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PREFACE

In Auguet 1951 2 University of Kenses Researsch goup was
azsigned to atudy the general prodlez of the launshing aed
landing of ecarrier aircrart. The work xas done under sontract
ONR 563 (0l)e The purpose of the study was to obtein from
a well-trained diversified group not too imbued with past and
presont Xavy thinking and prmoedure, sn indapendent evalustion
of the prablem and possible methods of sclutlon, smphasis
being placed upon developmsnt to meet future mneeds rather
than just to solive lmmedlate problems.

It was left teo ths group to ochocae those azpacts of the
problem on which %o concentrate. As & reasult, ssrtain aspeots
cf the prodlem have been astudied intensively while others
have been considered only superfisielly. In analysing
ths problem and dividing it into its several aspects, the group
asksd two Qquestiona:- (1) Is this aspect of the problem of
decided importancet (2) Can the group make a worthwhiie
ocontridutisn by studying intonsively this aspeot s the
problem? Emphasia was placed upon those aspacts for which
the snswer to each question was affirmative.

@w group submits its final report in four partss The
title and gensral oontsnt of each part iz as followeg

Part I. General Report.

T™ig seoction presents in a comprehensive yet
understandeble mannsr the problem as the group
sees it, and makes clear what the group beliaves
can and/or should be dons. This section is
relatively free of details but comprohonsive

58 regards genaral oconoclusions.

Part II. Limitacions of Cable=Drive Catapults.

This section prescnts & deteiled study of the
limitations oi cablee=drive cefapults and the
- Delative effsots of diffsrent modifications of
- oable drivez. It is rather analytical.

Pert III. A Multi=Jet Driven Catapult {(Hydrapult).

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

& "hydrepult.® Although emphasis is pimceu upon
the general features and operation cf the proposzed
hydrapult, numsrous detaile are includad.
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Part IV, Barricades.

Thia section presents ths rssults of 2 modeld
study of barricades, It oontalins meny tabulap
data giving force distributions ameng the
various elemsnts of typloal barricadss.
Rumerous photographs 27¢ inoluded.

The University of Xecnsas Research Group as=igned to study
this problem and submit this report was composed or the
following staff membersi

We Jo Argarsinger, Jr., Ph.D., Associate Profeassor of

Wa
Mo

Pe

e

D.

Ge

Qe

1l
2

3

Ohsmiastry.
Seagondollar, Ph.D., Assistiant Professor of Physics.

smp-ca,l PhsDe, Trofessor of Asronauticel Rnginsering
and Chaimin of departmsnt,

Smith, Fh.D., Aesoclate Profszsor of Rleotrical
Bnginsering.

Snydor.z Ph.D., Associate Professor of Mechanical
Enginsering and Chalirman of department.

Stranathan, Ph.D., Profeasor of Physios and Chairman
of department,

Wilson,3 Ph.D., Professor of Electrical Enginsering
and Chaimman of department.

Wisemsan, Ph.D., Assistant Professor of Physics.

Resigned from group January 15, 1952.
Resigned from group August 15, 1952.
Resignedé from group March 12, 1952.
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2RTRODUCTIOK

A catapult must furnish to the sircraft being launched a
large amount of snergy in = very short time intervel. Since
¢ machine whici can produoce directiy great amounts ol power
for short time intervals 8 impracticzile, ths usual procscure
1s to store a large amount of aeanergy in some potentlal form and
then release thire energy during the lsunching period. The
supply of paiential anergy is then reestablished during the
rolatively long time interval betwsen launchings. ‘The basic
problem with such machinss is that of developing a satisfactory
mothod of transmitting the energy from the storage units to the
airoraft. Aay practicsl transmission system must be reliablej
it must be oapable of delivering the required engrgy in the
ghort time interval available; it must not be too massive; and
the mass of meterial that has to be accelerated with the airoraft
nust be kept low.

Ve

) - PPN - -
Baslic Principls of ths Hydsapult

Cne methud of energy transmission is that used in the Pelton
water whesl. In the catapult ccasldered hers, the water buckets
are attached t¢ a shuttle which moves along a straight traock
rather than %0 & wheel which rotates. The aircraft is attached
to the shuttle in a standard manner. Work has been dons else-

where on % system u51n§ a single, larggojet of watsr.” With a
single jet sericus difficulties arise because of divergence of

the stream a8 the nogzle~to-shuttle dlatence becomes large. In
ercer to aveld this difficulty it 12 proposed that many nogzles
be plessd beneath the shuttle track. Each noztle will be
turnied on a5 thae shuttle arrives «t the position whers the

Jet from tbat nozzla will strike one of the bucke ts mountad

on the shuttle., As the shuttle moves to a position where the
jet from this nozzle will no longer strike a bucket, the nogzle
will be turned off. Thus the thrust of the single atream will
be replaced by many short-time impulses as succeeding jets cof
water (or other fluid) propel the shuttle.?

In Greek mythology the "hydra®™ was a many-haaded asea
soerpent., The name hydrapult 1s propcssd for a catapult of
the multi=jet design. The essential features of & hydrapult
are shown by the schematic diagram on the following pagee.

# "Considerations on a Laerge Hydraulic Jet Cetapult,™ by
Langley Asronautical Laboratory, NACA RM L51B27, April 1951.

# This basic 1dea has been under sonsideration by this group
since September 1951. It has been considered indepondsntly
by FP. 0. Ringlet and others, "Dynamics of a Hydraulic Jat
Catapult with Automatic Jet Control," NAMC Report No.
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Basic Components of the Hydrspult

The gsneral festures of the ssversl bzzic components of the
hydrapult will now be considered one by ones. A number of them
will be considersd in Zetail latex.

Acoumulator-Ram

The acoumulater{s) will contain & high pressure gas charge.
The prassure will be transmitted to the fluid by means of &
diaporagm or piston. Appropriate controls will insure that
the pressure 1s tranzmitted at the proper time.

Hi Pressure Pipi Systea

A high pressure piping system will run from the accumulator-
ram unit(s) to the nozzles which are located along the accelsrated
ruie Flow of thiy fluld from the noszles agalinat ths buckets on
the shuttle will be controlled by fast acting valves which are
activited by the shuttle,

Shuttls

The ahuttle will move along the track as a result of the
force zxsrted by the high pressure jets from the nozzles
pleying on tuckets attached to the shuttle. This motion can
be transmitted to the plans by an appropriate bridle and hook
arrangement £o provide a direct drive, or by a cable system
to provide an indirect drive. The length of the shuttle should
be approximately 10 feet. A height of 1 foot and a width of
2 or 3 fest appear feasible. Thus there 15 a good possibility
that a direct drive arrangement can be utilized, with the
shuttle operating in & channel directly under the flight decks
The buckets on the zhuttls will be of the Pelton type in whioch
the Jet impinges on a sharp dividing line which splits thse
streem in half, with saci half undergeoing & change in direction
of almost 180°., 3Since Pelton type buckets in existing water
wheels withatand impulsize forces of over 100,000 1lbs. per
‘bucket, it would seem that design of satisfactory hydrapult
buckets would not bsa too difficult.

Fowe r Plant

After ths fluid leaves the buclets it will impinge on the
walls of the channel, go to a collecting duct at the bottom or
side, and enter the return piping system. The fluid will then
be pumped from the return system into the high pressure system
by means of hydraulls pumps. The pressure will return the
acoumulatoreram to battery position as the fluld is pumped into
the high pressure system.

oy ‘_ RRE
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Brake

If = direct drive syatem is uged, the only moving wmass
whiock raguires a brake ia the shuttle with its attachsd buckets.
Becaurs of the comparativaely light shutile weight, a waler brake
can be used to decelerate ths shuttle to standstill in e short

distance, sey 10 feet. The design of the water brake would
present no major problem.

Retriovigg Mechanism

FPetrieving the shuttle is a simple matter because it is
not attachsd to a cable or piston. / possible retrieving
mechenism could consist of an elsctric motor driving an endlsas
cable. The cable would have a dog attached to it; the dog
would engage uhe shuttle and ssturn 1t to battery,

Alr Compressor and Associated Pipigg

An eir compressor installation, and possibly an associated
high pressure piping system, will be necessary tc prechargs the
accumulator-ram(s). Howevsr, the capacity of the compressor
system need not be large since after the initiel alr charge is
placed in the accumulaters, addition is required only to
compensats for lesakage.

Miscellansous

The hydrapult may also require other miscellaneous devices
such as an initial tensioner, a runaxay shot preventer, and &
pneumatic-electrical valve operating system. None of these 1is
likely to present a serious development problem.

Genoral EBvaluation of the Hydrapult

The hydrapult appears to offer a promising method of
catapulting heavy loads at hizh velocities. The component
parts of ths hydrapult are of standard design and hence should
require a minimum of development. Once a given hydrapult design
proves satisfactory, the design can be modified to handle
heavier loads at ths samo terminal velocity by increasing the
area available for fluld flow. A nearly linear relationship
between catapult weight and dead load welght i1s obtained for
any given terminal velocity.

By causing a number of Jets to play on the shuttle at any
one time, a ratio of maximum to average accelsration nearly
equal to unity can be obtained. For instance, using six jets,
and using an initial accumlator pressure which is 1.60 times
the final pressure, a ratio of max/av. aoceleration of 1,02
cant to obtained. If only one jet is used, with the same
pressure range, & valus 1.1l 1s obtained for the ratio max/av.
acceleration. If a 1limit is placed vpon the maximum acoelsr-
ation, the fact that the average acceleration 1s so nsarly
equal to the meximum allowa the use of a shorter scaslerated
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Another advantage of the hydrapult is its adaptibility to
launching planes of various welghts. There are three obvious
methods of adepting it for planss lignier than the designed
welight, Ome of these 1z ic rendsr sslscted nozzslss incperative.
This method alome would provide prorarly only for plane weights
some submultiplie of the designed weight. Another method is to
reduce the initial gas pressure in the accumuiatoreram. This
mothod 5f adaptetion might introduce considerable camplication
into the valves, pumping, and piping systema if it were
exorcised over too wids & pressure ranges. A third method
is to reduce the nozzle area. Adaptation through reduotion
of noszle area would compliocate materielly ths noszzle design.

Consider, for example, a hydrapult designed to launch &
dead load of 50,000 lbs. with six jets playing on the shuttle.
If alternate nozzles wore rendered inoperastive, & dead load of
25,000 1bs. could be launched at the same average acceleration
and with 2utsa ;ma%l éncre;ae ut‘h the m:/nv. aoc;lomtion ratio.
By using 6, 5, 4, 3, or 1 of the possible six jsts playing on
the shuttle, loads of 50,000, 41,4600, 33,400, 25,000, 16,660 or
8330 1bs. respectively could be catapulted with the designed
acceleration and an acoesptable av. acceleration ratio. It
would be possible to use in combination with this method the
method wherein the initial accumulaior pressure is redusce? fsr
planes lighter than the maximus designed weight. By selecting
noszles as the major adjuatment and varying the pressure as a
minor adjustment; it would be possible to launch a plsne of
any weight between 50,000 lbs. and 8330 1lbs. with the designed
acceleration.

A further advantage of the hydrapuit is the possible
variation of averag> acceleration along different portions of
the accelerated run. Por instance, if for psycshological or
paysiological reasons it were desired to have a lower average
acoeleration during the initial part of the run and then te
increase the average acceleration in the latter portions, the
nozzle areas and/or apacings could be easily designed to yisld
(within 1imits) the desired results.

DESIQGN FACTORS
In the investigation of hydrapult design and performance,

& number of factors must be considered. The following, which are

the more important of chese factors, will be diascussed ons by
ons.

l. Pluid Vzloocity Bulld-Up Time

2+ Jot Velocity versus Time Relation

3. Ratio of Maximum to Average Accels:aticn
e Accunmiiator-Rams
s Cavitation and Aeration

€. Jot System

7« Valves and Nozslee

e Pocwer Plant
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An important factor in the satiefactory opsration of the
hydrapult is the time required for the fluid (driven by constant
pressure) to apprcach 1its steady stete velcoity eflter being
relessed by a valvs. The importance arises from the fact that
the fluld {from & given nogzzle can play upon ths rapidly moving
shuttle buckets but a short time, For example, if a shuzttle
having an effective length of 12 feet is moving with an average
velocity of 200 ft/sec. during ths time the fluid from &
particular nossle plays on the buckets, the total time that
the jet from this nozzle can exert an effective force con the
shuttle v

= t = ‘2'}5%' - 0006 860C.

Thus, in order that the hydrapult shall conserve high energy
fluid, the velocity build-up time mmust be a smsll fraction of
0.06 seconds,

An applicable formula for the velocity-time relationship
during the build-up period 1z given in, "Applied Fluid Mechanies,"
by 0'Brien and Hickox, McOraw=Hill, 1937, pages 234 and 238. The
relationship is

v-v‘tgnh-g—n—-t
L vy

where v 1s the fluid velocity at {ime ¢ seconds, v_ is the steady
atate velocity, g is 32.2 ft/sec.c, H 1s the effeclive hoad in
fest, and L L5 the effzcotive length of pipe.

For the purpose of determining numericalily &« representative
velocity-time relation for the velocity bulld-up, the following
arrangsment will be eassumed. An aecumulator-ram supplies fluid
at high pressure to a pipe with a nozxzle at the far end. The
pipe 18 assumed to be 5 feet long and 7.66 inches in dismeter
(area 46.2 8q.in.). The nozzle area is taken as 7.1 sqe.in,.,
and the velocity coefficient of the norzzls, C,, as 0.93. The
accumulator pressure 1s assumsd to be 4000 pal, whish corresponds
to a water head of 9230 feet. These assumptions correspond to
a steady state velocity of approximately 115 ft/sec. in the pipe.
If the supply pipe 1s considered to be smooth and to include
only smoothly rounded surves, the friction drop throughout will
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be negligible in comparison to the hesd of 7230 feet. Although
the accumuletor will ba looested below the nogzle, the difference
in slevation is negligible in comparison to the head. Thus, the
only drop in pressure which need be considered iz that in the
noszls,. Accordinglv, the steady state velocity is given by

Vg ™ Cy V2 g H = 0.98 2 x 32.2 x 9230 = 755 ft/sec.

The effective length L of the pipe applicable in calculation
of the velocity builde-up is given by

L.%%-Sxﬁg-o.n rt.

the pipe area, and the noszzle
“ea. “hu. the veﬁcity-tiﬁs%lntiomhﬁ.p for the :gnum.d
conditions bscomes

» gHt 32.2 x 9230 ,
VR Ve temh g= = TS5 tenh oy Tes !
= 755 tanh(511 t) rt/goc.

The following table gives caiculated values of the velcecity
attained by the fluid at various times aftsr the fluid was
started in motion.

t (in sec.) v (in ft/sec.)
11 3 f;’
.002 ng
«003 688
004 730
005 7%6
00 755

The above calculations indicate that if the control valve
is assumed to operate instantly. the Jjet will build up to J1l.1 %
of its steady state veloocity in 3 milliseconds, and to 98.8 € o
its steady state velocity in 5 milliseconds. This indicated
fast ve]ccity build-up would bde entirely satisfactory for
hydrapult operation. Howsver, it would be extremely desirable
to have experimental verification of the calsulated values.
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Jet Velooity wersus Tims Relation

A constant pressure accumulator is not feasible; the
pressure will fall significantiy as the volums of fluld
dolivered by the nozszle increases, Hence, the jst veloocity
will nsvex attaln ths steady state vslue corresconding to toe
initial pressure. Aftsr reaching a meximum &t the end of the
initial build-up, it will decreass thereafter. Consideration
of this variation of jet velocity with time ia important in
evaluating the perfommance of the hydrapult. The velocity~time
relationship will now be developed, after severa) simplifying
assumptions are made. These ezzumptions will not influence
the results significantly. '

Consider an a¢oumuletor-ram supplying high pressure fluid
to a pipe and nozzle aa shown belowe

ACCUMULATOR PISTON e
/ NOZZLE \.\
H AREA Ap : : W/
; |

Initial the welightless piston is at the left-hand position
shown; accumuiator is filled with a gas ol volumes Vy at
pressure 3 the pipe of area Ap is filled with fluid n% rest.
Upon releade of the piston, the gas pressure acting upon the
fluid through the piaton will force the fluild out through

the nozzle of area Ap. As shown in & previous saction, the
transient build-up time of the jet vsloocity will be small

3 to 5 milliseconds if thae initial pressure P% is high and 1f
the pipe 1s not too longe Sinoce the transient build-up time
1s emall (5 % of the total time the jet is in operatiom), 1t
will be neglected in what followse During the time ¢t the
pilaton will move through the distance x. If P and V represent
respectively the gas pressure and volume corrssponding to this
new position of the piaton, and if one assumes that the rapid

expensicn is edisbatic {the total flow time is leas than 1
second),

VeV ¢A,x and PVKep v,
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Combining these two equations,
. R
P "Vl + Ap x)k = Pl 71 . {A)

The actual jet velooity vy will be

vy=C VP = ;ﬁ% | (B)
from which
bp ax
=T (¢)

whore C is a constant, Por water C = G, V22/04 34 = 12.18 CIo
whers cv is the velocity ccafficient of Vthe noszles, where P 1s

in psi, and where vy is in ft/sec.

All frictional and inertial effecots, with the sxception of
nossle friction, have been neglected in writing thes above
rolatiomhips. It has baen pointed out pmviomly that the

Py

neglecisd eflfecis are small, Combining {(A) and {C) azbove leads
to the equation

c
(VI*Apx)k/zdx-_f-ﬂ;vé]_V?dgﬁ
Ap

Integrating this expression,

k/2 + 1 C Ap
1 ST - \/G v t +
- (vq + Ap x) - Y 1 Y K
(/2 + 1) IP P
where K is a constant of integration. Since x = 0 at t = 0,

1 v )k/2+1
(k/zn)».p 1

Inserting this value of K in the preceding equation,

k/2+1
1l

k/2 + 1 CAn ’/{’1"1

Vy + ApX)
TR l)Ap( 1t 4 (k/f+ 1A,
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and solving this expllieitly for x,

we e3Py

. Tk + 1 d

x = 1 An(k/z + 1) Vél Vi ¢t +Vy = x; *
P d

Differentiating with respect to t yielids 2

ax u

B k X+ f‘ w2 -l)l, K42 k
2 1 k 2 s v
®EEn it Ve n* €+ vy | N

]
i

P _ e

But from (B)

A
=2 9
Substituting the above value of dx/dt into this and rearranging
tem.
- / 1 -k/(k+2)
Tk L L (k+2)/2
vy= cvPy Vq lc ,‘n(_l%?_)\/pl vy b4V .

——

In the specific case for which the accumulator gzas ia air
with k ® 1.4, the fluid is water for which C = 12.18 Cg, the
initial presaure Py is 4000 psi, and Cy 18 taken as 0.86, the
last equation above reduces to the folfowing simply through
substitution of numerical values,

r A = '001‘.12
vy® 755 | 1283 == t + 1|
b Vy |

L J

This shows the manner in which the jet velocity depends upon
time, the nozzle area and the initial volums under the oconditions
represented by the specific case. If the axis of the nosgzle 1s
inclined at an angle & with the direction of motion of the
shuttle, the effectivs velcoocity 1s given by

A -; -0 .1;12
Vorr = Yy Cos & » 755 [‘1283 vs t +1 Cos & .

The curve on the followin Vpngo rugg:aenta a plot of this
equation, vere Versus Ant/Vi, for particular case where
the angle & is 15°. Inspection of the curve shows that within
the pressure range 4000 to 2500 psi, the jet velocity-time
relationship is linear within a maximum divergence of 2.3 %.

E

!
]




£ 800
g, Y
E s———corresponds to 4000 psi
% . 700} _
E
600 | _
corresponds to 2500 psi ———=
S00| _
S
.\"_'_400__
C
3001
?.C*O__r
100}
| 1 | i I ]
0001 .0002 .0003 .CO004 .0005 .0006
Ant




-
L~
e
4
k.-
f
&
£
ot
-

T T o 1 T B2 N I, JH 5 P B BN T o et . o

Ratic of Maximums to Average Acceleration

In thig gection a aimplified anslysis of the maximum to
averags acocsieration will be made for a typicel nydrapult. The
shuttle will be assumecd to be 10 fest long, with six buckete et
2-foot intervals. The noztle spacing will al=2o be taken as
2 feet. An accelerated run of 200 feet is assumed. The shuttle
is assumed to be in such a position that the nozzles at 104, 106,
108, 110, 112 and 1l feet are playing upon the buckets. A step
by step anslysis of the required nozgzle area for an average
accelsration of Lg and a force of 230,000 lbs. shows that the
nozzle area revquired would bs 4.52 2q.in. for the nogzle &t
104 feet and 4470 8q.in. for the nozzle at lll feet. Intervening
nozsles would require intermediate arsas. Thus it appears that
a nozgle area of say 4.65 sq.in. would be satisfactory for eadh
of the 2ix nozzles,

When ths noczzls at 1l feet first playa upon the first

shuttle bucket, the effective jet velcsoltiss at the noszles,
as taken from the curve on the preoceding page, are:

iy, " 725 rt/sec.

Vu2 - 690
Vllo = 660
V108 = 635
7106 - 612
vioy * 591

S vere ™ 3913

After the shuttle travels 2 feet, the noz:zle at 10, feet ceases
to play upon the last bucket on the shuttie. At tbe inatant
just prior to this the effective Jet velocities are:

iy, = 690 ft/=zsc.
viiz = 660
iy = 635
7108 = 612
vi06 = 591
Yl = 5T

Z vopp = 3762

Since the nozzle areas were assumed to be equal, and sinoe
the shuttle velocity in this 2-foot intervel has changed only :
from 171.3 to 172.9 ft/zec., the shuttle acceleration is .%
readily cbtainable as a function of the summation ol jet velocities, %

X
Tt



This ideaiized acceleration versus distance relation is shown in
the figure lLelow.

-
I

The reatio of maximum to minimum acceleration in this 2-foot
interval ia

max/min. acceleration = %;%% = 1,04

while the ratio of maximum to average acceleration for the
interval ia

2 1l
max/av. acceleration = x 3913 “ 1,02 .

3913 + 3762

If in order to launch a lighter plane, only >ne nozzle were
allowed to play on the shuttle at any tims, the ratio of maximum
to minimum acceleration would be

max/min. acceleraticn = %%E = 1,26

and the ratio of maximum to average acceleration would dbe

2 x725
ave. &cceleration = = 1,11 .
RAL/) 725 + S74
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It would seem from tha feoregeing snalysis that highly
satisfactory ratios of maximum to averages accelsration would
Yo feasible with the hydrapult, and that by proper nozzle
control & wide varistion in dead loads could be accormodated
without resulting in & tco unfavorabis ratic of max/av.
agcoeleration.

I+ ahculd be pointed out that the sbove secceleration ratios
heve bsen calculated for only a 1l0-foot section of the asocelerated
run. The ratio of the peak accelerstion encountersd within the
entire launching run to the average acceleration for the entire
run will depend upon whetlsr the averezs acscelerstion ia
maintainsed constant throughcut the run. The aversge can be
maintained constant by use of unit accumulators. Even were a
large accumulator feeding many nozzles to be used, the average
acceleration could be maintained constant by soms means such
as proper variation of nczzle ares. If the average acceleration
is kept constant the acceleration ratios calculated above for
& 10=foot ssction would pertain equally welkl to the entire run.

It should also be pointed out that in order to minimize
shock effects as the Jjets change from bucket to bucket, it may
be desirable to stagger the bucket and nozzle spacings slightly
so that all jets will not change at the same time,

Accumulator-Rams

There are two basic types of accurulator-rems which might

be used in the hydrapult, These two types are:~ (1) The small
or unit accumulator-ram in which there is one small accumulator
for each nozzle; (2) The large or miltiple nozzle ascumulator
where one aocoumulator feeds a number of nozzles. It appeurs
that the hydrapult would operate equally well with either type
of accumulator. The choice of accumulator typs will therefore
depend primarily upon the development of a satisfactory velving
asystem and upon the space available for the installation. The
unit type requires a large number ol small volume spaces whoreas
the multiple type requires a small number of large volume spaces.
The unit aoccumulator will deliver a metered amount of water.
The vealves used will have to open quickly, but do not have to
close quickly. On the other hand, the multiple type requires
valves which both open and close quickly. It may also require
some means of reducing water hammer shocks.

It 18 entirely possible that with some modification the
sccumulators used in aircraft hydraulic aystems would be satis-
factory for a unit type installation. The multiple type
sccumulator-rams might be similar to thosa used in die cast
machines such ss the wodsl j00-A manufactured by the Hydraulie
Press Manufecturing Company, Mcunt Gllead, Ohio. This machine
uses an 8000 cu.in. nitrogen acoumulator to obtain very high
pressurs for die casting work. Calculations show thet the total
eccumulateor size is well within practical 1limits when air is
used as the gas, If the initial zair presgure is 2400 psi and

the final pressure is 1130 psi, e 40 x 10° ft.lb. hydrapult
would requgro e total accumglaﬁor %olume of 726 cu.ft,
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Scms ccneideration should bs given to the use cf a gas
charge other than air, If P. and V4 represent the in%tinl
presaure and voiume ol the gta chargs, P, and Vo ths {inal
prassure and volume, &and k the coeflislefit of afiabatio
expansion,

Now the difference (Vo = Vi) is V4, whore V4 is the displacement
volume which is fixed for & gilven design. Hence

k V4

1/
V2 = (ry/P) V) = e

Accordingly, if V, and the ratio P,/P, are fixed, the total
accumulator vo]_uns Vo will depend o?x the value of k. Thus

if « gas with a valug of say k = 1.1 could be used insteaa of
alr, for which k = 1.4, the total accumilator volume would be
decreased by about 25 %. There is some possaibility of designing
a gas mixture with this lower value of ke The possibility
appears worthy of further investigation. An interesting article
on this aspect of accumulator design is one entitled, "Hydraulie
Accummiator for Constant Pressure Operation,™ by Kurlovitas &nd
Svindenkor, Engineers Digest, Vol. 3, No. 10, October 19446,

page 516. However, the process desscrived in this article takes
place over a comparatively long time and thus is 1sotnermal
rather than adiabatic.

It is also possibls to uze asteam near the coritical point
as the charge medium. Its use wculd reduce the ascoumildator
volume required. However, the disadvantage of insulation,
heatesrs, otc., seem to outweigh the saving in accwrulator size,
Nevertiheless, the possible use of using high pressurs, through-
type steam generators as the hydrapult power source has
considerable merit.

In the design of the accumulator-rams and associated piping
systems, allowance must be made for the fact that the forses due
to the noxzle reaction and due to pipe bends must be tiken by
the accumuletor-ram piping system.

Cavitation and Aeration

The effects of cavitation may become very important in any
hydraulic systeme Thus in the design of a hydrapult, all
components where cavitation might occur should be considered
carefully. It would seem that the liquid sides of the ram
surface and the Pelton type buckets on the shuttle would be the
most vulnerable to cavitation effects. PFurther work would have
to be done on this aspect of the problem.
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Since the jet stream leaves the buckets at a fairly high
velocity, considerable air mey be sntrained in the fluid. If
this air wers still in the fluid duwing the succeeding shot,
the poerfommance and efficiesncy of the nozzle would be reduced
greatlys It is pessible that if ths exhaust fluld wsre allowed
to stand for a time bsfore re-sntering ths high pressure pumps,
the entrzined air would lsave the fluid. This might entail useé
of & larger amount of fluid than would otherwise be required.
Other possivilities are ths uvae of centrifuges or hesting to
remove the alir fram the fluid. PFurther study on this aspect
of the problsm would also be deairable.

Jet System

In the direct drive hydrapult, the force driving the shuttle
foivard is exerted by Jetz playing on buckets attached to the
shuttla. The character c¢f the driving force will depend upon
the nature of the jet stream. In order to insure a satisfactory
Jot stream, the nozzles must be carefully designed. Calculations
have shown that the nogzle exit diameter required will be between
2 and 5 irnchea, depsnding upon the design chosen. Since the
nogzles are not uszed to vary the fluld flew, and since nossles
with velcolty coefficients of 0.98 have been built, the nosszle
design ahould be along conventicnal lines. Nozzles up to 12
inches in diameter have been used in hydraulic turbines; end
quite high jet velocitlies have been ussd. For example, in the
Chandeline Plant in Switserland, there are three Pelton type
turbines, each developing 50,000 horsepower and opsrating at
Suggad zf S740 feet.® This head corresponds to a pressure of

P8ie

The buckets should be of the Pelton type in which the jet
impinges on & sharp edge which spiits the stream into halves.
Each half-stream then undsrgoes a change in direction of almost
180° before leaving the bucket. The buckets in present day
Pelton turbine instsllations sustein impulsive forces of over
100,000 1bs. and have satiafactory resiatance to cavitatlon
effects, Thus the design of saticfactory buckets should not
be too difficult.

The hydrapult shuttle is a foree transmitting member only
end can therefore be fairly light in weight., It must support
the buckets and the bridle hook and be capable of withstanding
the forces involved. The shuttle may also have attached to it
certain simple mechanisms necessary to activate the valves
waich control the jets. It may be necessary to offset the
deck slot from the center line of the noxzzles so that there
is no possibility of a Jet strean coming through the slot.

#"Handbook of Applied Hydraulios®™ - Davis, MoGraw=-Hill, pags 517,




i

L L A R R T O IR L QRS AR Mt S g e O

bt ] Vol o lpicbiien < IR b laiila s e

o e

As the exhsust streams leave the buckets; they will have
considerable veloclity. It may thersfore be neceszsary to use
louvers of some sort in the sgides of ths channel so thati the
fluild does not interfere with tha shuttls or the jat streams.

For cold weather operaticn, the fluld used may be some
1iquid with & low fraszing point and with ths density for which
the hydrapult was designed. Heaters may be used to warm exporned
surfaces if necessary.

Valves and Nozgzles

Barly in the considerations of the hydrapult it was realised
that the turning on and off of the many jets of water or other
fluid must be done so precisely as to make the specificatione of
valves severe. The valves rnust sesl against high pressure when
they ars closed. They must be positive in action, never opening
at an undesired time and always opening et the propar time, They
must open quickly and completely, s0 that ths jJjet of fluld can
exert its full force on the shuttle for the proper length of
time, The flow must cease at the proper instant. I1If the flow
ceases ahsad of time, the full impulse will not be given to ths
shuttle. I the flow laats too long, large quantities of fluid
will be wasted. The enlargement of equipment required tz handle
and atore this extra volume of fluid could becoms serious,

The four major factors that must be considered in designing
valves suitable for the hydrapult are listed below. They will
be considered in order.

1. Velooity coefficient
2. Presasure

3. Timing

lie Cross~sectional area

The valve must not reduce the velocity of fluid flow
drastically, elither through causing turbulence or the introe
duction of other restraints. The open valve should preasent =
smooth hole of the proper cross section through which the fluid
can flow. While design of a valve which is satisfactory in this
respect will certainly require careful consideration, it ie
cortainly possible.

The pressure at whioh the valves must cperate is well within
the range of pressures now employed in standard engineering
procedurs.

The timing of the movement of the valves is a matter of
great importance., The fluid flow must start as soon as the
first bucket on the shuttle is in a position to intercept the
Jet, and 1t should reach full momsntum as soon 28 possible.
The flow should cease as soon as the jet can no longer
efficiently engage the last buckst on the shuttle. Sinoce
the shuttle is not of great length, the time ("on-time") for
which ths fluld flows from a given nozzle is quite short.
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1% ia particulerly shori after the shuttle reaches 2 high
velocisy., The on-time san be ocmputed from simple kinematio
considorations. Assuming tho use of water &o a fluid,

&3¢ & 10=foot shuttle with siz ducketz apaoed st 2-foct
intsrvals, =nd sssuming & 200-foot run with & constant
ssceleration 2f Lg, one cbtalins the valuss showm in the

zable beloy Zor the onetimes of nosxles at differsnt psaitions
along Shs run.

One«tips
0 Lot 32 x1illigeoconds
50 ?bo
100 73
150 oC
190 L2

Sinoce the on-time is of the order of S0 milliseconds in
somo instancss, it sesms desirsblis tc use a velive wioch will
opsn in 5 milliseconds or less. Valvee having S millisecund
opening times ars apparently foaasidle in ths pressure range
dezired, The following information quotod from a letter dated
26 Juns 1952 to Warren B. Snyder from M. N. States of the
Chicago OWR office, indicates that cemmercial valves approaching
the rsquirements of the hydrapult exist or can be mada.

1. "Ackomatio Valve Company, Inc., 400 ¥, Michigan Avenus,
Chisagce This firm has svailahle as stock iftems 000 pai

, fast soting velves in 1/2, 3/4 and 1 inch diameters.
Representativo prioce on the 1 inch valve is $250 each.
They do not have information on the speed of opening or
closing except to claim theat they are ‘very fast\ They
ciaim that ths A. 0. Smith Company ia Milwaukse rocently
tested valves of this type, using 3000 psi hydrogen and
founi reliable lifetimes extending to 1 1/2 million
operations. Atkomatic feoels that they ocould design and
build a valve to meet your 4000 psi 50 milliseconds
riormally olosed valve requirement.®

2. "Normsn Briginsering Company, 2115 W. Marqustte, Chiscagc.
This fim is the Chicago representative for the Skinner
Eleotrio Valve Company, Horwalk, Connecticut. They astate
that your requirements are certainly within design

POBBADILILY & Vaaw vimy sevsnviy pitSssssd an soder

for Armour Reassarch Foundation for a 1200 psi 2 sqge inach
opening, 700 gal. mineral oll per minute application with

a 5 millisecond opening and clozing time but with a iimiteQd
1ifetime of about 1000 cyslesze. Thsy stated thal any requeat
for pricing on development valves nhould s 2ddreased to

the home office of the Skinnsr fim."
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3. "Marine and Industrial Products Company, 115C W. Marquette,
Ouicagoe HMr. Vincent MoCeffery, Sales Manager, sdvised
hat this firm routinely furnishes sxtremely fast asting
large valves for AEC, many of which have specifications
for up te 20,000 oparations per minute. Mr. HoCaffery
stated that he would be pleassd to quote on the design of
a guitabls valve if vou will furnish him complata
specificationa. He is of the opinion that your require~
menis would necessitate the use of an air sssinted
solonoid valve oparating on 110 or 230 volts. He felt
that his compsny could design and build velves to meet
your specification.” .

The closing time of the valve should also be of the crder
of 5 milltseconds, simnly to conserve fluid. Sinca it ApposTw
feasible to construct a valve with & S millisecond opening time,
it would appear feasible also to design it with an equal olosing
time were it not for the fact that one would like to close it
egeinst a high fiuld pressure., This requirement will make the
design difficult. One way of aveiding the diffioculty would be to
mstsTr L5y indspendent means the amcunt of fluid flowing through
sach jet. The valves can thsn de closed essily and leisurely.

Aotivation of the valves &t the proper instant is highly
important, It must be done by t:is shuttle. Satisfactory
activation can ceftainly be accomplished, though it may require
an undesiraole complexity of gadgetsa.

This group has made no attempt to design an sppropriate
valve and control system. It does wish to call attention,
however, to one possible method of controlling the fluid flow
without using & conventional valve. The method is simple and
has certain distinct adva‘nugoaﬁ but it also has disadvantages.
The method consists of using & "trigger cap™ to turn the fluid.
Set on, and an accumulator to furnish a metered amount of fiuid.
When the mstered amount has been furnished the jet ceases, and
the trigger cap can be reset at atmosphseric pressure.

™e trigger cep might consist of a flet metal plate
covering the end of the noszle, one edge of -the plate heing
hinged to a side of tho nozzle and the opposite edge of the
plate being latched to ths opposite side of ths noszzle. As
the shuttle reaches that position at which a given jet should
come into play. 2 projection on the shuttle releases the latah
holding the ocver plate in place. The high pressures fluid in
the nossle pushes the cover plate open, and the Jjet oporates
until a metered amount of fluid has been spent. Some mechanism
will then return the caps to the closed pcsition. This mechanisxa
sould be controlled manually or sctivated by the arrival of the
shuttle at the end of Lts run.

One of the major difficulties in such a sysitem would be
the design of gaskets which would not allow the cap to leak
when subjscted to high pressurs. A hollow tloxibgo,
pressurissd gasket has been used -uoooutuily in similar
situations. A tubular gasket mede of reinforoed rubber is
embedded in the face of the nozzls against which the ocap fits,
The cap 1s closed while the hollow gasket is at atmospherie
pressure; the fcros required would be smalle After the ocap
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is latched s gaskei is infiated to a pressurs siigntly larger
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than the marximum pressure to be exerted by the fluid inside
the nogele. The inflated gaaket, 1f properly mounted, would
provids a good seal.

The method of controlling the fluid flew suggestad above
has several distinct advantages over the use of oonventional
valves. It provides for quick opening and for a proper seal.
It siiminatas the necessity of closing and opening agaipst a
large pressure, It is reccgnized;, hovever, that the msthod
presents several difficulties. Both the hinge and the latch
which hold the cap oax the noszle must be heavy. Dashpots
would probably be necessary to absorb the energy cof the cap
after it opens. A relizable mechanism woculd be necessary to
relatch the caps. Alternate infletion and deflation of the
hollow gaskets would have to be provided for. Meny of these
difficulties would te elimineted if a conventional valws with
the required operating characteristics oan be made.

The fourth oconszideration in valive and nozzle design is the
oroas-sectional area. The aggregate jet stream ares which must
play on the buckeis will now be computed approximately. ULet
P (1bs.) be the tot:l ror? ] )rtod on all shuttlo(bu Yss&;
fluid of densit slugs/ft. aggregate arsa A (ft.
jot velocity v y(?t/“g?) strikes ggg‘g ckets on the shuftle
which is movin® with a velocity vgn (ft/sec.). Alsc, let § be
the an%lo between the direction o1 wue jeot velocity and the
direction of the shuttle travel. Furthormore, let it be
assumed that the Jet emerges from the bucket at an equal
angle S .

The foroce sxerted by the jet streams upon the shuttle
buckets 1s equal to the aggregats rate of change of momentum

in the jet streams. Hence, if there is no loss of stream
velooity during contact with the bucket,

F = 2/3.A 'J (vj Cos & « vah) .

If allowance is mads for an assumed S per cent loas of streem
velocity during contact with the bucket, the force is given by

F= 1.95/0A \£ (v'1 Cos & = vgap)

Thus the aggregate Jet area required 1is

P
A =
1.95/0 vy ('j Cos & = vgy)

Coneslder a hydrapult operating between pressures of [00Q0
and 2500 psi and accelerating a 50,000-1b. load at Lg for a run
of 200 feet. The aggregate nozzle area A from which fluld plays
upon the buckets at any instant will depend upon whethsr the
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dosign employs unit accumulators or one large acocumulator. If
unit accumulaters are employed the jet velocity used to celculate
the &rea should be that corresponding to the sverage pressure
3250 psi. The calculated aggregate nozzle arsa A ranges from

17 sg.in. at the start of the run to 26 sq.in. near the ené of
the mun., If a singls large accunulator were used the Jjet
velocity at the beginning of the run would be that corresponding
to a pressure of 4000 psi, whereas the velocity neesr the end of

the run would be that corresponding to 2500 psi. The correspond-

ing aggregate areas range from 1l to 43 sq.in, In elthier case,
if the aggregate area were divided equally among six circular
cross section jets, the Jet diameters would fall within the
range froa 1.7 to 3.0 inches.

The operating pressure range {Py = 4O0C psi and Pr = 2500
psi) for which these calculations have been cerried out is not
the optimum indicated by the equation derived in a later section
for the minimizaticn of weight. Larger nozzle diameters would
result if the calculations were scarried out for the optimum
pressurs range, but even then they would be less than 5 inches.

Power Plant

The hydrapult would require a high pressure pumping system
with a suitable powsr supply. Indicated below are two types of
pumps, one small and ons large, which are currently available.
The =mall one would be usefui only with small unit accumlators.
The capacity of the large one is comparable tc ths capacity
required if but a single large accuwmlator is used,

1. Dowty Rquipment Ltd., Choltongtm, England%hmtmufncturos

& small two-stage Vardel pump™ which has the following
specifiscationss

5 13.5 1bs. weignt
uoggnpei 85 % efficiency
3900 rpm

2. The Worthington Pump Co. manufastures a larze pump which
has the following specifications:

2140 gpm €000 1lbs. weight
4020 psi 6300 horsepowsr
10,000 rpm

Thus 1t seemsa that there is available at least one pump which,
with some wodification, would be satisfactory for hydrapult
service.

The choice of power supply wili depend upon the puxp used

@8 well as upon such factors as convenience, resistanes to batilas

damage, ease of repalr, weight, simplicity and reliebility.

# "aApplied Hydraullcs," July 1952, page 90.

o ek <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>