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SUMMARY 

c 

A survey of various  types of catapults, which has  been made i n  
connection  with  the problem  of acceleratlag a large (100,000 lb)   car  
along a t rack   to  a speed of 150 miles per  hour, is  given. A hydraulic 
Jet   catapult  i s  indicated as the  best-suited among these  catapult  types 
for  the  purpose  intended, and various  design  problems  of this   type  are  
treated.  Equations are given  for  calculating  the performance  of t h e   j e t  
and of  the  test   car,  and consideration i s  given to  the  physical  conditions 
affecting  the jet  flow.  Design  procedures are presented  for  the  jet 
nozzle and for   the bucket on the  car which receives  the  Jet and imparts 
thrust to   the  car .  

The expected  propulsive  efficiency  of  the  Jet  catapult is given 
and the  effect  of a side wind on the  Jet   t ra jectory i s  calculated. 

INTRODUCTION 

I n  various  connections  wfth  research and development there  has 
arisen  the  necessity  for  accelerating a large mass along a track up t o  
a hi& speed. With regard t o  a particular  research  requirement, it was 
necessary t o  consider  acceleration of a 100,000-pound tes t  car up t o  
150 miles  per hour within a short  distance. These requirements  indicated 
catapult means fo r  providing  the  acceleration. 

A survey of various  catapult mechanisms fo r  use  with  this system 
was made. As a resu l t  of t h i s  survey, a simple  hydraulic  Jet  catapult 
was selected as the most suitable.  It is believed that there may be 
general  interest fn the  present  study of  the  various  catapults and that 
other  applications  exiet   for the hydraulic je t   ca tapul t  which is given 
special  consideration  here. "he purpose of t h i s  paper,  then, fs t o  
present  the  survey and t o  describe  the  considerations  given  in  the  desfgn 
of  a hydraulic  Jet  catapult on the   basis  that it is t o  be  used in E 
system i n  which the maximum car  velocity and the car weight are specified. 
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The hydraulic  catapult  described herein conaiats of a eingle high- 
velocity je t  of  water which issues from a stationary nozzle at the 
star t ing .  end of a teat- track and I s  directed at a return bucket 
mounted on the  stern of the carriage or test  car. This bucket (as in a 
Pelton wheel) turn8 the Je t  almoet l&lo and the return Jet issues just 
below the incoming stream. The force on the bucket cawed by this large 
r a t e  of change of momentum the Jet i a  the force that accelerates the 
teat   car  up t o  a desired  velocitg. The accelerating d i e t m e ,  or the 
maximum iene;th of j e t   t rave l ,  i B  comidered to be in the neighborhood 
of  400 feet .  

After a br ie f  ~urvey  of varioua " p e e  of cat&pults in the first  
par t  of the  paper, a short analytical eection which dea l8  . . w i t h  the 
perfomance,of  the  hydraulic Jet catapult is presented. Subeequent t o  
the  analysis, cowideration i s  given to the physical  conditione  affectFrrg 
the  Jet  flaw. A160 Fncluded are eectione la which design procedureB are 
outlined for the J e t  mzzle  and f o r  the returnbucket on the c a r .  Values 
of probable propulsive efficienciea a8 obtained fram model t ee te  are 
given for  the jet-bucket system. 

U 

e 

P 

A 

b 

CD 

d 

nozzle  elevation above horizontal, degreee 

total  angle through which J e t  i a  turned by bucket, degrees 

air denaity taken at standard condftiona, aluge per cubic foot 

crose-sectional ares of jet, aquare feet 

acceleration of carriage due to   Jet   react ton,  feet per second 
per second 

lateral acceleration of Je t  due to aide vlnd, feet per second 
per second 

width of bucket at et& of turning section, fee t  

drag coefficient fo r  Bide drag on Jet .  due t o  CFOBB VLnd 

4 
. .  

J e t  diameter, fee t  

.. . 
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8 

FC force on carriage due t o  Jet  reaction, pounds 

g acceleration due to   gravi ty ,  32.2 feet  per second per second 

n exponent for  polytropic change in volume taken  equal t o  1.2 
(pVn = Constant) 

P arithmetic  average  pressure used t o  accelerate water, pounds 
per  square  inch 

P instantaneous air pressure ueed to  accelerate water, pounds 
per  square  inch 

PO 

8 volume of water  discharged d u r a  catapult  etroke,  cubic  feet 

W t i a l  pressure of compressed air, pounds per  square  inch 

wc R =  wA(1 - cos 0 )  

8 C  distance  of  carriage  travel,  feet 

EL l a t e r a l  displacement of jet due t o  side wind, f ee t  

t time,  seconds 

t C  time of carriage run during  catapult  stroke,  seconds 

duration of j e t  discharge,  seconds 

V 1  average jet   velocity,  feet per second 

VC carriage  velocity,  feet  per second 

vi instantaneous je t  velocity at any point,  feet  per second 

instantaneous j e t  velocity o f  efflux, feet per second 

instantaneous jet   velocity  of  efflux a t  t j  = 0, feet  per vJo second 

VW velocity o f  cross wind, feet   per  second 

V volume of compressed air,  cubic feet 

vO i n i t i a l  volume of compressed air, cubic  feet 
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W density of water, 62.4 pounds per  cubic f& 
. 
t 

x, z coordinatee of nozzle  surface contour i n   t a b l e  I 

Y instantaneoue  tradectory  height,  feet 

Subecrlpt: 

Presented in   t h i s   s ec t ion  I s  a eurvey of varicsus tspee  of cattrpulte 
which might be suitable for accelerating a 100,ooO-pound t e s t  c a r  up t o  
a translational speed of 150 miles per hour.< Because of the adverse 
e f fec t  of large  acceleration on the measuring Inertrumente which would be 
used, the peak acceleration is considered t o  be l i m i t e d  t o  about 38. 
In  order t o   i l l u s t r a t e  the magnitude of the farce iwolved during accel- 
eration, an average  acceleration of 2g, which would indicate a ca t  ulting 
force of 200,000 pounde, may be  taken. On an energy  baeie, 75 X 1 foot- 
pounds of energy u t  be  delivered t o  the car by the  catapult. W e  
catapult  capacity wae found t o  .exceed by many tfmee the capacity .of the 
largest  catapults developed up to thfa time and it follow8 that an 
adequate  catapult had t o  be designed or developed for the caee under 
consideration. A considerable amxmt of e f f o r t  has, therefore, been 
spent in  prelhinary  engineering studLee and coet eetFmatee of the 
V a r I O U 8  catapult system. An adjective camparison  between initial coste 
and operating coeta  of the various t y p e B  of c a b p u l t s  conrr'idered I S  

given in the  following  table and a more complete  discueeiun of the 
catapult  typee followe the table: 

3 I 

.. 
. .  
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- 

KO. 

- 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

- 

Type of 
catapult  

Dropping 
weight 

Flywheel 

Blowgun 

Slot ted 
tube 

Piston 

Rocket 

Rocket 

Hydraulic 
( j e t )  

Rocket 

Rocket 

Hydraulic 
( J e t )  

Electropuli 

c 

" 

1 

1 

1 

1 

1 

I 

1 

t 

- 

lropping  weight  (cable 
and  sheave  system) 

Flywheel (clutch,  cable, 
and sheave system) 

;ow-pressure, large-area 
piston  (expansion of 
powder or  compressed 
air) 

3igh-pressure, small- 
area  piston  (hydraulic 
and compressed air, 
compressed air or  
powder actuated) 

Reaction type, so l id  fie1 
propellant  (adds  extra 
weight t o  carriage) 

Reaction  type, l iqu id  
fuel propellant  (adds 
extra  w e i g h t  to   car r iage  

Reaction  type, water and 
compressed a i r  (added 
carriage weight 
prohibit ive) 

Impulse type,  solid fuel 
propellant 

Impulse type, l iqu id  
fuel   propel lant  

Inqulse  type, water and 
comgressed air 

Squirrel-cage  electric 
motor laid out f la t  

I n i t i a l   c o s t s  
development and 

construction) 

Operating 
costs 

Low 

LOW 

Iigh  (with 
powder) 
h w  (with 
air) 

Iigh  (with 
powder) 
L o w  (with 
air) 

Hgh (with 
powder) 
;ow (with 
compressed 
air) 

Very  high 

Medium 

LOW 

Very high 

M e d i u m  

LOW 

LOW 
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TIE more conventiod  catapult-  wetent (for example, -ere I, 
5, and 6 )  are discarded  became of either high initial costa or  high 
operating coats, or  both. Navy eqerience via eheaoe and cable ayateme 
indicates that the requirements dated prerLo~8lg are beyond #e probable 
limits for  eatisfadory  operation of such ayateW3; t h e ,  because of t h i e  
consideration and of Mgh initial costs, the dropping 'we-, the fly- 
wheel, and the piston tspe of  catapult6 are diecarded. 

TIE blowgun and s lo t ted-me  types  of c a t a p ~ ~ ~ t e   ( m e r e  3 and 4, 
respectively)  uti l izing compreesed air showed m o r a e  prcmiee. The blowgun 
device employe a large  tube wlth the car . i t se l f  acting ae the piston. 
It therefore has the serioue disadvantage of limlthg t o  an ertreme 
degree the form, size, and heigat of drop of the test ~eclmen,  e w e  
nothing llnay project beyond the smoth car  outllne. In the  slatted-tube 
catapult the t e s t  specimen is e%termal and i e  connected to a piaton in 
a slotted  cylinder and therefore hae the advantage that the car and te& 
specimen are not limited as t o  dlmenaiom. Both the blowgun and slotted- 
tube catapults, however ,  require expenaive development and have a high 
i n i t i a l   cos t .  

A study of reaction  type of catapulting eyete~m diaclosea that no 
catapult or  dored-energy system  can be carried econormlcslly on the 
carriage itself. If the some of energy is  c w r i e d  on the carriage, 
the mass that muat be  propelled is increased by the we- of the 
propulsion system.  Since the 100,OOO-pound value for carriage w e i g h t  
includes  bare  etructural weight and model welgkb, w e  of a-s;yetem such 
as deecribed means that the  energy of the catapult ayetern nnxat be 
incressed to compenaate for   the added welght. Became  of the added 
weight and the high operating  code, a l l  the reaction type8 of catapults 
(numbere 6,  7, and 8) are not comidered  feasible. 

Impulee J e t  systeme employing aqy of the  gaaes as the fluid medium 
(number8 9 and 10) are of  such l o w  efficiency that they cannot  be used 
economically. 

O f  the  ayateaa considered,  the one syetem found tht gives the 
required  capacity at  lov initial cost and low operating cost  is  the 
hydraulic m u l e e  syatem, Ilumber U. One arrangement of t h i s  Bystem 
i s  shown in fLgure 1. 

The hydraulic Impulse catapult shawn operatee on the aame principle 
8s  the impulse turbine,  except that a eingle bucket ia ueed with straight 
rull i n  contrast to the usual mtrltibucket a t r ~ n t  v i th  a c l r c u l a r  run. 
I n  the eystem shown, air ie cmrpressed in to  an air tank which is connected 
through an air control valve t o  the  tank conkintug the  working charge of 
water. The water  tank has a nozzle dfrected at the jet-return bucket 
which i e  mounted at t h e   d e r n  of the carriage. Preamre is maintained 

? 

I 

, . 
- !  
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only i n   t he   a i r   t ank   un t i l  immediately before  the  catapulting run, at 
which time the air control  valve i s  opened. The water  control  valve 
outside  the  nozzle i s  then opened and the  resultant je t  drives  the 
carriage down the  track. The lower relative  cost  of  t h i s  system i s  due 
largely  to  the  lack of a complex mechanical  connection t o   t h e   t e s t  
vehicle  during  the  catapulting  stroke. With this system, the  cost of 
e lec t r ica l  pumping  power and water make-up per maximum capacity run 
becomes a very minor par t  of the  total   operating  coste.  The system i s  
described  herein and the important  engineering  aspects are discussed. 

I n  this  section,  equations  aze developed for   the  jet  flow, which i s  
assumed t o  be ideal, and for   the  motion of the  carriage which is cata- 
pulted by the  Jet .  Because the  available  treatment of jet-bucket 
relations i s  concerned with  the  impulse  of a j e t  on a succession  of 
buckets on a wheel moving at conetmt speed and this  treatment is not 
applicable to   the  present  problem, an analysis ie made which uses as 
much of the well-known treatment  as is u s e m  and makea modifications 
8 s  required.  Figure 2 illustrates  the  configuration  being analyzed.  

The equation  for  the  velocity  of  efflux  of  the water jet from the 
nozzle as a f’unction of time  can  be  developed by recognizing that the  
volume of  water  discharged i n  any given  time is equal to  the  increase i n  
air-charge V O l U m e j  also,  use i s  made of the  equation  for  polytropic 
expansion of a i r  t o  determine the  variation of air pressure  with  time 
and the  equation for velocity  of  efflux  to  convert  the  variation  of air 
pressure  with  time  into  the  variation  of  Jet  velocity  with  time. These 
two relations in the i r  familiar forms &re given By the  following two 
equations: 

pvn = Constant = povo n 

where povo i n  equation (1) represents  initial  conditions and equation ( 2 )  
cpplies  for p i n  pounds per square inch and w i n  pounds per  cubic 
foot. 
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By m e  of equations (1) and (2), an expreeeion can be obtained 
which gives the Fnstmtaneoue Jet velocity of efflux i n  tern of the 
initial condittons and the imtantaneoue volume of the air charge: 

. 
II 

Since  the rate of increase of the air-charge volume i e  equal to 
the volume r a t e  of water  diecharge by the  Jet, the following equation 
must hold: 

where A is the  Jet  area. 

By combining eQuatfone (3)  and (41, 'the rate of cb,ange of air- 
charge volume fs obtained in terma of the instantaneous air-charge volume 
and the initial condittons: 

dv - 4 2  = c1v 

. 
- .  

Integration of equation ( 5 )  yields an expreesion for  the inatantan- 
eous air-charge volume v a8 a fbxtion of time. Wetitution of W e ,  
expreeeion i n  equation (3 )  give8 the following equaticm f o r  instantaneoue 
Je t  velocffzy i n  t e r n  of time of J e t  f l o w  tJ and the initial conditions: 

where C 2  = . Thie equation fo r  inetantaneaue J e t  velocity 
VO 

is used i n  the following development of the equations of nrotion for the 
catapulted maee. 

The equation of motion for  tde catapulted mma ie developed in 
accord w l t h  Hewton's second law; that IS, the force exerted on the 
catapulted maas by the water Jet f8.equal t o  the  product of the catapulted 
mass and i t 8  acceleration. 

*. 

I 
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The velocity of the water stream at the  instant o f  impact upon the  
bucket i s  denoted by Vi and is the same as  the jet velocity Vj, a t  

the  time t j  = tc - %. , where this expression  takes  into  account the 

time of travel  of the stream from the nozzle t o  the bucket. The water 
strean thus  enters  the  bucket w i t h  a relative  velocity V i  - Vc and, 
i f  it i s  turned  through an angle 8 and i s  assumed to  leave the  bucket 
with the same relative  velocity (no energy loss), the  catapulting  force 
exerted on the  catapulted mass is given by the equation 

s 

v i  

Equating the force from equation (7) to the product of mass and 
acceleration  gives  the  equation of  motion, which may be writ ten  in  the 
following form: 

where R = & . The equation of motion given by equation (8) 

has been integrated  numerically  for two sets  of  conditions;  these con- 
dit ions a d  the resu l t s  are shown as p a r t  of figure 3.  

I n  order  to make a rapid  survey of the  effect  of  varioua  parameters 
on catapult performance, an approxfmate solution to equation (8) can 
conveniently  be made on the basis  that   the impact velocity Vi is 
considered  constant at a value  corresponding t o  the average  water tank 
pressure. This average je t   veloci ty  is denoted by VI, and equation (8) 
can then  be  written as followe: 

a, = - (VI - v,) 1 2 
R 

Equation ( 9 )  can be exactly  integrated  to give the followfng  approximate 
equations of motion: 
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Calculations, wing equatione (10) apd (ll), for  the same conditioqe 
which were used i n   t h e  numerical  integration  of  equation (8) are shown 
also i n  figure 3 for  cpsrparison w i t h  the  correct integrated d u e s .  Pgr 
conditione where the inittal air volume i g  14.9 timee ae large a8 the 
water volume discharged, the approximate equations  give results which 
are almoat indi8tinguiehable from the  correctly  integrated.   resdta.  For 
the lower r a t i o  of initial air volumie t o  water diecharge volume, 
YO 
Q - = 2.7, however, a  elight  difrerence  reaults f m m  the exact and the 

approximate  equatione. 

The results E ~ O M  in figure 3 indicate that the approx~mate 
equatiolle will give an  accuracy which should be suff ic ient  for moat 
applications when the ra t io  of initial air volume t o  water volume 
discharged is  in the neighborhood of 3 or =re. 

On the  aesllmption that the approximate eqwtione of m t i o n  are  . 
sufficiently  accurate for practfcal  we, approxhmte equations are 
developed herein  for the other parameters of irrtereet, mch,ae the Imaxi- 
mum height of the   j e t   t ra jec tory  and the quarrttty of wcrter.di8charged. 

If it is amumed that the   Je t  emerges frum the nozzle w i t h  a 
velocity  given by equation (2) for  conetant average preseure and that 
the  jet leaves  the nozzle at an angular elevation a above the horizoIltsl 
and follow6 a parabolic  path,  then the equations for a body falling 
freely  can be wed t o  obtaFn the following equation relating air tsnk 
pressure,  riee of the je t   t rqjectory,  and range, vhich is aeeumed 
equal t o  the catapulting  distance: 

The Je t  i s  msumed to have returned to i t a  initial elevation st the  end 
of the  catapulting  distance. 

For a very f l a t   t r a j ec to ry  and hlgh preesure, which would probably 
be  used in jet-catapult  applicatlone,  the -1 under the r a d l c d  in 
equation (12) may be  neglected f o r  erne &sequent  calculations, and 
the  equation can be rewr i t ten   to  give the folkndng  equation fo r  maximum 
trajectory  height: n 

1 :  
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The  volume of water  discharged  during a cata2ult  stroke i s  calcu- 

sectional  area, and the  time of duration  of  the  discharge. The catapulted 
mass i s  i n i t i a l l y  very  close t o   t h e   j e t  nozzle an3 i a  considered t o  start 
moving a t   t h e  same instant tha t   the   Je t  emerges from the  nozzle. The jet  
control  valve i s  closed a t  such  time that t h e   t a i l  of the je t  w i l l  reach 
the end of the  catapult  stroke a t  the same time as the  carriage (see 
f ig .  2 ) .  The time  of  duration  of  the  jet  discharge is, therefore, less 
than  the  time of carriage run by an amount equal t o   t h e  time  required 
fo r   t he   t a i l   o f   t he   j e t   t o   t r ave l  from the  nozzle  to  the end of  the 
zatapult  stroke. Based on the  foregoing  discussim,  the  equation for 
volume of  water  discharged  can  be stated as follows: 

* lated simply as  the product of  the  mean Jet  velocfty,  the  nozzle  cross- 

In  order t o  obtain  the  value of Q i n  terms of average je t   ve loc i ty  
VI and the  required  terminal  carriage  velocity Vc, the  following  equa- 
t ions   for  tc and sc are  obtained from equations (10) and (11): 

These two equations, when substituted in equation (141, give 

I n  order  to  display  the  interdependence of the  several  variables 
affecting  the performance of  the  hydraulic  jet   cstapult ,   f igure 4 has 
been  prepared for a catapult which w i l l  accelerate a 100,000-pound test  
carr iage  to  150 mfles per  hour. A similar figure would be required  for 
each different   set  of catapult  requirements  considered, but the  prepara- 
t i on  is  not  arduous. The equations  used in  the  preparation of this 
figure are equation (2)  for  je t  velocity,  using  average air tank 
pressure P, equation ( 9 )  fo r  initial carriage  acceleration by set t ing 
Vc = 0, equation (16) for catapult  stroke and jet  area,  equation (17) 
for   the volume of water  discharged  during  the  catapult  stroke, and 
equation (13) for the  maximum height of  the   j e t   t ra jec tory .  
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The usefulnese of a chart such as shown in f- 4 i s  mainly in 
the prelimFnary plmminn stage. Every p o h t  on the chart  represents a 
theoretical  hydraulic  catapult ~ystem which w i l l  meet t h e   d e e m  reqLaire- 
ment of  accelerating  the  given mass t o  the required speed. !Che variation 
of  such quantit ies as required air tank presaure, catapult  stroke, initial 
acceleration, maximum height of trajectory, volume of water discharged, 
and J e t  area can be determined from the figure,' and undesFrable  values 
of aqy- of  these  quantities  can  be  avoided.  After a Eatisfactory  set o f '  
conditions is reached for  the  specific derrign under  coneideration, 
detailed  correction  for  losses and operating  condition8  can  be  conaidered 
in order t o   e s t b a t e   t h e  performance t o  be  expected frmn a working 
irmtallation. 

As shown subsequently, some tests indicate that the  average  energy 
losses   in  the operation of the jet and bucket may be  held t o  about 
15 percent. These losses are considered t o  be  cimpeneated in the design 
described  herein by dividing  the  nozzle area determined frm figure 4 
by the  jet-bucket  efficiency. If It i e  assumed that these losses hsve 
been compensated, a l l  other  values read from .the chart  may be ueed 
direct ly  for design  purposes. Other loeees, such 88 carriage rolling 
f r i c t ion  and carriage wind resistance,  also  affect  the  design of the 
propulsion  system. For the  design  considered,  theee  losses w e r e  found 
t o  be of the order of 2 percent of  the j e t  energy and are considered 
mal1 enough t o  be  neglected i n   t h e  mathematical  treatment. 

As an a i d  t o  visualizatfon of  the tremendoue power which could be 
developed by a hydraulic je t  cstapult  such as hae been described, 
perfonnance  curves are presented in figure 5 for the p8rticular cstapult  
represented by the design point  indicated in figure 4. The nozzle area 
shown is  f o r  100-perceIrt efficiency.  Correction of this area for 
practical   efficiencies has been  described. It can be seen fram theee 
performance  curves that this catapult fa expected to accelerate a t e a t  
car weighing 100,000 pounds f r o m  rest up t o  150 miles per hour 

only 400 feet .  
' (220 Ft/sec) i n  the short time of 3.2  second^ and in a dietance of 

There are eeveral  other  quantities vhfch VlU. be requfred i n  a 
complete  design a f t e r  a mitable   catapul t  design is aelected fram the 
chart, such as  the  required angular elevation of the nozzle, the height 
of  impact of  the Jet on the bucket throughout the catapult etroke, and 
the lateral drift of the jet due t o  a side wind. 

The angular elevation of the nozzle required to make the Jet   re turn 
t o  i t s  initial elevation above the  level  track at .the end of the catapult 
stroke i s  determined from the combination  of the regnired catapult 
stroke and the  Jet   velocity of t h e   t a i l  o f  the Jet  a8 follows: From the  
velocity-time  relation o f  a body falling freely, the time required for 

I 

& 

I .  

L 



the   je t   to   reach i ts  maximum height may be deduced and is  given by 

The total  horizontal  distance  traveled by the  jet   before  returning  to 
i t s  in i t ia l   e leva t ion  is, then, 

scmax = 2 t V j  cos a 

Elimination  of t between these two equations  gives 

s i n  2a = - *Cg 

VJ2 

The actual  height of the  point of  jet  impact on the bucket is of a i d  
when computations are made of the  over-turning moments imposed on the 
carriage by the  Jet .  The calculation of this quantity for the  case  with 
a var'iable Jet   velocity is given  here  because  the  height of the  point 
of impact for this   case may a t   cer ta in   p laces  be s l ight ly   greater  than 
the  value  given by the  parabolic  approximation.  Since  the  approximate 
equation (11) gives  the  carriage  displacement-time  curves  very  close  to 
the  true  values  (see  fig. 3 ) ,  t h i s  equation i s  used t o  calculate  the 
carriage  displacement. The jet  leaves  the  nozzle along a s t ra ight   l ine  
with an angular elevation a and falls away from this l ine   as  a freely 
fa l l ing  body. The tFme required  for the stream t o   t r a v e l  from the nozzle 
t o  the  carriage would be ac/Vj. With t h i s  knowledge, the  height of the 
point  of  impact of the   Je t  on he carriage  bucket  can be calculated from 
the  following  equation: 

y = sc s i n  a - Q tS = sc s i n  a - 8 (e)* 2 

Equation (19) can be  solved as  follows: A value  of sc is  chosen, 
and  from equation (11) the corresponding  value of tc i s  found.  These 
values are then used to   es tab l i sh  correaponding  values of t j  and Vj 
by  means of the  following  relatfon 

t, = t j  + - SC 
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where, i n   t h i s  caae, the in te rpre ta t ion   to  be placed on t, i s  tha t  it 
is  the sum of the time of J e t  efflux tJ and the t- required far 
part ic les  of water leaving the nozzle at this time t o  trawl the 
distance EC. Thie relation,  wed in canjunction vLth equation ( 6 ) ,  
establiehes  the  value of VJ. This value of . VJ, when wed w i t h  the  
chosen value of ac,  permits  the he-t of  the poilrt of impact to be 
calculated by me- of equation (19). This calculation i e  repeated  for 
other values of ac to cover the  entire  catapulting etroke. 

' The l a t e r a l  drift of the   Jet  due to side winds may become a serious 
consideration f o r  a long-stroke catapult because of the  Fncreaeed size 
of the  bucket  required to receive  the j e t .  The lateral drift may be 
calculated by equathg  the  Bide force due to-wbd on unit length of J e t  
t o  the product of mass of unit length and lateral acceleratfon. The 
plausible assllmption is made that the l a t e r a l  velocity of d r i f t  i a  
negligible in camparison  with side-wind veloci-; therefore, the lateral 
acceleration may be  regarded constant. "be. la teral-dr i f t  equation may 
be written as fol lare:  

Force = Mass X Acceleration 

o r  

Solution  for aL and w e  of the  equation fo r  uniformly accelerated 

motion, S = at2,  gives the amount' of side Hft B~ a8 
2 

I n  t h i e  equation t h e  drag coefficfent CD depends primarily on R e v l d e  
'number. For a Reynolde nwriber range of 10,ooO t o  3Oo,ooO, the coefflcferrt 
CD is almost  const& a t  1.2 and therefore equation (20) reduces t o  

This equation ehould  be  eatimf'actory for  practical ranges of J e t  diameter 
and side-wind velocftiee. 

1 

, 

. .. 
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PHySICALt CONDITIONS AFF'ECTING cTET FLOW 

The mathematical  treatment of the  catapult system i s  based on the 
assumption  of ideal   Je t  flow, which,  more specifically, means 8 j e t   t h a t  
can maintain i t s  shape or   integri ty  over  the  complete  range of t rave l  
from the  nozzle. The design  of the particular  catapult  system  under 
consideration  requires that t h e   j e t  be collected and returned by the 
bucket fo r  a range of at l ea s t  400 fee t .  It has been  found that   the  
physical  conditions  affecting  jet flow, such as entrance  conditions t o  
the  nozzle,  nozzle form, nozzle  surface, and aerodynamic effects  down- 
stream from the  nozzle,  create  appreciable  disturbances  to  the je t  and 
the  question  arose whether it would be possible  to  obtain a h - f o o t  
j e t  length of acceptable  integrity. The purpose  of this section,  there- 
fore, is to  delineate  these  various  physical  conditions and t o  show  how 
their  effects  on the j e t  can  be  nullified  or, at least ,  minimized. 

Information and data on long-range jets wer?  found t o  be  very  scarce 
with  the  exception  of  material on the jets produced by f i r e  nozzles. It 
was decided,  therefore,  because of the  avai labi l i ty  of f i r e  nozzles and 
of  data on j e t s  produced by f i re  nozzles, t o  ini t ia te   the  invest igat ion 
of  j e t  flow by studying  the  effect on fire-nozzle  jets when these 

bending the  hose  upstream from the  nozzle was found t o  decrease con- 
siderably  the amount of je t   length having  reasonable  integrity. For 
mother example, cleaning and polishing  the  inside  surface of a f i r e  
nozzle was found to  increase  the range of good fiow. Thus,  by these 
end other sFmil~tr t e s t s  a s t ra ight  symmetrical  approach to  the  nozzle 
and a smooth, polished, and faired internal  nozzle  surface, along with 
ti smooth joint  connecting  the  hose  or  play  pipe  to the nozzle, were 
found t o  be essent ia l  fo r  maintaining the best  long-range  inzegrity  of 
E f i re-nozzle   je t .  

- previously mentioned physical  conditions were -roved. For example, 

On the  basis of  these results, a nozzle  of :-inch diameter was 
designed and tested.  The prof i le  chosen f o r  this original  test   nozzle 
was based on considerations of acceleration of the water, minimum 
boundary layer, amd para l le l  flow a t   t he  nozzle  exit.  Figure 6(a) shows a 
photogrcph of  a Jet produced by this  nozzle. The improvement i n  j e t  
integri ty  because of  better  entrance  conditions and nozzl'e design is 
apparent when figure 6(a> i s  compared with  figure 7, a photograph of  a j e t  
produced by the 5-inch  nozzle  aboard a New York City  fireboat. The 
f i re-nozzle   je t  i s  seen t o  diverge Fmmediately upm  leaving  the  nozzle 
into two separate  streams whereas the jet  in  ffgure 6(a) i s  pract ical ly  
nondivergent  throughout i t s  length. A study of hfgh-speed  motion 

of  the  established  stream and s t i l l  photographs (mch  as   f ig .  6) give a 
p e s s h i s t i c  impression as compared with  the stream dur ing  t h e   f i r s t  few 

- pictures  of  the same j e t  as in figure 6 disclosed  that  visual  observation 

- 
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seconds of  opemtion becauee jet epray  accumulates  with time and there- 
fore  obscures  the  sharper  stream  bowdariee that would otherwiee  appear. 
The spray shown in figure 6(b) has accumulated  during an operating 
period of about 8 seconds,  whereae the  time of operation of the C E ~ -  

pult  considered  herein i e  approximately only & seconds. Further 

evidence that a relatively  solid  core  exiats in the m i d s t  p f  this epray 
is indicated by the   fac t  that, at a distance of 300 feet f r o m  the   mzzl+ 
the  Jet   cuts  a narrow trench o i l y  6 or  8 inches wide in the turf. 

2 

Smaller nozz!les similar t o  t h i s  3-inch-diameter  nozzle were tes ted 
s t i l l  fur ther   in  order t o  determLne the  efficiency of the J e t  as a 
function of distance from the  nozzle by recording the loads imposed by 
the   j e t  on a f l a t   p l a t e  by meam of a small &rain-gage type of cly-na- 
mometer  and conparing theee  loads  with.the  theoretical j e t ,  Irugact forces. 
The resu l t s  of theee  teets   are  shown in figure 8. These result8 indicate 
that   'a l l   Je t   losees  for these small jets, including shock loseee caused 
by the Fmpingement of a Je t  on a f l a t . p l a t e ,  averaged less than 5 per- 
cent for  a dietance up t o  about 125 J e t  diameters, equivalent to about 
one-fifth  the  scale  catapulting  stroke, and w e r e  negligible fo r  the 
greater  dietances tested. . . . .. 

The puqioae of the  preceding tests has been t o  help determine 
whether it is possible t o  throw a jet 4 0 0  fee t  w i t h  sufYicient  integrity 
t o  be caught and returned by a bucket at that point, but theee  tes ts  were 
performed only with equipment u t i l i z ing  RmR7--ecale eizes and small-scale 
pressures. The results gained f r o m  theee  terrte are proonieipg; however, 
there remains the  question of whether these r e a t e  s t i l l  be v a l i d  
when scaled up t o  h l l - s i z e .  The combinatfon of J e t  s i z e  end nozzle 
preesure  required by the propulsion eystem i e  beyond current  engineering 
practice as f a r  ae can  be  determined, but there iB no apparent change 
in  the  physical  conditiom upon going t a  larger and higher-velocity  jete. 
The relative spray losses of a j e t  due t o  air f r i c t ion  on the outennoat 
surface  of  the jet decrease  rapidly  as  the  Jet  diameter  increases. In  
reference 1, data are given on haw far a "guad'' etream  can be thrown by 
a fire nozzle. Theee data  are shown in f.igure 9 and indicate that a 
good atream can be thrown 270 f ee t  in a t i l l  air uith a fire mezle  
2 inches in diameter operating at 250 pounds per square inch. Thin  
figure also  irdicatee that the  obtainable horizorrtal throw or reach of 
the good stream  increaeee  with  both  nozzle pressure and nozzle  diameter. 
It seema probable, therefore, that a larger nozzle and higher preseure 
combination may be used t o  obtaFn a eatisfactory  jet with a length of 
4-00 feet .  

I n  addition  to  the  preceding  coneideratiope, other factom, such as 
a i r  entrainment,  diaeolved air, and cavitation, may influence J e t  flow; 
proper  precautionary measuree  ehould therefore  be  taken t o  guard  against 
adverse  effects t ha t  theee  factors may cauBe. 

i -  
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I n  regard t o  air entrainment  reference 2 states  that   the  eddies 
which vhlr l   out  of the main stream are  Mediately  re tarded and d i s -  
integrated by the  reeistance of the   a i r .  FurtheAnnore, voids caused by 
separation of water  particles  are Fmmediately f i l l e d  with air. A poor 
j e t  shows remarkable qual i t ies  t c  set in motion and carry along large 
quantities of air. These statements  indicate that an i n i t i a l l y  poor 
j e t  contains the seeds  of i ts  own destruction by a i r  entrainment. The 
nozzle must therefore  be so  designed t h a t   j e t  divergence and je t   ro ta t ion  
m e  as small as possible. Such a nozzle i a  described i n  the section 
ent i t led "Nozzle Design. " 

The amount of  dissolved a i r  i n  water is shovm in  references 3 and 4 
t o  be a function of the  a i r   pressure on the water and the Length of time 
the water is  exposed t o  the a i r .  The dissolved-air problem becomes 
important as t o  i t s  effect  on jet  integri ty  when the  pressure is high 
a d  the exposure  time long enough to produce nearly  saturated  conditions. 
If this water, which is  saturated w i t h  a i r  at high pressure, i s  allowed 
t o  flow from the nozzle as a free jet  at atmospheric static  pressure,  
the   j e t  becomes extremely  turbulent owing to   t he  escape of air from the 
Etream boundaries. 

From reference 3, the  following  equation is  given fo r   t he   i n i t i a l  
r a t e  of  absorption of air i n  water: 

where 

kL 

CE saturation at high pressure, pounds per  cubic-foot 

l iquid film coefficient (0.656 t o  2.35 ft/hr) 

C sa tura t ion   a t  atmospheric  pressure (0.0015 lb/cu ft) 

S interface  area,  square  feet 

e time, hours 

m weight  of gas, pounds 

Since CH varies almost dlrectly w i t h  the pressure P, this equation 
may be writ ten 
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where 

P. pressure on air 

patm atmospheric pressure 
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F'ram thia equation it can be seen t ha t  the time of expoeure of tb,e water 
to the and: also the interface area ehould be held to a, mlnllmmr. For 
a ahort period of expoaure the air dissolved would probably be W r -  
tant. For long expome  time, hov&er, the diesolved air i s  inportant 
and, i f  a lung e x p o m e  cannot be  avoided, &table mechanical. meam of 
separatfng  the air fmm the waMr, such as a diaphragm, be used. 

If sharp edge13 or  too abrupt changes of m a t u r e  occur in B ' r Y ) Z Z l e ,  
the result ing l o w  pressure  can cause cavitation, and that uuuld be very 
detrimental t o  jet izrtegrity. The nozzle shape6  described In t h e  next 
aection have been deelgned so that conditiom  favorable -bo cavitation 
do nut  occur. 

HOZZLF: DESIGH 

The purpose of tM.6 section is t0 deecr.ibe the  design of a nozzle 
which w i l l  deliver a nondivergent Je t  vith m o n s  cross-eectional 
velocity. In  reference 5, calculation of .the requLred mzz le  a p e  .is 
made by meam of the  exsct analogy betveen the potential. f l u l d  flow 
deeired and the magnetic f i e ld   t ha t  f a  created by two coaxial and 
parallel coila  carrying  electrfcal   current.  Ths3 electmmagnetlc msolution 
i s  applied  to f l u i d  potential flow and one of the &ream eurfacee ie 
choeen as a fluu boundary. A f@Jy of these c o n t k c t l q   p a s a g e s  is , 

developed (see fig. lo), and surfaces a to h give cross-eectfonal thro&ft- 
speed dlatributfons, boundary leyer being neglected, that .me uniform 
theoretically within one-fifth of 1 percent.. Tfie distributione become 
lese wxtform for  the outer cones, but v"iationa fram wxL?formity are 
e t i l l  l e s s  than 1 percent  eve^ for the olrtermoet ore. Eeeentidly,  the 
~ a m e  tkroat uniformities will occur in the case of real f U d  f l o w  as 
fn potential  flow, pmvlded  'the WetreePn flaw l a  uniform and the boundary 
layer is maintained  very thin. The boundary-layer  thicknerre I s  expected 
t o  be l ea8  than 0.004 inch for a mzzle with a 7-inch throat diameter. 
A6 an aid in the  design of a nozzle, figure 10 and -le I are preeented, 
the data of which &re taken f r u n  reference 5.. 

I 

I !  

a .  
I 

. .  

Althou& no measuzwnente of nozzle efflciepcy vem mile m the 
potential-flow  nozzle, dymmmeter testa of nozzles of the original t e e t  
ehape indicate that the coefficient o f  discharge .of such nozzles approaches 
1.0. It Beems reasomible to expect that the potential-flqu nozzle w l l l  
give &B good resulte.  r 

v 



The inflow  requirements are f a i r l y  simple but  very  important. The 
flow  approaching  the  entrance to   t he  nozzle  should  be  parallel,  should 
be of  uniform velocity, and should have a minimum of turbulence. Any 
appreciable  rotation  about  the jet center l i n e  i n  the approach  flow 
would be  disastrous. Because of the  conservation  of angular momentum, 
any rotational  velocity i n  the approach  flow would be greatly magnified 
i n  the  nozzle,  with  the result that t h e   j e t  would tend t o  expand owing 
t o  centrifugal  force  as soon as it is clear  of the nozzle;  early  Jet 
disintegration would then  occur. A fa i red  t ransi t ion  sect ion  for  
connecting the  nozzle  to  the  straight approach  section  should  give 
satisfactory flow. 

Cavitation in the  potential-flow  nozzle i s  not  expected  since  the 
operating  pressure  range l ies  well above the vapor pressure  of  water, 
m d  the  use of a smooth polished  finish  of  the  nozzle water surfsce 
should  prevent  local  pressure drops due t o  a discontinuity  of  surface. 

Reference 6 s ta tes  that s ta in less   s tee l  of  the 18-8 chrome-nickel 
ty-pe, m e d  ei ther  as a forging  or  as a layer we ld  upor, a mild-steel 
base, is   best   for   operat ion under  severe  conditions. The working l i f e  
of nozzles  using t h i s  m e t a l  has exceeded 2 years  of  continuous  operation. 
This  metal, i f  used in  the  catapulting-system  nozzle,  should have a 
working l i f e  much greater  than 2 years  because of the  intermittent  usage 
of the  system. 

BUCKET DESIGN 

The energy  of the stream i s  transmitted to   the  carr iage by the 
catching and turning of the water of t h e   j e t   i n  e bucket  attached to the 
rear  of  the  carriage. It i s  known t h a t  maximum thrust efficiency is 
achieved by a bucket that can tu rn   t he   j e t  through  almost 180O and 
thereby  obtain maximum carriage thrust. The bucket must be so designed 
tha t  it can  return  this  Jet   efficiently  throughoct  the maximum catapulting 
range of 400 fee t .  Over th i s   l a rge  range, however, s ignif icant   ver t ical  
and l a t e r a l  displacements t o   t he  je t  can  occur  because  of  the  effects of 
gravity and of side w i n d s .  These effects  of  gra\-ity and of  side winds 
on a long-range j e t  made it impossible t o  adopt,  without  investigation, 
the  information  available  regarding  impulse-turbine  bucket  design,  the 
only other system ut i l iz ing  power derived from a jet-bucket  configuration. 
The Impulse turbine i s  essentially a completely housed multiple-bucket 
short-range j e t  system i n  which the  point  of  contact is quite  precisely 
controlled. 

A summation of  these  consideratiom  indicates  that what i s  needed 
for  a bucket i s  a concentrating  device, such a s  a cone, that   can  collect  
the  deviated and expanded j e t  and deliver it t o  a turning  section where 
the  collected  jet  i s  turned  through 18o0 fo r  rnaxFmum energy t ransfer .  
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A tes t  program was arranged-  therefore,  wherein  various  mmdl-scale  bucket 
shape8 were tested rlth regard t o  pfipula3v-e efficiency over scale   Jet  
ranges by recording the bucket l o a d s  introduced on 8 6 m d l  strain-gege 
type of dyaamometer and comparing these results. with the theoretical  
jet-impact  forces.  Sketches and dimemiom of t he  bucket9 investigated 
are ehown in figure U. Jets havlng.diameters.at the nozzle of 1/2 inch 
and I/% inch were wed in testing  theae  buckets.  Figure 12 show8 the 

. propulsive efficiency of theee  bucketa  plotted againet J e t  length fo r  
the two nozzle  sizee. A study of the information on'lntpulee-turbine 
buckets  (references 6 to 8) in c o n j u t i o n  with these  teete indicatee 
that   there are three important bucket design parametere, namely, the 
r a t i o  of bucket width to J e t  diameter b/d, the angle of appmach of 
the jet t o  %he bucket surface, and the  condition of  the  vetted bucket 
surface. Theee parameterrr are very important as regards the efficiency 
of  any bucket. The ratip b/d i 8  eBpecially fmportant in  bucket- design 
because of i ts  large effect on bucket propulaive efffcfency.' Impulee- 
turbine  bucket design indicates that the ekfn A-iction d-lorped by a 
bucket and i ts  corresponding  energy loee f a  a " t f o n  of this ra t io .  
Too large a ratio resul ts  in excesrrive losses " O u g h  skin f r i c t ion  
whereas too amall a ratio results in au ,overfloving bucket w i t h  its  
correeponding loes. Figure 13 shove the increase in bucket efficiency 
gained by decreaeing this r a t i o  from 12 to 6 .  - W e  r a t i o  waa decreased 
by increasing the je t  diameter fram 1/4 inch t o  1/2 inch. The efficiency 
gain was of the order of 9 percent. 

. . . .  . 

The approach  angle o f  the Je t  to the Ixpact eurface was found also 
t o  have. an important  effect on bucket  propulelve  efficielicy. Pelton, 
in hie development of the Pelton wheel (reference 81, found that the 
impingement of a J e t  on the edge of h i e  cupped bucket, rather than in 
the center of the bucket,  increased  the  efficiency .coneiderably. Thle 
efficiency gain was due t o  the Je t  hitting the bucket where the J e t  
path and the bucket  surface were marly paral le l -  From thl~ point, 
the jet,  following the bucket contuur, vas led gradually into a 170° 
reversal rather than reversing  abruptly &E u a B  the ca8e wlth a direct  

' central  :et impact on the bucket. The best poeeible jet entrance it3 
tangent ia l   to  the bucket but it ha8 been fcnrnd that devi$ione fmm 
this tangential  entrance  can be tolerated up t0 about 15 because of 
the relatively Bmall energy .Zoaaee involved. 

The condition  of the vetted bucket surface ie an Important coneid- 
eration a lso .  The ideal bucket  surface Fa one that ie -0th and 
highly polished ae i a  feasfble. Such a surface  reduce6 the erosive 
action of  high-velocfty j e t s , .  eliminates the turbulence . a n d  poseible 
local shock effects  resulting from a discontinacLty of surface, and 
reduces the skin f r i c t ion  developed by the bticket. 

I 

i '  

I . 
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So f a r  only the  design  conditions  applicable  to any type of j e t -  
bucket  system  have  been  described. The magnitude  of the  ver t ical  and 
lateral   deviations  given a long-range jet  by the  action of gravity end 
of side winds must be determined  before any design for  the  catapult-  
system  bucket  can  be  reached. The vertical   deviation i s  a function of 
the  je t   veloci ty  and nozzle  angle and may be calculated from equation (19). 
Figure 14 shows the  point of impact of  the  Jet  on the bucket  throughout 
the maximum catapulting  distance  for the case  of the f a c i l i t y  under  con- 
sideration. This curve  furnishes  the  vertical-jet-displacement  infor- 
mation  necessary for this particular bucket  design. The l a t e ra l   J e t  
displacement  caused by side wind  becomes of  significance when the 
catapulting  distances  are long and when the  catapult  system i s  not 
protected from the wind. Figure 15 shows a'typical  lateral-dieplacement 
curve  for a J e t  of given  dimensions. The mathematical  treatment of t h i s  
problem has been  discussed i n  the sect ion  ent i t led "Mathematical 
Development" ( see  equation (21) 1 . 

Figure 16 shows several views of a model bucket so  designed as t o  
include a l l  the  discussed  design  conditions. The var ia t ion  in   eff ic iency 
of t h i s  bucket due t o   l a t e r a l  displacement and v-iation in   Je t   l ength  

of a &inch  Jet are shown i n  figure 17. These curves  indicate that a 
properly  designed  bucket w i l l  have an efficiency range of 78 t o  98 per- 
cent, depending upon  where the   j e t   s t r ikes   the   bwket .  The average jet-  
bucket loss  is considered t o  be 15 percent. 

2 

The  more refined  bucket  design shown i n  figure 18 makes use of an 
ell iptical-cross-sectional cone rather  than the circular-cross-sectional 
cone.  This  bucket resulted i n  some weight  saving along with  producing 
a more compact bucket. Although no eff ic iency  tes ts  k-ere made on t h i s  
bucket, it was found to give very sat isfactory  resul ts  when used i n  a 
working model. 

Some care must be  used i n  the  selection  of  the  material   to be  used 
for  constructing  the  bucket. The experience  gained in  the  construction 
of impulse-turbine  buckets i s  available for this purpose.  Reference 6 
s ta tes   tha t   the  material used fo r  high-head  buckets is cast   s teel ,   the  
medium grades  of  carbon s t e e l  being  preferred.  Heat-treated alloy s t ee l  
i s  used t o  a limited extent  but  the  practical  problem i n  connection  with 
this  material  i s  the  difficulty  in  heat  treatment  following  field  repairs 
by welding. An increase  in  bucket l i f e  has been  secured by the  layer 
welding  of 18-8 chrome-nickel s ta in less   s tee l   o r  Dther hard facings  in 
the bucket bowls which w e  afterward ground smooth t o   t r u e  shape. The 
probability  of  fatigue  failure  occurring  in  the  propulsion-system  bucket 
is very small due to   the  intermit tent  usage  expected  of the  catapult .  
Consequently, a higher  design stress can  be used In   th i s  bucket  than i n  
the  case of the  impulse-turbine  bucket where the  >robability  of  fatigue 
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failure  occurring i s  much greater due t o  the continuoue  operation of the 
turbine. It i s  a l s o  expected,  becauae of th3.a l o w  frequency of catapult 
operation,  that  the  possibility of dmage due t o  cavitation occurr- 
in the bucket  W11 be Bmall and, hence, can be neglected. 

O n e  design problem that  ha^ not been  previoWly.mentioned i s  that 
of controlling  the flow of water  leaving the bucket. The water returned 
by the bucket  possesses a large amount of power that could be damaging 
t o  the preesure tank fcundatione and track  inetallatione and Fnjur10u.a 
t o  personnel. Figure 19 ahrrwa how this return-water vebci~ variee 
over the  catapulting  dietance. The curve &OWE that the return-water ' 

velocity  varies froru practically -tie Jet vehcitg at the  &art t o  
about  one-third  the  Jet velocity at the end af the catapulting distance. 
A pract ical  way t0 dfepose of thi& return jet iB to W e r t  .a e W o r  
return-water tank between the tracka. A sya 'hn  of raised lateral 
louvers ie placed  over this tank. The bucket ahould be 80 designed 
that the  return w a t e r  i e  concelrtrated and directed through theere louvers 
and Into the tank aa the  carriage mve~ through the catapulting  dietance. 
The return-water  energy ie diseipated i n  W e  tank vhereupon the water 
becomes available fo r  're-me in the qatem. 

The design of the water tank mud be  given c a r e m  cornideration. 
It has been shown previously that the integri ty  of l o n g - r w e  j e t s  
depende upon 8gmmetrical inflow t o ,  the nozzle anA t h e  avoidance  of 
dissolved a i r  in the wate'r under high pressure. T€IE water tank, there- 
fore, m a t  be so designed. that theee conditions are met. Figure 1 ebwa 
a tank design that m e t e  these  conditfane. The wgter tank i e  made up 
of  a ver t ica l  cglinder Joined by means of a No elbow t o  a horizontal 
cylinder. The extreme 'end of the horizontal tank colltains the potential- 
flow nozzle along with a t ramit ion  eect ion between the wetrearm nozzle 
face and the in te r ior  tank wall.. !Fhe wper  end of the -vertical tank 
contains the connection  leading to the high-preeaure air supply dong 
w i t h  a aiffueer t o  distribute t h b  air e m  acrcaa the water eurface 
of the tank. The f l o w  of water through the nozzle IE controlled by 
mean8 of a quick opening and closfng Mve placed  outeide and over the 
end of the  nozzle. The air f l o w  into the water 'tank l a  controlled by 
a valve  located between the air  diffuser and the pipe leading Arnn the 
air tank. 

Symmetrical inflow t o  the nozzle is achieved primarily by 
the  horizontal. tank and vert ical  tank of auch volume that all the water 
discharged is Initially located dovnetream from the elbow. With W e  
arrangement, none of the  water that paeees through the elbow during a 
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. 
catapult  stroke  ever  reaches  the  nozzle. To minlmize the  turbulence 
generated i n   t h e  water i n  passing  through t h i s  elbow, turning vanes 
should  be  provided. By using a large  contract lox  ra t io   ( ra t io   of   tank 
cross-sectional area t o  nozzle area), the  velocity  of water flow  through 
the  tank is held t o  a low value as compared with  the water flow through 
the  nozzle. Thue, the  turbulence  of the water u2stream from the  nozzle 
is held t o  a minimum. This water tank  can  be  operated i n  such a manner 
as t o  minimize the problem of  dissolved a i r  by venting  the water tank 
t o  atmospheric  pressure until Immediately before a catapult  stroke when 
the  high-pressure air will be admitted t o  the  tar&. 

CONCLUDLNG REMAlws 

From the  studies  reported it appears t ha t  the hydraulic je t  catapult  
w i l l  be  satisfactory  for  accelerating a 100,000-pound car to 130 miles 
per hour and be cheaper than the  other  types  considered. Model tests 
and other  information  indicate that a sa t i e f ac to ly   j e t  should  be  obtained 
over the  indicated  design  catapulting  distance  of 400 feet. Design 
requirements,  such as provision of tanks and Val-res t o  operate a t  the  
required  pressure,  prevention of erosion and corrosion  in  the  nozzle 
and bucket,  control of the return-water  jet, and 80 forth, o f fe r  problems, 
but it appears  these problema CRU be handled. 

Langley Aeronautical  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Langley Field, Va., January 17, 1951 
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Figure 1.- Schematic drswini of hydraulic catapult ayetem. 
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Figure 2.- Sequence of operations during a catapulting  stroke. 
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Figure 3.-  C a w i n o n  of performance c w c a  obtained by integration w i t h  
thass obtsinsd by an approximate metbtl whlch a6sumea the jet velocity 
conatsnt at i t a  a m w e  value. 
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Figure 4.- Characteristics of a family of jets, any one of which w i l l  , 
accelerate a 100,000-pound test  vehicle to 150 miles per hour. 
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(a) Jet Issuing from nozzle. 

Figure 6.- Jet  from 3-Inch o r l g h a l  t es t  nozzle. Tank pressure, 

220 pounds per square Inch (approx.); - -scale catapulting 

stroke. 
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(b) Jet 200 to 300 feet from nozzle. 

Figure 6. -  Concluded. - W 
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Figure 8.- Efficiency  losses  experienced by jets impinging on 8 flat plate  
(original t e s t  nozzle). 
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Figure 10.- PotentiaJ"flow nozzle  boundaries.  (Precision of uniformity of 
throat speed: a t o  h w i t &  0.2 percent; i within 0.4 percent; 
j within 0.6 percent; k within 0.9 percent; 2 within 1 percent .  
From reference 5,  f ig .  6 . )  
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Figure U, .- Sketchee of bucketa used in preUmhary teets of jet-catspilt 
re turn  bucket. 
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Figure 11.- Concluded. 
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Figure 12.- Variatian of return efficiency of preUmiwry buckets with 
increasing j e t  lengths (or- tes t  nozzle). ( a m r e  refer to 
sketch Shcmn in fig. 12.) 
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(a) Bucket 2.  

(b) Bucket 3.  
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( c )  Bucket 6.  

Figure 13.- Increclae in ef f ic iency  of return with decrease in b/d r a t i o  
(origiaal test nozzle) .  
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Figure 15.- Effect of side-wind on the laterrrl displacement of a high-speed 
jet. J e t  diameter, 6.87 inches; Jet  velocity, 600 feet  per second; Jet 
length, 400 feet .  
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(a) Oblique rear view. v 
Figure 16.- View of conical bucket used in tes ts .  L-68094 
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(b) Front view. 

Figure 16. - Cont hued. 
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Figure 16.- Concluded. L-67852 

. .  .. 





NACA RM L5SB27 55 

loo 

80 

-l 

0 I .2 -4  .6 .8 
Lateral Jet dimplacemsnt, in. 

100 

80 

60 

0 10 20 30 a h0 
Jet  length, in. 

50 60 

Figure 17.- Variation of return  efficiency with Jet length and with lateral 
jet displacement of circular-cross-section  conical  return bucket.  

A - inch  jet. 
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Figure 19.- Variation of return-water velocity relative t o  ground through- 
out catapulting stroke, 




