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CONSIDERATIONS ON A LARGE HYDRAULIC JET CATAFULT

By Upshur T. Joyner and Walter B. Horne
SUMMARY v

A survey of various types of catapulis, which has been made in
connection with the problem of accelerating a large (100,000 1b) car
along a track to a speed of 150 miles per hour, is given. A hydraulic
Jet catapult is 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 cslculating the performance of the jet
and of the test car, and consideration 1s given to the physical conditions
affecting the Jjet flow. Design procedures are presented for the Jjet
nozzle and for the bucket on the car which recelves the Jet and imparts
thrust to the car.

The expected propulsive efficiency of the Jet catspult ia given
and the effect of a side wind on the jet trajectory 1s calculated.

INTRODUCTION

In various connections with research and development there has
arisen the necessity for accelerating & large mass along a track up to
e high speed. With regard to a particular research requirement, it was
necessary to consider acceleration of a 100,000-pound test car up to
150 miles per hour within a short distance. These requirements indicated
catapult means for providing the acceleration.

A survey of various catepult mechanisms for use with this syatem
was made. As a result of this survey, a simple hydraulic Jet catspult
was selected as the most sultsble. It is believed that there may be
general interest in the present study of the various catapults and that
other gpplications exist for the hydraulic Jjet catapult which is given
special consideration here. The purpose of this paper, then, is to
present the survey and to describe the considerations given in the design
of a hydraulic Jet catapult on the basis that it is to be used in a
system in which the maximum car veloclty and the car weight are specified.
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The hydrsulic catapult described herein consists of a single high-
velocity Jet of water which issues from a stationsry nozzle at the o
starting end of & testing track and i1s directed at & return bucket
mounted on the stern of the carriage or test car. This bucket (as in a
Pelton wheel) turns the jet almost 180° and the return jet issues just
below the incoming stream. The force on the bucket caused by this large
rate of change of momentum in the Jet 1s the force that asccelerates the
test car up to & desired velocity. The accelerating distance, or the
maximum iength of Jet travel, is considered to be in the neighborhcod
of LOO feet.

After a brief survey of various types of catapults in the first
part of the paper, a short analytical section which deals with the
performance of the hydraulic Jet catepult is presented. Subsequent to
the analysis, cornsideration is given to the physical conditions affecting
the Jet flow. Also included are sections in which deslgn procedures are
outlined for the Jet nozzle and for the return bucket on the car. Values
of probsble propulsive efficiencies as obtained fram model tests are
given for the Jet-buckel systenm.

SYMBOLS

o nozzle elevation above horlzontal, degrees

8 total angle through which Jet 1s turned by bucket, degrees

o] air density teken st standard conditions, sluge per cubic foot

A crosg-Bectional area aof Jet, square feet

ag acceleration of carriage due to Jet resction, feet per second
per second

ar, lateral acceleration of Jet due tc side wind, feet per second
per second

b width of bucket at start of turning sectlon, feet

Cp drag coefficlent for side drag on Jet due to cross wind

a Jet dlameter, feet



NACA RM L51B27 3

Fe force on carriage due to Jet reaction, pounds
£ acceleration due to gravity, 32.2 feet per second per second
n exponent for polytropic change in volume taken equal toc 1.2

{(pvl = Constant)

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

p instantanecus alr pressure used to sccelerate water, pounds
Per square inch

Po initial pressure of compressed air, pounds per square inch
Q volume of water discharged during catapult stroke, cubic feet

R = C
T wA(l - cos 8}

Be distance of carriage travel, feet

BT, lateral displacement of Jjet due to side wind, feet

t time, seconds

te time of carrisge run during catapult stroke, seconds

ts duration of jet discharge, seconds

vy average Jet velocity, feet per second

Ve carrisge velocity, feet per second

Vi instantaneous Jjet velocity at any point, feet per second

Vj instantaneocus Jjet velocity of efflux, feet per second

vJo instantaneous Jjet velocity of efflux at tJ = 0, feet per
second

Vw velocity of cross wind, feet per second

v volume of compressed alr, cubic feet

initial volume of compressed air, cubic feet
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w densify of water, 62.4 poﬁnds per cubic foot

We welght of carriage, pounds

X,2 coordinates of nozzle surface contour iIn table I
¥y instentanecus trajectory height, feet

Subscript:

max maximum value
SURVEY QF CATAPULT TYPES

Presented in this section 1s a survey of verious types of catapults
which might be sultable for accelerating a 100,000-pound test car up to
a translational speed of 150 miles per hour.. Because of the adverse
effect of large acceleration on the measuring Iinstruments which would be
used, the peak acceleration is comsidered toc be limited to about 3g.
In order to illustrate the magnitude of the force involved during asccel-
eration, an average accelerstion of 2g, which would indicate & catapulting
force of 200,000 pounds, may be taken. On an energy basis, 75 X 1 foot-
pounds of energy must be delivered to the car by the catapuit. This
catapult capacity was found to exceed by many times the capacity of the
largest catspults developed up to this time Bnd 1t follows that an )
aedequate catapult had to be desigmned or developed for the case under
considerastion. A conslderable smount of effort hes, therefore, been
spent in preliminary engineering studies and cost estimates of the
various catapult systems. An adlective compearison between initial costs
end operating costs of the various types of catepults considered 1s
given in the following teble and a more complete discussion of the
catgpult types follows the table:
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Initisl costs
Type of Operating
No. catapult Motivation (development and costs
construction)

1 |Dropping Dropping weight (cable Very high Low

weight and sheave system)

2 {Flywheel Flywheel (clutch, cable, High Low
and sheave system)

3 |Blowgun Low-pressure, large-area High High (with
piston (expansion of powder)
powder or compressed Low (with
air) air)

k [Slotted  |--em-m----- dommmmmm = High High (with

tube powder)
Low (with
air)

5 tPiston High-pressure, small- High High (with
area piston (hydraulic powder)
and compressed air, Low (with
compressed air or compressed
powder actuated) sir)

6 |Rocket Reaction type, solid fuel Low Very high
propellant (adds extra
weight to carriage)

7 {Rocket Reaction type, liquid Low Medium
fuel propellant (adds
extre weight to carriage)

8 jHydraulic |Reaction type, water and Medium Low

(Jet) compressed air (added
carrlage weight
prohibitive)

9 jRocket Impulse type, solid fuel Medium Very high
propellant

10 | Rocket Impulse type, liquid High Medium
fuel propellant
11 |Hydraulic Impulse type, water and Low Low
(jet) compressed air
12 { Electropult|Squirrel-cage electric Very high Low
motor laid out flat
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The more conventional catapulting system (for exzample, mmbers 1,
5, and 6) are discarded because of either high initial costs or high .
operating costs, or both. Navy experience with sheave and cable systems
indicates that the requirements stated previously are beyond the probable
limits for satisfactory operation of such systems; thus, because of this
consideration and of high initial costs, the dropping weight, the fly-
wheel, and the plston type of catapults are discarded.

The blowgun and slotted-tube types of catapults (mmbers 3 and &,
respectively) utilizing compressed air showed some promise. The blowgun
device employs a large tube with the car 1tself acting as the piston.

It therefore has the seriocus disadvantage of limiting to an extreme
degree the form, size, and heilght of drop of the test specimen, since
nothing may proJject beyond the smooth car outline. 1In the slotited-tube
cetapult the test specimen 1s external and is comnected to a piston in

a slotted cylinder and therefore has the advantage that the car and test
specimen are nct limited as to dimensions. Both the blowgun and slotted~
tube catapults, however, require expensive development and have a high
initial cost.

A study of reaction type of catapulting systems diacloses that no
catapult or stored-energy system can be carried economically on the .
carrisge itself. If the source of energy 1s carrled on the carriage, .
the mess that must be propelled is Increased by the weight of the
propulsion system. Since the 100,000-pound value for carriage welght
includes bare structural welght and model weight; use of a system such
as described means that the energy of the catspult system must be
Increased to compensste for the added welght. Because of the added
welght and the high operating costs, all the reaction types of catapults
(numbers 6, 7, and 8) are not considered feasible.

Impulse Jet systems employlng any of the gases as the fluid medium
(numbers 9 and 10) are of such low efficiency that they camnot be used

economically.

Of the systems considered, the one system found that gives the
required capacity at low initial cost and low operating cost 1s the
hydreulic impulse system, number 11. One arrangement of this system
1s shown in figure 1.

The hydraulic impulse catapult shown operates on the same principle
as the impulse turbine, except that a single bucket 18 used with straight
run in contrast to the usual multibucket arrangement with a circular run.
In the system shown, alr 1s compressed lnto an slr tank which is connected
through an alr control velve to the tank containing the working charge cf .
water. The water tank has a nozzle directed at the Jet-return bucket
which is mounted at the stern of the carrlsasge. Pressure is maintained
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only in the air tank until immediately before the catapulting run, at
which time the air control valve is opened. The water control valve
outside the nozzle is then opened and the resultant jet drives the
carrlage down the track. The lower relative cost of this system is due
largely to the lack of a complex mechanical connection to the test
vehicle during the catspulting stroke. With this system, the cost of
electrical pumping power and water make-up per maximum capacity run
becomes a very minor part of the total operating costs. The system is
described herein and the important engineering aspects are discussed.

MATHEMATICAL DEVELOPMENT

In this section, equations are developed for the Jet flow, which 1s
assumed to be 1deal, and for the motion of the carrlasge which 1s cata-
pulted by the Jet. Becsuse the avallgble treatment of jet-bucket
relations 1s concerned with the impulse of a Jet on & succession of
buckets on a wheel moving &t constant speed and this treatment is not
applicable to the present problem, an analysis is made which uses as
much of the well-known treetment as 1s useful and makes modifications
as regulred. Figure 2 illustrates the configurstion being analyzed.

The equation for the velocity of efflux of the water Jet from the
nozzle as a function of time can be developed by recognizing that the
volume of water discharged in any given time 18 equal to the increase in
alr-charge volume; also, use is made of the equation for polytropic
exXpansion of ailr to determine the variation of alr pressure with time
and the equation for velocity of efflux to convert the variation of air
pressure with time into the variation of Jjet velocity with time. These
two relations in their familiar forms are given bty the following two
equations:

pv? = Constant = pyve" (1)
1hkp
vy = \jee = (2)

where PoVe 1in equation (1) represents initial conditions and equation (2)
gpplies for p 1in pounds per square Inch and w in pounds per cubic
foot.
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By use of equations (1) and (2), an expression can be obtained
which gives the instantaneous Jet velocity of efflux in terms of the
initial conditions and the instantaneous volume of the air charge:

n
vy - \fos 22o¥e (3)

Since the rate of 1lncrease of the air-charge volume 1s equal to
the volume rete of water discherge by the Jet, the following equation
must hold:

dv

where A 18 the Jet area.

By combining equations (3) and (%), the rate of change of alr-
charge volume is obtalned in terms of the instantaneous alr-charge volume

and the initial conditions:

/ n
where Cp = A\[/Z2g EEEEQIQ- .

Integration of equation (5) ylelds an expression for the instantan-
eous elr-charge volwte v as a function of time. Substitution of this
expression in equation (3) gives the following equation for instantaneous
Jet velocity in terms of time of Jet flow tJ end the inttisl conditions:

av - lern/e (5)

Vy =V (L cgta)“‘/(“*‘?’ (6)

n _
!5 + l)V'joA
vhere Cop = p- . This equatlon for instantanecus Jet velocity
[o}
is used in the following development of the equations of motion for the
catapulted mass.

The equation of motion for the catapulted mass 1e developed in
accord with Newton's second law; that is, the force exerted on the
catapulted mass by the water Jet 1s.equal to the product of the catapulted
mass and 1ts acceleration.
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The velocity of the water stream at the instant of impact upon the
bucket 1s denoted by Vi and is the same as the Jjet velocity Vj, at

the time t5 = t. - B¢ » where this expression takes into account the
i
time of travel of the stream from the nozzle to the bucket. The water

stream thus enters the bucket with a relative velocity V3 - V. and,
if it is turned through an angle 6 and is assumed to leave the bucket

with the same relative velocity (no energy loss), the catapulting force
exerted on the catapulted mass is glven by the equation

Fo = — A(Vy - Vc)2 (1 - cos 8) (7

™)

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

dve 1 2
7 =5 (Vi - Vo) (8)

W
where R = ;5ry -chs gy - The equation of motion given by equation (8)

has been integrated numerically for two sets of conditlons; these con-
ditions and the results are shown as part of figure 3.

In order to make a rapld survey of the effect of various parameters
on catapult performance, an approximate solution to equation (8) can
conveniently be made on the basis that the 1lmpact velocity Vi 1is
considered constant at a value corresponding to the aversge water tank
pressure. This average jet velocity is denoted by V,, and equation (8)
can then be written as follows:

ae = % (V1 - Vo)? (9)

Equation (9) can be exactly integrated to give the following approximate
equations of motion:

V12
Ve = R__ v (10)
te 1
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Vite + R

° (11)

Be = V3tc - R logg

Calculations, using equations (10) apd (11), for the same conditions
which were used in the numerical integration of equation {8) are shown
also 1n figure 3 for comparison with the correct integrated valves. Fgr
conditions where the initial air volume is 14.9 times as large as the
water volume dilscharged, the spproximate equations give results which
are almost indistinguisheble from the correctly integrated resulta. For
the lower retic of initisl ailr volume to water discharge volume,

v

Eo = 2.7, however, a sBlight difference results from the exact and the

approximate equations.

The results shown in figure 3 indicate that the approximate
equations will give an accuracy which should be sufficient for most
applications when the ratio of initisl eir volume tc water volume
discharged 18 in the neighborhood of 3 or more.

On the assumption that the approximste equations of motion are
sufficlently accurate for practical use, approximmte equations are
developed herein for the other parameters of interest, such sas the maxi-
mum height of the Jet trajectory and the quantity of water discharged.

If it is assumed that the Jet emerges from the nozzle with a
velocity given by equation (2) for constart average pressure and that
the Jet leaves the nozzle at an angular elevation o above the horizontal
and follows a parabolic path, then the equations for a body falling
freely can be used to obtain the following equation relating aeir tenk
pressure, maximm rise of the Jet trajectory, and range, which is assumed
equal to the catapulting distance:

P
8¢ = bymax Veymax ~ T (12)
The Jet is assumed to have returned to its initial elevation at the end
of the catapulting distance.

For a very flat tralectory and high presswre, which would probably
be used in jet-catapult spplications, the -1 under the radical in
equation (12) may be neglected for ease in subsequent calculations, and
the equatlion can be rewritten to give the following equation for maximum

trajectory height:
5o 2w

Ymax = TIBY(TWEY (13)
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The volume of water discharged during a catapult stroke is calcu-
lated simply as the product of the mean jet velocity, the nozzle cross-
sectional area, and the time of duratlon of the discharge. The catapulted
mass 1s 1lnitlally very close to the Jet nozzle ani is considered to start
moving at the same Iinstant that the jet emerges from the nozzle. The Jet
control valve is closed at such time that the tail of the Jjet will reach
the end of the catapult stroke at the same time as the carriage (see
fig. 2). The time of duration of the jet discharge is, therefore, less
than the time of carriasge run by an amcunt equal to the time required
for the tail of the Jet to travel from the nozzle to the end of the
catapult stroke. Based on the foregoing discussion, the equation for
volume of water dischsrged can be stated as follows:

Q= V1A<tc - 3_;.) (14)

In order to obtaln the value of @ 1n terms of average Jjet velocity
V1 and the required terminal carriage velocity V., the followlng equa-
tions for tc and s8c are obtained from equations (10) and (11):

RV,

- te = VL - Vo) (2)

' v
=RI__'¢ . L
Se R(%l - loge V- Vc) (16)

These two equations, when substituted in equation (1k), give

v
1
Q = AR loge 7T - v. (17)

In order to displsy the interdependence of the several variables
affecting the performance of the hydraulic jet cetapult, figure U4 has
been prepared for a catapult which will accelerate a 100,000-pound test
carriage to 150 miles per hour. A similar figure would be required for
each different set of catapult requlrements considered, but the prepara-
tion is not arduous. The equations used in the preparation of this
figure are equation (2) for jet velocity, using average air tank
pressure P, equation (9) for initial carriasge acceleration by setting
Ve = 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 jet trajectory.
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The usefulness of a chart such as shown in figure L is mainly in
the preliminsry plenning stage. Every point on the chert represents a
theoretical hydraulic catapult system which will meet the design require-
ment of accelerating the gliven mass to the required speed. The variation
of such quantities as required air tank pressure, catapult stroke, initial
acceleration, maximum height of trajectory, volume of water discharged,
and Jet area can be determined fram the figure, and undesirable values
of any. of these quantities can be avoided. After a satisfactory set of’
conditions is reached for the specific design under consideration,
detalled correction for losses and operating conditions can be considered
in order to estlimate the performance to be expected from a working
installation.

As shown subsequently, some tests Indicate that the average energy
losses in the operation of the Jet and bucket may be held to about
15 percent. These losses are considered to be coampensated in the design
described herein by dividing the nozzle area determined fram figure h
by the jet-bucket efficiency. If it 1s assumed that these losses have
been compensated, all other values read from the chart may be used
directly for design purposes. Other losses, such aa carrlage rolling
friction and carrisge wind resistance, also affect the design of the
propulsion system. For the design considered, these losses were found
to be of the order of 2 percent of the Jet energy and ere considered
small enough to be neglected in the mathematical treastment.

As an sid to visualizetion of the tremendous power which could be
developed by a hydraulic Jet caetapult such as has been described,
performance curves are presented in figure 5 for the particular catapult
represented by the deslign point indicated in figure %. The nozzle area
shown 18 for 100-percent efflclency. Correction of this area for
practical efficiencies has been described. It can be seen from these
performance curves that this catapult is expected to accelerate s test
car weighing 100,000 pounds from rest up to 150 miles per hour
(220 ft/sec) in the short time of 3.2 seconds and in a distance of
only 40O feet.

There are several other quantities which will be required in a
complete design after a sultable catapullt design ls selected from the
chart, such as the required angular elevation of the nozzle, the height
of impact of the Jet on the bucket throughout the catapult stroke, and
the lateral drift of the Jet due to & side wind.

The angular elevation of the nozzle regqulired to make the Jet return
to its iniltial elevatlon above the level track at the end of the catapult
stroke 1s determined from the combinstion of the maximm required catapult
stroke and the Jet velccity of the tail of the Jet as follows: From the
velocity-time relation of a bedy falling freely, the time required for
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the Jjet to reach its maximum height may be deduced and is given by

£ = Vj s8in a
g

The total horizontal distance traveled by the jet before returning to
its initial elevation is, then,

8Cpax = 2tVJ cos «

Eliminetion of t ©between these two equations gives

sin 2o = EE% (18)
Y3

The actual height of the point of Jet impact on the bucket is of ald
when computations are made of the over-turning moments imposed on the
carriage by the Jjet. The calculation of this quantity for the case with
a varlable jet velocity is given here because the height of the point
of impact for this case may at certain places be slightly greater than
the value given by the parsbolic approximation. Since the approximate
equation (11) gives the carriasge displacement-time curves very close to
the true values (see fig. 3), this equation is used to calculate the
carriage displacement. The Jjet leaves the nozzle along a straight line
with an angular elevation a and fells away from this line as a freely
falling body. The time required for the stream to travel from the nozzle
to the carriage would be sc/V . With this knowledge, the helght of the
point of impact of the Jet on The cerriage bucket cgn be calculated from
the following equation:

2
- - B2 - & (2
Yy =8 sina - 3t sc sina - & T, (19)
Equation (19) can be solved as follows: A value of 8. 1s chosen,
and from equation (11} ithe corresponding value of %, is found. These
values are then used to estaeblish corresponding values of tj and Vj
by means of the following relation

tC=tJ+§£
J
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where, in this case, the Interpretation to be placed on t¢c 1s that it
is the aum of the time of Jet efflux tJ and the time required for

particles of water leaving the nozzle at this time to travel the
distance 8c. This relation, used in conjunction with equation (6),
establishes the value of Vj. This value of _Vj; when used with the
chosen value of 8., permits the height of the polnt of Impact to be
calculated by means of equation (19). This calculation is repeated for
other values of 8¢ 1o cover the entire catapulting etroke.

The lateral drift of the Jet due to side winds may become a serious
consideration for a long-stroke catapult because of the increased silze
of the bucket reguired to receive the Jet. The lateral drift may be
calculated by equating the side force due to wind on unit length of Jet
to the product of mass of unit length and lateral acceleration. The
plausible sssumption 1s made that the lateral welocity of drift is
negligible In comparison with side-wind velocity; therefore;, the lateral
acceleration may be regarded constant. The lateral-drift equation may
be written as follows:

Force = Mass X Acceleratiqn

or

2
1 2C d”~ W
E‘pv‘; Dd:TEaI

Scluticon for ar, and use of the equation for uniformly accelerated

motion, 8 = % at?, glves the amount of side drift 8y as

B, = °Cp (V—Wsc)2 (20)

In this equation the drag coefficient Cp depends primarlly on Reynolda
‘number. For a Reynolds number range cof 10,000 to 300,000, the coefficient
Cp 1is almoet constant at 1.2 and therefore equation (20) reduces to

: \; '
op = 0 ogohss ﬁ sc)z (21)

This equation should be setisfactory for practical ranges of Jet dlameter
and slde-wind velocitiles. )
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PHYSICAL CONDITIONS AFFECTING JET FLOW

The mathematical treatment of the catapult system 1s based on the
gssumption of ideal jet flow, which, more specifically, means a Jjet that
can meintain its shape or integrity over the complete range of travel
from the nozzle. The design of the particular catapult system under
consideration requires that the Jet be collected and returned by the
bucket for a range of at least 400 feet. It has been found that the
physical conditions affecting jet flow, such as entrance conditions to
the nozzle, nozzle form, nozzle surface, and aerodynamic effects down-
stream from the nozzle, create sppreclable disturbances to the jet and
the question arose whether it would be possible to obtain a L400-foot
Jet length of acceptable integrity. The purpose of this section, there-
fore, is to delineate these various physical conditions and to show how
their effects on the Jet can be nullifled or, at least, minimized.

Information and data on long-range Jjets werz found to be very scarce
with the exception of material on the jets produced by fire nozzles. It
was decided, therefore, because of the aveilability of fire nozzles and
of data on Jets produced by fire nozzles, to initiate the investigation
of jet flow by studying the effect on fire-nozzle jets when these
previously mentioned physical conditlons were improved. For example,
bending the hose upstream from the nozzle was found to decrease con-
siderably the amount of Jjet length having reasonsble integrity. For
another example, cleaning and polishing the inside surface of a fire
nozzle was found to Increase the range of good fiow. Thus, by these
aznd other similar tests a straight symmetrical approach to the nozzle
end a smooth, polished, and faired internmal nozzle surface, along with
a smooth joint connectlng the hose or play pipe to the nozzle, were
found to be essential for maintaining the best long-range integrity of
& fire-nozzle jet.

On the basis of these results, a nozzle of 3-inch dlameter was
designed and tested. The profile chosen for this original test nozzle
was based on considerations of acceleration of the water, minimum
boundary layer, and parallel flow at the nozzle exit. Figure 6(a) shows &
photograph of a Jet produced by this nozzle. The improvement in jet
integrity because of better entrance conditions and nozzle design is
apparent when figure 6(a) is compared with figure 7, & photograph of a jet
produced by the 5-inch nozzle ahoard & New York City fireboat. The
fire-nozzle jet is seen to diverge immediately upon leaving the nozzle
into two separate streams whereas the Jjet in figure 6(a) is practicaily
nondivergent throughout its length. A study of high-speed motion
pictures of the same jet as in figure 6 disclosed that visusl observation
of the established stream and still photographs (such as fig. 6) give a
pessimlistic impression as compared with the stream during the first few
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seconds of operstion because Jet spray accumuletes with time and there-
fore obscures the sharper stream houndaries that would otherwlse appear.
The spray shown in figure 6(b) has accumilated during an operating
period of about 8 seconds, whereas the time of operation of the cata-

pult consldered herein is epproximately only 2% seconds. Further

evidence that a relatively solid core exists in the midst of this spray
is indicated by the fact that, at a distance of 300 feet from the nozzle,
the jJet cuts a parrow trench only 6 or 8 inches wide in the turf.

Smaller nozZles similar to this 3-inch-diameter nozzle were tested
8t11l further in order to determine the efficiency of the jet as a
function of distance from the nozzle by recording the loade imposed by
the Jjet on = flat plate by means of a small strain-gage type of dyna-
mometer and comparing these loasds with-the theoreticel Jet impact forces.

The results of these tests are shown in figure 8. These results indicate

that all jet losses for these small Jets, including shock losses caused
by the impingement of a Jet on a flat plate, averaged less than 5 per-
cent for a dlstance up to about 125 Jet dlameters, equivalent to ebout
one-fifth the scale catapulting stroke, and were negligible for the
greater distances tested.

The purypose of the precedlng tests has been to belp determine
whether it is possible to throw a jet 400 feet with sufficlent integrity
to be caught and returned by a bucket at that point, but thése tests were
performed cnly with equipment utlilizing small-sgcale sizes end small-scale
pressures. The resulte gained from these tests are promising; however,
there remains the question of whether these results will still be valiad
when scaled up to full-size. The combination of Jet size and nozzle
pressure required by the propulsion system 1s beyond current engineering
practice as far as can be determined, but there is no apparent change
in the physical conditione upon going tc larger and higher-velocity Jjets.
The relative spray losses of a jet due to air friction on the outermcst
surface of the Jet decrease rapldly as the Jet diesmeter incresses. In
reference 1, data are given on how far a "good" stream can be thrown by
8 fire nozzle. Thepe date are shown in figure 9 and indicete that a
gocd stream can be thrown 270 feet in still air with a fire nozzle
2 inches in dlameter operating at 250 pounds per square inch. This
figure also indicates that the obtainable horizomtal throw or reach of
the good stream increases with both nozzle pressure and nozzle diameter.
It seema probable, therefore, that a larger nozzle and higher pressure
ﬁggbination may be used to obtain a satisfactory Jet with & length of

feet.

In addition to the preceding consideratlons, other factors, such as
alr entraimment, dissolved alr, snd cavitation, may influence Jet flow;
proper precautionary measures should therefore be taken to guard against
adverse effects that these factors may cause. .

o
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In regerd to alr entraimment reference 2 states that the eddies
which whirl out of the main stream are immediately retarded and dis-
integrated by the resistance of the air. Furthermore, voids caused by
separation of water particles are immediately filled with air. A poor
Jjet shows remarkable qualities tc set in motion and carry along large
quantities of air. These statements indicate that an initially poor
Jet contains the seeds of its own destruction by air entrainment. The
nozzle must therefore be so designed that jet divergence and jet rotation
are as small as possible. Such & nozzle is described in the section
entitled "Nozzle Design."

The amount of dissolved air in water is shown in references 3 and 4
to be a function of the air pressure on the water and the length of time
the water i1s exposed to the alr. The dissolved-air problem becomes
important as to its effect on jet integrity when the pressure is high
and the exposure time long enough to produce nearly saturated conditions.
If this water, which 1s saturated with air at high pressure, 1s allowed
to flow from the nozzle as a free jet at atmospheric static pressure,
the Jjet becomes extremely turbulent owlng to the escape of alr from tke
stream boundaries.

From reference 3, the following equation 1s given for the initial
rate of absorption of alr in water:

C
1 dm H
Sat - kL"(a‘ - 1)

where

k. liquid film cocefficient (0.656 to 2.35 ft/hr)

Cg saturation at high pressure, pounds per cubic foot
C saturation at atmospheric pressure (0.0015 1b/cu ft)
S interface area, square feet

t time, hours

m weight of gas, pounds

Since C varles almost directly with the pressure P, this equation
may be written

1l dm P
— —— C -
S dt kL (Patm )
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where
P. pressure on air
Potm atmospheric pressure

From this equation it can be seen that the time of exposure of the water
to the aly and also the interface area should be held to s minimm. For
8 short period of exposure the alr dissclved would probably be unimpor-
tant. For long exposure time, however, the dissolved air i1s importent
and, 1f a long exposure cannot be avolded, sultable mechanicel means of
separating the air from the water, such as a disphragm, must be used.

If sharp edges or too sbrupt changes of curvature occur in a'nozzle,
the resulting low pressure can cause cavitatlon, and that would be very
detrimental to Jet lntegrity. The nozzle shapes described in the next
gection heve been designed so that conditions favorable to cavitation
do not occur.

NOZZLE DESIGN

The purpose of this sectlon is to describe the design of a nozzle
which will deliver s nondivergent Jet with uniform cross-sectional
velocity. In reference 5, calculation of the reguired nozzle shape is
made by means of the exact analogy between the potential fluid flow
desired and the magnetic field that is created by two coaxial and
parallel ceolls carrying electrical current. The electromagnetic solution
is applied to fiuld potentlal flow and one of the stream surfaces 1is
chosen as & flow boundary. A family of these contracting passages iB .
developed (see fig. 10), and surfaces a to h give cross-sectional throsat-
speed distributicns, boundary layer being neglected, that are uniform
theoretically within one-fifth of 1 percent. The distributions become
less uniform for the outer cones, but variations from uniformity are
8t11l less than 1 percent even for the outermost one. Essentially, ‘the
same throat uniformities will occur in the case of real fluid flow as
in potential flow, provided the upstream flow 1s uniform and the boundary
layer is maintained very thin. The boundary-layer thickness iB expected
to be less than 0.004 inch for a nozzle with a T-inch throat diameter.

As an ald in the design of a nozzle, figure 10 and table I are presented,
the deta of which are taken from reference 5.

Although no measuremente of nozzle efficlency were made om the
potential-flow nozzle, dynamometer tests of nozzles of the original test
shape Indicate that the coefficient of discharge of such nozzles approaches
1.0. It sBeems reasonable to expect that the potentisl-flow nozzle will
give as good results.
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The inflow requirements are falrly simple but very important. The
flow approaching the entrance to the nozzle should be parallel, should
be of uniform velocity, and should have & minimum of turbulence. Any
appreciable rotation about the jet center line In the approach flow
would be dissastrous. Because of the conservstion of angulsr momentum,
any rotatlonal velocity in the approach flow would be greatly magnified
in the nozzle, with the result that the jet would tend to expand owing
to centrifugal force as soon as it 1s clear of the nozzle; early Jjet
disintegration would then occur. A faired transition section for
commecting the nozzle to the straight approach section should give
satisfactory flow.

Cavitation in the potential-flow nozzle 1s nol expected since the
operating pressure range lies well above the vapor pressure of water,
and the use of a smooth polished finish of the nozzle water surface
should prevent local pressure drops due to a discontinuity of surface.

Reference 6 states that stainless steel of the 18-8 chrome-nickel
type, used elther as a forging or as a leyer weld upor a mild-steel
hasgse, 1is best for operation under severe conditions. The working life
of nozzles using this metal has exceeded 2 years of continuous operation.
This metal, if used in the catapulting-system nozzle, should have a
working life much greater than 2 years because of the intermittent usage
of the systemn.

BUCKET DESIGN

The energy of the stream 1s transmitted to the carrlage by the
catching and turning of the water of the jet in & bucket attached to the
rear of the carriage. It is known that maximum thrust efficiency is
achieved by a bucket that can turn the Jjet through almost 180° and
thereby obtaln maximum carriage thrust. The bucket must be so designed
that 1t can return this Jet efficiently throughout the maximum catapulting
range of 400 feet. Over this large range, however, significant vertical
and lateral displacements to the Jet can occur because of the effects of
gravity and of side winds. These effects of gravity and of side winds
on a long-range Jet made 1t impossible to adopt, without investigation,
the Information availlable regarding impulse-turbine bucket design, the
only other system utilizing power derived from a Jet-bucket configuration.
The impulse turbine 1s essentially a completely housed muliiple-bucket
short-range Jjet system in which the point of contact 1s gquite precisely
controlled.

A summation of these considerastions indicates that what is needed
for & bucket is a concentrating device, such as a cone, that can collect
the deviated and expanded jet and deliver it to a turning section where
the collected jet 1s turnmed through 180° for maximum energy transfer.



20 NaCA RM L51B27

A test program was arranged therefore, wherein various small-scale bucket
shapes were tested with regard to propulsive efflciency over scale Jet
ranges by recording the bucket loads introduced on a small strain-gage
type of dynamometer and comparing these results with the theoretical
Jet-impact forces. Sketches and dimensions of the buckets Ilnvestigeted
are shown in figure 1l1. Jets having dlameters at the nozzle of 1/2 inch
and 1/4 inch were used in testing these buckets. Figure 12 shows the
propuleive efficiency of these huckets plotted agalnst jet length for
the two nozzle sizes. A study of the information on impulese-turbine
buckets {references € to 8) in conjunction with these tests indicates
that there are three important bucket design parameters, namely, the
ratio of bucket width to Jet diameter ©b/d, the angle of approach of

the Jet to the bucket surface, and the condition of the wetted bucket
surface. These parameters are very important as regards the efficiency
of any bucket. The ratio b/d is especlally important Iin bucket design
because of its large effect on bucket propulasive efficiency. Impulse-
turbine bucket design indicates that the skin friction developed by a
bucket and its corresponding energy loss is a function of this ratio.
Too large a raetlo results in excessive losses through skin friction
whereas too small a ratio results in an overflowing bucket with its
corresponding loss. Figure 13 shows the increase in bucket efficiency
gained by decreasing this retioc from 12 to 6. This ratio was decreased
by increasing the Jet diesmeter from 1/4 inch to 1/2 inch. The efficiency
gain was of the order of § percent.

The approech angle of the jet tc the impact surface was found also
to have an important effect on bucket propulsive efficierncy. Pelton,
in bis development of the Pelton wheel (reference 8), found that the
impingement of a Jet on the edge of his cupped bucket, rather than in
the center of the bucket, increased the efficiency considerably. This
efficiency gain was due to the jet hitting the bucket where the Jet
path and the bucket surface were nearly parallel. From this point,
the jet, following the bucket contour, was led gradually into a 1700
reversal rather than reversing sbruptly s was the case with a direct
central jet impact on the bucket. The best possible Jet enbtrance is
tangential to the bucket but it has been found that deviations fraom
this tangenmtial entrance can be tolerated up to about 15 because of
‘the relatively small energy Zosses involved.

The condition of the wetted bucket surface is an Important consid-
eration also. The ldeal bucket surface 1s one that is es smooth and
highly polished as is feasible. Such a surface reduces the eroselve
action of high-veloclty Jets, eliminstes the turbulence and possible
local shock effects resulting from a discontimuity of surface, and
reduces the skin friction developed by the bucket.
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So far only the design conditions spplicable to any type of Jet-
bucket system have been described. The masgnitude of the vertical and
lateral deviations given a long-range jet by the action of gravity and
of side winds must be determined before any design for the catepult-
system bucket can be reached. The vertical deviation is & function of
the jet velocity 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 facillty under con-
sideration. This curve furnishes the vertical-jet-displacement infor-
mation necessary for this particular bucket design. The lasteral Jet
displacement caused by side wind becomes of significance when the
catapulting distances are long and when the catapult system is not
protected from the wind. Figure 15 shows a’'typical lateral-displacement
curve for a Jet of given dimensicns. The mathematlcal trestment of this
problem has been discussed in the section entitled "Mathematical

Development” (see equation (21)).

Figure 16 shows several views of a model bucket so designed as to
include all the discussed design condltioms. The variation in efficiency
of this bucket due to lateral displscement and verlation in jet length

of a %—inch Jet are shown in figure 17. These curves indicate that a

properly designed bucket will have an efficiency range of 78 to 98 per-
cent, depending upon where the jet strikes the bucket. The average Jjet-
bucket loss is considered to be 15 percent.

The more refined bucket design shown in figure 18 makes use of an
elliptical-cross-sectional cone rather than the circular-cross-sectional
cone. This bucket resulted 1n some weight saving along with producing
a more compact bucket. Although no efficiency tests were made on this
bucket, it was found to give very satisfactory results when used in a
working model.

Some care must be used in the selection of the materisl to be used
for constructing the bucket. The experience gained in the construction
of impulse-turbine buckets is availlable for this purpose. Reference 6
states that the material used for high-head buckets 1s cast steel, the
medium grades of carbon steel being preferred. Heat-treated alloy steel
is used to a limited extent but the practical problem in connection with
this material is the difficulty in heat treatment following field repairs
by welding. An increasse in bucket life has been secured by the layer
welding of 18-8 chrome-nickel stainless steel or other hard facings in
the bucket bowls which are afterward ground smooth to true shape. The
probability of fatigue failure occurring in the propulsion-system bucket
is very smsll due to the intermittent usage expected of the catapult.
Consequently, a higher design stress can be used in this bucket than in
the case of the impulse-turbine bucket where the probability of fatigue



22 : NACA RM L51B27

failure occurring is much greater due to the continmious operation of the
turbine. It is also expected, because of this low frequency of catapult
operatlon, that the possibllity of damage due to cavitatlon occurring
in the bucket will be small and, hence, can be neglected.

ADDITIONAL DESIGN PROBLEMS

One design problem that has not been previously mentioned ie 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
to the pressure tank foundations and track iunstallaetions and injurious
to personnel. Figure 19 shows how this return-water velocity varies
over the catapulting distance. The curve shows that the return-water
velocity varies from practically initial Jet velocity at the start to
about one-~third the Jet velocity et the end of the catapulting distance.
A precticel wsy to dispose of this return Jet 1s to insert a shallow
return-weter tank between the tracks. A system of railsed lastersl
louvers is placed over this tank. The bucket should be so designed
that the return water 1s concentrated and directed through these louvera
end intc the tank as the carriage moves through the catapulting distance.
The return-water energy is dissipated in this tank whereupon the water
becomes available for re-use in the system.

The design of the water tank must be given careful counsideraticn.
Tt has heen shown previcusly that the Integrity of long-range Jjets
depends upon symmetrical Inflow to the npzzle and the avoldance of
dissclved air in the water under high pressure. The water tank, there-
fore, must be so designed that these conditions are met. Figure 1 shows
a tank design that meets these conditioms. The water tank is made up
of a vertical cylinder joined by means of & 90° elbow to a horizontal
cylinder. The extreme end of the horilzontal tark contains the potential-
flow nozzle along with a transition sectlon between the upstream rozzle
face and he interior tark wall. The upper end of the vertical tank
contains the conrnection leading to the high-pressure alr supply along
with a diffuser to distribute this asir equslly across the water surface
of the tank. The flow of water through the nozzle 1s conbrolled by
means of a quick opening and closing valve placed outslde and over the
end of the nozzle. The slr flow into the water tank 1s comtrolled by
a velve located between the alr dlffuser and the pipe leasding from the

alr tank. _ :

Symmetrical inflow to the nozzle is achleved priwarily by meking
the borizontsl tank and vertical tank of such volume that all the water
discharged is initielly located downstresm from the elbow. With thils
srrangement, ncone of the water that passes through the elbow during a
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catapult stroke ever reaches the nozzle. To minimize the turbulence
generated in the water in passing through this elbow, turning vanes
should be provided. By using a large contractioa ratio (ratioc of tank
cross-sectional area to nozzle area), the velocity of water flow through
the tank is held to a low value as compared with the water flow through
the nozzle. Thus, the turbulence of the water upstream from the nozzle
is held to 2 minimum. This water tank can be operated in such a manner
as to minimize the problem of dissolved alr by venting the water tank

to atmospheric pressure untll immediately before a catapult stroke when
the high-pressure sir will be admitted to the tank.

CONCLUDING REMARKS

From the studies reported it appears that the hydraulic Jjet catapult
wlll be satisfactory for accelerating a 100,000-pound car to 150 miles
per hour and be chesper than the other types considered. Model tests
and other information indicate that a satisfactory Jet should be obtained
over the indicated design catapulting distance of 400 feet. Design
requirements, such as provision of tanks end valves to operate at the
required pressure, prevention of eroslion and corrosion in the nozzle
and bucket, control of the return-water Jjet, and so forth, offer problems,
but 1t appears these problems can be handled.

Langley Aeronasutical Laboreatory
National Advisory Committee for Aeronautics
Lengley Field, Va., January 17, 1931
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TABLE I

COORDINATES OF POTERTIAL-FLOW NOZZLE BOUNDARIES

[From reference 5, table 1—_[
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Figure 1.~ Schematic drawing of hydrsulic catapult ayetem.
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Figure 2.~ Sequence of operations during a catspulting stroke.
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Figure k.- Characteristics of a famlily of jets, any one of which will

accelerate a 100,000-pound test wvehicle to 150 miles per hour.
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(a) Jet issuing from nozzle,

Figure 6.~ Jet from 3-inch original test nozzle, Teank pressure,
220 pounds per square inch (approx.); %;-scale catapulting
atroke.
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(v) Jet 200 to 300 feet from nozzle.

Figure 6,- Concluded. -
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Figure 7.~ Divergent Jet resulting from relatively crude nozzle forms and
poor entrance conditions. Jet issuing from 5-inch fireboat nozzle;
pitot pressure, 260 pounds per square inch; wind, astern, 10 miles

per hour.
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Figure 10.- Potential-flow nozzle boundaries. (Precision of uniformity of
throat speed: & to h within 0.2 percent; i within 0.4 percent;
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From reference 5, fig. 6.)
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Flgure 11l.- Concluded.
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Flgure 12.- Variatian of return efficlency of preliminary buckets with

increasing Jet lengths (original test nozzle).
gketch shown in fig. 11.)

(Rumbers refer to
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(c) Bucket 6.

Figure 13.- Increase in efficlency of return with decrease in b/d ratio
(original test nozzle).
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Figure 1k.- Point of impact of Jet on bucket throughout catapulting stroke

after corrections for pressure drop.
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Flgure 15.- Effect of side-wind on the lateral displecement of a high-speed
Jet. Jet diemeter, 6.87 inches; Jet velocity, 600 feet per second; Jet
length, 400 feet.
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(a) Obligue rear view.

Figure 16.- Views of conical bucket used in tests.
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(b) Front view.

Figure 16.- Continued.
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(c¢) Side view.

Figure 16.- Continued.
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(d) Bottom view.

Figure 16.- Concluded.
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Figure 17.- Varlation of return efficiency with Jet length and with lateral
Jet displacement of circular-cross-section conical return bucket.
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Figure 18.- Sketch showing final shape and losding disgrem of Jjet-return
bucket.
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Figure 19.- Variation of return-water velocity relative to ground through-
out catapulting stroke.
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