,The performoanoe o this ciatapult is shown In ?Pi'ur* 16. It
should' be pointed out that till! type of eatapult -is not an
Indireot-drive but rather a dtroet-drivo by.ye, an4 its per,4ormanee
i therefore identical with tnet of other diract-JrLve typek of
the sine eapacity,
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APPLICATION 7.0 C PATAP, U'i (3Y3ATYPU.TYSY•MS

In order to illu3Lrato move clearly the relative performanoe
Or the four types of aa:a:uli of the preceding sections the
results of thuao section3s will be applied to the discussion of
specific exanples. The lun,.ths selectod for these examples are
200 ft., 4C9 ft. and 800 ft.; the latter is included for posalblz
application to l-nd-,Lasud atapuLlts. In all calculations it In
asJumed that the caoalcty of the enrine is 100,000 lbs.; this
value is also taken folr tne safe working load of the cable and
corresponds approxi.a:,tolay to that of a 2k-inch cable weighing
10.0 lbs/ft. Zio results computed hero ..ay be aoplied directly
to a catapult o. the sw&nu len,•th but having; a cable weighing v
lbs/ft. by the following oqaations wneru the starred values now
"represent thost coroespandiln to the differont linear wait-At w*j

weWo" W W*

- V

a* a

10

There are four difforent cases correspondinZ to the.four types of
catapults discussed in the previous sctiouns.

Case It Indirect ;ablo-Jvive datunult witii iibtrieving Cable
Braking (see pa o 20): If y -1 and f a 0.5, then the relative
acceleration a (thc aocelora'ion in units of g) is

103,00a -, -- , 0 L
4~30 L

The velocity v anJ ener,-y oitput E are •'iven respectively by

V 6,Lj4*JUQ0 L
w + 60 L

and

4 V2

r: g



Came 11t Indirect Cable-Drive Catapult with Shuttle Braking
%see page 38): it L, aa3umued that the shuttle and tow oable are
braked by a braking force applied at tne shuttle, and that no
retrIeving cable 18 used. The length or run used in the braking
phase may be determined from equation (88). If f * 0.5# then

I100,000
W + 15 L

and the terminal velocity v and energy output 3 are given by

V '6g440,000 L
v=• + 30 L

W - 2
2g7

Case I1i: Indirect Cable-Drive Catapult with .Multiple
Brak.ng (see pase 43): It is assumed that some •ans of braking
is provided, such as discussed on pAge 43, so that the entire
length 01f run is available for acceleration. If I - 0.5 as
befors, then one finds for the relative acceleration a# terminal
velocity v. and energy output a the following:

100.000
WI.w+ 15 L

6,LU0,000 L
V V /W + 15 L

W T2

S2g

Case IV: 1he Shuttle Clutch Catapult, or other direct-drive
catapults (see page 45): An independent means of braking the
shuttle in a-negligibly short distance must be provided at the
end of the acceleration run. An ideal clutcn is assunred, that is,
one capable of developing the safe working load of the cable, The
relative acceleration a, terminal velocity v, and energy output
E are given respectively by

1009000W

v J 6,44,000 L
W

W v2

-1J0,00J L
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The relative acculnoation a is -hoewn in Figure 17 aw a
function of plane welsit W for all four types of cataoula of
200 ft. length. An arbitrary maximum aoeolo ration of 49 is
Indicated in the figu:'e. It is inturosting to note that the
aoceleration attains a rinite limit for zero plane woirht. The
terminal velocity v and energy output 3 for the four cases for
catapult runs of 200 ft., 400 ft. and 800 ft. are shown In
Figures 18, 19 and 20. The breaks in all the curves arise
from the fact that In all cases the acceleration was limited
to a mazinumu or 4g, as Indicated in Pjgure 17 for catapults of
200 ft. length; the equations above were suitably modified to
take this litation Into account.

in all of the curves it chould be noted that the performance
decreases in the order of Cases IV, 111, 1X and I. The difference
in performance is small In the 200 ft. catapult but becomes quite
large in the 800 ft. catapult. For the greater length, the
conventional catapult of Case I :an not attain an acceleration
of 4S except for a plane waight of l,000 lbs. or loss.

The variations In relative performanoe of these four types
of catapults are furtier on:hasized in Figures 21, 22 and 23,
which show the velocity and energy output for Cases I, II and III
as percentases of those for a direct-drive catapult (Case IV).

Figure 21 for a conventional catapult with retrieving cable
braking (Case I) shows that the velocity and energy output an
seriously reduced as the catapult length Is increased. For the
200 ft. run the energy output averages about 75 per cent of that
for the direot-drive; for the 400 ft. run it drops to about 60
ptr cant; and for an 800 ft. run it averages about 45 per cent
with a minimum value of loss than 35 per cent# It should be
emphasized again that thLe enerE- ncc'oase Is due entirely to
the decreased speed that can be obtained and not to a docresee
in permissible weight; the weaijht is unlimited In both cases.

Figures 22 and 23 show similar results for Cases II and
II1, but th, reduction In performance is much smaller than fur
Case 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 direct-urive catap;ult; and even with an 800 ft.
run, the velocity over nost of the range is more than 85 per cent
of that for the alreot-drive catapult, and the energy output over
the weight range consiuered averages more than 80 per cent of that
from a direct-drive catapult of the same length of run and
engine capacity.
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CONCLUSIONS

The results of the foregoing sections show clearly that
limitations are imposeil upon the performance ot a catapult when
the force prodaoed by the engine Is transmitted to the aircraft
by means of an accelerated cable. The use of' the cable inposes
a limit on the maximum velocity that can be attained, and
reduoes the velocity under other operating conditions below
that obtainable were the same engine used tor a diroct-drive
systems

The conclusions to be drawn from the previous analyses may
be summarised as rollowas

1. Indirect-drive cable catapults have an inherent upper
speed limit beyond wi*tch It is Impossible to accelerate
withoiu exceeding the sate working strength of the cable,
This ultimate limit for a length of conventional cable
equal to the total length of run has been shown to be
802 rt/sec.

2. Although this limLtin& velocity is considerably in excess
of any velocity required at present or in the near future,
the usable speed that can be obtained in a practical
oonfiguration and without excessively heavy cables is
considerably less than the ultimate maximums

3. In terms of idealised cable limitations only, without
regard to increases in engine power and total weight
Introduced by the use of cables# the ma•xmum speed of
any catapult is determined by the permissible acceleration
and the total available length of run. The speed limitas
tions here discussed, then, do not become prohibitive,
except with a high degree of multiple reeving, until
either the allowable acceleration or the length of run
Is increased to a value considerably in excess of tllat
in current use# The practical limit of a cable-drive
system arises from the rapid increase in total weight
of the installation as the length of the accelerated
run is increased to provide a higher tear.Inal velocity.
The increase in total weight becomes serious at velocities
well below the Ideal limit.

4. A multiply reeved system introduces more serious
limitations than a l-to-I reeved nystem. The limiting
maximum velocity attainable, regardless of weiL'7ht, decreases
as the multiplication of reeving Is Increased. For high
degrees of reeving this decrease results in a limiting
ivelocity not greatly in exceas of 'lie velocities to be
expected in the immediate future. Even more important,
the total weight of an installation nocessary to attain a
specified velocity even considerably lees than the maximum,
Is appreciably gre&ter for a multiply reeved system than
for a sinly reeved system. The Univorsity of Kansas
group believes that multiply reeved systemns are

;r U ture,
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5- The seriousness or the cable limitations In increased as
the amount or cable (or equivalent length of other
accelerated and decelerated masses) is Increased. Por
this reason, Indireotodrive catapult performance csan be
improved over the existing hydrauMic arzangement bys

a. The use or shuttle or multiple braking systems;

b. Elimination of multiple-reeving systems.

It tiast be. recognized, however& that the elimination of
multiple reeving almost necessarily eliminates the
hydraulic catapult for high capacity service. It Is
extremely unlikely that a 1-to-I coupled Indirect-drive
hydraulic system could prove feasiblep partly from weight
and size considerations, but particularly from high
velocity fluid flow limitations*

6. The limitations in present systems result In part from the
necessity of" braking the entire mopv~n cable system by
means of forces transmitted through the retrieving *able.
Por this reason the length of accelerated run is
conaiderably less than the total length of run available.
Thus the suggested improvements in braking arrangements
(i.e. shuttle or ziultiple braking&-as discussed on
page 38)# improve perforoance not only by reducing the
weight of accelerated cable but also by increasing the
ratio of accelerated to total run.

7, Thare is no lL=1t %, the weight of airoruft 4"'ch can be
launched with cable-drive catapults4 Purthermorep the use
of cable materials of higher strength to weight ratio,
which may soon become commeroially avllable, will
increase the usefulness of this type of unit. Finally,
although the indirect-drive cable catapult is not capable
of indefinite extension to ever higher velocities, the
1-to-I indirect cable drive is capable of extension to
velocities sufficiently hirher than those now used that
it will be practicable for several years to come. It
should be realized, however, that the range of extrapolation
to very high capacity is limited for all indirect-drivw
cable catapults, and 6mphasis must be placed on the
development of other types.

8. The continuous -able drive, shuttle clutch catapult offer&
possibilities for medium capacity installations. Such a-
unit retaina many of the equipment-location advanta&g3
of the indirect-drive cable catapult, but is without .
s•avoz-l o. tUei severe disadvantages. on the other hand,
the introduction of the shuttle clutch leads to different
specific aifficultios of design, con3truction and service.
The shuttle clutch catapult is aLmost certainly impractical
for high capacity Installations.
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9. In the final analysis, the choice or a catapult is a
compromise among tile contradictory dealres for the be~t
possible unit from the atandpoints or:- (a) low over-all
weiFvht; (b) low topsaide weight; (c) high effLoienoy;
(d) protection from damage: (e) reliability and
durability; (r) lack of Interference vith the a&=or
and structure of the fl•ght dock and with other carrier
equipment. The indirect-drive cable catapult appears
quite favorable at present in all of these respects
except over-all weight and efficiency. Per low and
medium capacity use# It is satisfactory in its present
stage. of development. However# since it has deflitte
limitations even within the range of speeds possible Ln
the foreseeable future# It seems futile to expend fuinther
great eff1ort on Its development for very high oapacliy
use. sRather, development work should be concentrated on
the more practical direct-drive systems capable of much
hLgher capaoities. If space and convenience dictate,
arn direct-drive unit can be converted to an Indirect-
drive 318tOM or smaller aupacity. 1hus it successful
high capacity dLreot-drive units can be developee, the
whole launching problem is solved.


