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FOREWORD

The work on propellant emplaced anchors (PEA) ‘reported here was funded by
the Naval Civil Engineering Laboratory (NCEL) under Amphibious and Advanced
Base Tectnology, PE 62760N, Subproject YF 60.536. The purpose oi the work
covered bs this report 1is to analyze and evaluate three candidate propulsion
systems for PEA's to replace the high pressure gun propulsor now used. These
alternate bropulslon systems all have the capability to propel the PEA's and
to eliminat® the recoil préblems that trouble existing PEA's. All of the _
propulsion S/stems are recoilless. Ali three propulsion systems were analyzed
in depth, and+ the analyses were implemented into computer programs that can
simulate theIF\performance. The results from these computer pragrams, in
turn, were used, to make estimates of the size ond weights of tre competing
systems.. The fnpal selection of the'water jet propulsion system was based on
s1ge, weight, an* anticipated short development time.
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A, INTRODUCTION

I. THE PROBLEM: Newton's Third Law has teen formulated in many ways.
but they all have the same meaning—-all forces are produced in equal and
opposite pairs. The action and reactioh_are exactlj equal in magnitude and
exactly opposite in directﬁpn. Anyone who has firedia gun or rifle much '
larger than .22 caliber understands Newton's Third Law. The high pressure
gases from the burning propellant act both on the base of the bpllet and the
base of the gun breech, producing equal forces on both. Since the bullet is
, free to move, the force drives it down the barrel and out the muzzle. The
persdn firing the gun js hdt'usually free to move very far because he is
coupled to the earth (Figure 1). The recoil force is transmitted through the
shooter's body to the earth. If the bullet is a .30 caliber with a weight of
150 grains and a muzzle veloc.ty of 3,000 ft/s, the recoxl force will change
the earth's velocity by 4. 7 x 10 -24 ft/s. This will move the earth onme inch
in five trillion centuries. (The reader should not worry about the accum-
ulated effects of shooting on the earth's trajectory, because air fpiction and
the final impact produce equal and opposite forces which exactly counteract
the velocity increment of the earth.) If the shooter is suspended free of the
earth, his much smaller mass will be accel ated to a speed of four inches per
second.

The -previous paragraph discussed the “cts of a man firing a .30 cal-
iber rifle while standing on ‘the earth and wh11e suspended. in the air. The '
effects are small hut dafferent. Larger caliber guns require much larger and
stronger supports Ehan a rifleman to keep the gun coupled to the earth. " Qur
problem is greater }et. Propellant Emplaced Anchors (PEAS) comprxse a system
of large anchors for semipermanent mooring of shaps. The anchors are shot
into the sea floor to increase their effective lifetimes. and their load capa-.
cities, There are four load ranges from 10,000 pounds to 300,000 pounds,
'Depending on their holding capqcitﬁes and the.type of sea floor they are
intended for, the anchors’ weights range from 160 pounds to 6,800 pounds, and
.their required veiocities range from 360 to. 520 ft/s, AThese_are massive
“bullets.” Projecting the largest of these anchafs frnm a reasonable qun tube
requxres projective forces {and therefore recpil- forces) of cver 1.5 million
pounds. Tnere is no practicai way to tie the PEA -gun barrp! directly to the
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earth during normal use. Therefore, the handling of the large recoi! forces

generated by PEAs is a

significant problem. It is the topic of this report.

It. will be necessary to develop a quantitative understanding of the

problem before looking at potential solutions. Figure 2 shows the genefal

layout. of an'unsupported launch tube, propelliant charge, and anchor. It also

shows the principal forces acting on anchor and launch tube. The net force

acting on the anchor and the launcher fis:

A-l-1 F

where subscript i

di

= (P- - - H 2
(P Pa) A Ff yép Ai Cdi Ui

designates anchor when i = 1 and launch
tube when i = 2
net force (pounds)

gas pressure in launch tube (psf)
ambient pressure (psfa)

tt on

= cross-sectional area of launch tube and piston (sq ft)
= friction force between anchor piston and launch

tube wall -(pounds)
density of seawater (slugs/cu ft)

maximum cruss sectional area of anchor or
launch tube (sq ft) :
drag coefficient {dimensioniess)

velocity (ft/s)

"

The instantaneous accelerations of the anchor and launch [tube are:

‘A-l-2 -y,
S - i

»

Qhere . Ui

=, é Fifmi

.= a; = acceleration - (ft/s?)

Mi *Amass'(including virtual mass) ,isiugs}
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The instantaneous yelocities are:
. . ,
A-1-3 U. = .[ a.n-

where t = time (sec)

The distances travelled by the anchor and launch tube are given by:

t
A-1-4 ‘ X. =f U, dr
C 1 0 L

where Xy the distance traveled by the anchor or the
launch tube (ft) ' .

A1l one must do to cbmpute the trajectories of the anchor and launch tube is
to integrate equations A-I-3 and 4 for i = 1 and 2 sim:ltaneously untii

A-1-5

where ' L = the effective length of the launch tube (ft).

. One must know the various coefficients and boundary conditions before the
equations can be integrated. In addition, the pressure must L2 known as a
function of time and/or the sum x1+x2. In the detailed calculations the
pressure will be given as a differential equation involving pressure, time,
and x1+x2.

For approximate calculations, one may ned]ect the Ff and the flyid dy-~
namic drag. Further, the pressure may be assumed constént because that gives
the best performance and because it is nearly achievahle. With thése simpli-
fications, .tha final velocity of the anchor is

. ‘/*?(Fﬂ?;ﬁﬁf°”"ﬁﬁ;"
U L. F
1 final M1 M1+M2

Ael-o

The first teerm in thé radical ¢n the right~hand side of Equation A<l-6 is the
- square of the final anchor velocity that would result. if the lauacher were
fifm]y attachéd to a very large, effectively 1nf1nite.‘pass;' The second term
" on the right-hand side is a cofrection_term for the case where the launcher is
f_attachedfta~a'finite'ﬂﬁss,; The product oi thase twe térms {5 the final anchor
vele;ity when the mass of the lauach tube is sigaifican;'pad free to meée._

3
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The correction term is always less than one. It increases as M, increases
relative to Ml‘ Equdation A-1-6 shows that U.l final can be increased by
increasing P, A, L, and/or M, and/or by decreasing M, -

IT. CURRENT PEA'DESIGNS: To increase the effective mass of the launcher
without incfeasing its physical! mass, the original designers added reaction

vessels to increase the virtual mass of the launcher. Virtuai mass is the

‘mass of the water that';cts‘accelerateq a.ong with an cbjéct. The virtual

mass 1s added to the bhysical mass of the object being azcelerated, but only
while it is being accelerated. The quantity of the virtual mass is
proportional to the maximum crcss-sectional area of the object, taken
pefpendicuiar to the direction of acceleration. The proportionality constant
is determineéd by the shape of the object. Figure 3 shows the present PEA
design and how the virtual mass is increasec by adding the reaction vessels.
This is a good shapé‘for'increasing the virtual mass as well as .increasing the

'dfag. While this'design'achieves the required anchor veiocity, it is large,

heavy, and awkward. Furthermore, the reaction vessels on che larger anche-
launchers occasionally break. The rest of this paper is a description,
analysis, and evaluation of several new concepts for launchers that do not

need reaction vessels.

111. PROPOSED NEW APPROACHES TO LAUNCHER MASS REDUCTION: While the
solutions developed in this papér also apply to the smaller PEAs, the main
emphasiy is b?écgd on the 300 KIP PEA because of its size, weight, and han-
dlingrprobiems; The purpose of these new apprdaéhes is to‘accelerate the
anchor to the required velocity without making the laun;her large, heévy, '
awkward, or prone to failure. A1l of the new approaches have one feature in
common. Instead of reducing the effect of the recoil force by adding mass to

,the»!auﬁcher,'they_ail neutralize the recoil force with another source of.

thrust.

The three basit'npti@nﬁ‘ara shown in Figure.4.' The first option is the

Carchetype for the rest. It is a scaled-up recoilless rifle with the anchor as

a projectile. Conceptually, it is a PEA with an erlarged gas generator and 2
rocket nozzle venting to the rear. The thru .t from the rocket nozzle can be

; tailored to exactly neutralize the recoil force, This makes MZ effectively

infinite. $ince there is no recail displacement to reduce the efficiency of
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the launcnher, the pressure may be reduced. This, in turn, ailows the taunch
tube to be thinner and lighter. On the negative side is the need for a much

larger and more =xpensive gas generator.

The seccnd option is derived from the first by the observat:on that the
rocket thrust required L overcome the recoil force is exactly equal to that
required to propel tne anchor. Therefore, why not eliminate the Iauqéh tube -
and propel the ancnor directly by the rocket's thrust? The launch tvbe is
eliminated completely. There are other less obviousvadvantages to this op-
tion. The thrust duration ié not limited by tne l'ength of a launch tube, :
because there is.no launch tube. The thrust duration is only limited by the
standoff, distancé between the sea floor, and the launhh position. The rocket
thrust can be reduced because the required thrust is inversely propcrtional to
this standoff distance. The principai disadvantage is that the ‘mass of the
- rocket motor must he added to Ml’ the mass of the anchor. This requires an
even larger and more expensive vented gas gene. ator than that required for the
recoilless launcher. ‘ | '

The third oppion is similar to the first in overall .concept. Instead of
using an ordinary rocket which vents the propellant.gas, this concept uses a .
water jet. Gas from a Qas generator forceé'water out the nozi]e. The princi-
pal advantage of the water jet is a smaller (by half), simpler, and unvented
éas generator. An unvented gas generator avoids all of the problems of the
large vented gas Qénerators. | | '

8. RECOILLESS OPTIOM

While all of the’options considered in this report are effectively
recoil!gss,ithe;term will be reserved for the compinaticn of a launcn tube
with a rocket which neutralizes the recoil force. The recoilless option 1s a
diract copy of the recoilless rifle first used extensively in the Koreéﬂ War.
This -original recoilless rifle eliminates the need for heavy an ﬁnuntsvby
eliminating the recil, *nis‘ﬁermits'1ight artillery to he fired from light
tripod npua;%. These lignt tripo*s'afe'required 6nly to support the weight of
the gun and to facilitate aiming: they dd not have to absorb any recoii .
forces. ' o
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I. RECOILLESS RIFLE TECHNOLOGY APPLIED TU PEAs

As shown in Figure 4, a recoilless anchor launcher has'a single combus-
tion chamber which produces gas to drive the anchor via the piston and to
power the rocket. The piston area and the nczzle throat area are preset so
that the two forces acting on the launch tube are equal and opposite,‘thus
keeping the launcher stationary. As before, the force accelerating the anchor
is: v
8-1-1 Fo=(P-P)A-F, -1 ya c, . o?

1§ a f 2 1 “dl ‘1
The recoil force ist -
3-1-2 . | F2 = (P - Pa) A - Ff
The thrust from the rocket must equal F2 if the 1aunchéq is to he kept
stationary. The rocket thrust, Fqo sz o

PA C

B-1-3 Fy=PA Co
where A, = throat area of th. nozzie (sq ft)
ve =. thrust coefficient (dimensionless)

Equating eduations B-1-2 and 3, and soiving for At gives:

. A (P-Pa)-Fy

B-1-4 ‘A, 2 i T
o t | T CF

Pa is small with respect to P; and Ff is fairly sma!\.'.Therefore. A_ tan be
estimated by: ' ' '

TS o A =
The net force on the launch .tube for the recoilless option is:

o] - T F = - « F - : L .1 L‘
B-1-6 ,. For =(P=PYA-F -PA C-Ypya,cp,u;
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To do a detailed calculation of the perfofmance expected from any given
set of parameters, one must substitute equations B-I-1 and 6 into equations
A-1-2 and integrate as in equations A-I-3 and 4 to the'boundary condition ex-
pressed in equation A-1-5, To do this one need§ an'eduation (algebraic or
differential) for P. '

If one assumes that P is constant and FZT'is'nearly'zero, then the
equations can be solved analytically. 'The general equations for the anchor
velocity and displacement are: R

B-1-7 Uy = Ulmtanh(t/r) - and

R-1-8 Xy = Ujot loge(cosh(t/r))_‘

where ' Ulw = terminal velocity of the anchor if the driving force
were maintained indgfﬁnitely. When U; equ - Upe

then F, in equation B-I-1 =70.

PP VA -F,
B-1-9 Uy, = o
1p® "1 a1
B-1-10 . T = a charaéteristic'timelf
I W |
I CEIR
PP AF

The time, t, can be eliminated from équations B-Ii7iand 8 to give U1 as a
function of x. K S ' ‘

B-1-11 U= U T exp (<2x/Up,1)

* where - exp (B) = e®
Tne final veiocitimtén be caiculated by substituting L -for x'in equation
B-1-11. | )

These equations are useful for évaiuating proposed systems.and for com-
paring different types of systems, but tﬁey don‘t_déscribe the gas generator
necessary to provide fne constant thrust. No real gas generator’provides a
_ perfectly constant pressure. theréforé} more detailed ca!cufations are needed

.....
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to give accurate results. These detailed calculations will giQevanswers for a
real gas generator, but more'important, they will be a powerful design tool

for the development of the gas generator.

IT. INTERIOR BALLISTICS: This technology area gives the means to calc-
ulate the changing interior pressure, P, and the means to design‘an effective
propellant sysfem. The first equatjon_needed is the equation of state, which
relates the pressure, volume, mass, tehperarure. and molecular weight of the
gas. The ideal gas equation is usually used for more moderate pressure, but
the high pressures used in the PEAs need an equation of state such as the
modified van der Waals equation of state.

. . ¢ - _ .ln-
B-11-1 P (V-5 ﬁW W RT
b = covolume, a measure of the finite volume of the gas
molecules
MW = molecular weight of the gas (slugs/slug-mole)

= volume available to the gas {cu ft)

= universal gas constant (49,709 ft01b/slug mole- R)
absolute temperature of the gas ( R)

= mass of gas (slugs) '

.3 - O <
n

‘Mw‘and~b are parameters whdse values depend on the composition of the gasi R
is a universal constant; P, V, m, and T are variables. To calculate instant -
aneous. values of P, it is necessary to know the two parameters, MW and b, the
universal ‘gas’ constant, 'R, and the variables v, m, 5nde. The remainder of
this section covers the calculations of these variables.

The process starts with the burning of the propeilant‘to;préd9ce the
gas. The surface'of the propellant regresses everywhere;perpendicu1ar to the
burning surface. . Figure 5 shows a propellant, grain with a ;ingie'penforation
(monoperf), and Figure 6 shows a grain with seveﬁ perforatiohs {seven perf);
- Figures 7 and 8 show a rocket propel!ant grain of a design that might be
' appropriate to a recoilless or direct rocket PEA, The drawings show how the
. grains regress as they burn; the grain is shown unburned and partially
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burned. The following equations give the surfaces of the three types of
grains as functions of fheir original dimensions and the burned distance, z.
These funcpéohs are needed to ralculate the rate of gas productior.

R-11-2 - S, = 7 (0D + D) {143(000 -Ioj +H - 4z}

burning surface of one monoperf propellant
grain (sq. ft.)

where i 3

O
o -
"

= 6riginal outside diameter of grains (ft.)

origina1 inside diameter of perforation (ft)

4

—
oo
A

original length of -grain (ft)
distance burned, perpendicular to grain's
surface (ft) '

o
non

This moncperf grain is totally consumed whenever z = Hy/2 or z = (0D, - 1D )/4,
whichever comes first. The equation for the seven perf grain is: '

=11~ - = (1 o7 ) ->'.. - 2
B-11-3 S S¢ =™ i /2(00o 7lp°)+Ho(ono+710)o+2z(6H0 2000 14100) 3622}
where' 4 SS = burning surface of one seven perf‘propellant

grain (sq ft)
- ooo-'BIDO
This equation for 5.5 is valid while z > —_—g When z reaches this

limit, 7/8 of the graiﬁ is burned., The remaining part of\the'grain burns in
two modes. Li'takes-about six gquationé to calculate the surface of these
afterburns. "These eduations‘are not shown here, but they are in the computer
program listed- in Appendix A. The equation for -the rocket propéllant grain
is:

B-11-4 o 5. = (H0 ¥ 2w - 8z) {16 h, - 8 1000-* ™ (ID°+8w + 2z2)}

P2n(3w - z)(w ¢ 2y + AID {o(ID, + dw) - 2w cos o}

n

S
r

h
)

iﬁsténtaneous surface of’é rocket type,graiﬂ_(sq ft)

“

length of straight sides of the s~.okes (feet)
'[1 w = web ofvpropellantfgrain (feet). |

e = arcsine'(Zw/LDo) - {radians)

s .

............
.......
. I S R S S L
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The next item needed is the propellant's regressibn rate, z .

8-11-5 oz ='g P
where B =" buhning rate coefficient (ft/s psf ")
n =

burning rate exponent (dimensionless)

Both B and n are'détermined by the composition of the propellant. The overall

burning rate m_ is given by:

b

B-11-6 my = NS pp z

where N, = number of propellant grains (dimensionless)
.ﬂS = Sy Ss’ or S as appropriate ‘(sq ft)
6. = density of the propellant (slugs/cu ft)

In both the recoilless and the rocket launched PEAs, most of the propellant
gas 'goes out the d@zzle. The equation for the exhaust mass flow rate is:

B-11-7 | _Té = P‘At Ce
- where R At'= area of'theAthroat of the nozzle {(sq ft)
_Cé = discharge coefficient of propellant gas {slugs/pound)

Typical values for_the discharge coefficient are ,OOQZ slugs/pound-seconds.

-Thg net rate of aéCumulétion of propellant gas is:'

.

B-11-8 m = NS BP .PA C

t e
S P(0) V(D) M4
where L R e e

The next item to be calculated is the volume, V, available to the gas. This
volume comes frem tﬁree sburces;‘the'initiai or free voidme,;vf; the rate of
increase of vo!ume‘due'to mot ion of‘thg piston which is equal to (91 + ua);a H
and the burring of the propellant grains. The gas volume, V, ¢ given as a
derivative with respect to ,t'img'.‘ ‘The boundary 'con-qnilo,ﬂ at time = 0 is Ve o

o

P TE S T R N A e I e e .
W Te T e e e e e e e e P P B I T L IS S TR J0I S AN S PPN P SRS A S Y
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B-11-9 Vo= (U; *UA + NS BP

and " V(0) = V. = initial volume available fo gas (cu ft)

The next state function to be calculated is the temperature, T. The

_ changes in temperature will te rather small in all of the configurations being

considered here, because the propellants burn to produce gas at constant temp-
erature. This constant flame temperature and the high burning rates tend .u
maintain the temperature nearly constant. The combination of a high through-

put and a short action time means that heat transfer is minimal. . The only

significant'heat loss comes from the expansion work done by the gas. The time
derivative of the temperature is:

B-11-10 To= (T, -T) mm - p Gu/(cp J m)
¢, = specific heat (Btu/slﬁg-og) -
J = mechanical equivalent of heat (778.3 ft-1b/Btu)
Y T L
Y = ratio of specific heats (dimensionless)
TO) =T,
Vo=

!

Substitute Equé;ions B-fri and 6 into Equation A-1-2 gives:

- .’v ‘ - Y = - ) - _1 ) ' ',2 \
B-11 l'l ‘ Ul {( Pa) A . ‘Ff ./zp Al cdl Ul }’/h’l

e

‘.8 - - -.l 2 ‘o . ‘ .
b = {(P Pa)lA Fe-tow Ryl Uy =P A Cel. /My
Taking the derivitive of eduation A+1-4 giveé:

B-11-13 - Y T

_8011‘14 . x‘e - Ua

11
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A1l of the equations for the recoilless launcher are finally assembled.
The first step in ealcu1atind the performance of a specific recoilless design
is. to determine all of the parameters and boundary conditions. The next step
is to select an appropfiate burning surface equation; equation B-I11-2, 3, or
4, or some other equation if a different grain is used. The burning surface
and equation of state, equation B-1I-1, are auxiliary equations. Equations
B-11-8 through B-11-14 are all first order differential equations that must be
1ntegrated s1mu1taneously until the final boundary condition is met,
(x1 tx, = L). Because of the mixed nature of these equations, it will be
necessary to use numerical techniques to integrate them. If the reader’is
planning to write a computer program to carry out these integrations, he

should be aware of several conventions used in the derivation of the equa-

tions: The sign of’U1 is positive when it is going forward,. the desired
direction. Similarly, the sign ofoz is considered positive when it is going
rearward, its natural direction of motion.: U, might hecome negative if the
rocket thrust is higher than the racoil force. It is extremely unlikely

that U1 will ever become negative, but the possibility that U, can become
negative may cause a problem in equation B-I1-12. A1l of the terms in this
equation have 1ntr1n51c directions indicated by their signs, The fluid drag
term { Uépc A U )15 always opposite in sign to the velocity UZ' The
equations as g1»en are correct so long as the velocity, U 2 is pos1t1ve._ This
can be handled in a computer program by mu1t1py1ng this term by a function
SleUM(U )o  This ‘unction has a value of +1 or -1 as as UZ is p051t1ve or
negative.

‘ Appendix_A_is a copy of a computer program iike the one just'described.
and a ruf showing a-typical set of results. This program was encoded several

© moAths before the detailed: analysis shown in this report. Thzs exp1a1ns the

difference hetween them. For example, the program yses the ideal gas equation
of state 1nstead of the modified van der Waals equation af state., Also the
program dors not have a term for fluid dynamic drag on the 1auncher, because
the launcher velocxty is 1ntended to be so low that the drag is insignificant, .

_ The calculations show that the anchor. can be accelerated to 300 ft/s by a
iecoiiless device operating at 20,000 psi. The oropellant tharge assumed in
this calculation consisted of 115 seven perf grains {(Figure 6), This is not’




NSWC TR 84-214

the usual way to fuel a solid pfopellant rocket. Most solid propellant rocket
motors have one or’two grains that are nearly as large as the motor. The
grains are also of such a shape that they stay in place w1th a very high
reliability. This is not the case with relatively small grains. They can be
blown through the large nozzles required by the PEAs. It is not clear thap
the téchhiques for grain retention that work in the much smaller recoiliess
rifles will work,in the PEA combustion chambers. If this potential problem
becomes serious, then it will be necessary to use rocket-like propellant
graihs as described in Figure 7, if they can be made to sustain the high acce-
leration load. It seems clear that the develcpment of the propellant assembly
would be an expensive and chancy undertaking.

C. DIRECT ROCKET

The recoilless PEA launcher system described in’ tne prev1ous section
'appears to be a theoretxca]ly worka&le solution to the problems xnvclved in
launching large PEAs, if the propellant problems can be solved. Also, it is
rather sophisticated. This level of sophistication is accepted *n |1ght
artillery because it can give h1gh velocity and accuracy without recoil in a
hand held weapon. PEAs are not hand held and they do not require high accur-
acy. High velocity énd adequate accuracy can'be achieved with unguided direct
rocket propulsion, but the direct racket shares the recoilless PEA's propel- A
lant problems. With the direct rocket, the .gun tube and pistom are elimin-
ated.

I. DESCRIPTION OF DIRECT ROCKET PROPELLED PEA:

A direct rocket'powered PEA is shown in. Figure 4.‘ The rocket motor is
attached directly to the anchcr. The thrust from tne rocket motor, less the
fluid dxnamic drag on the assembly, accelerates the anchor and the rocket
- motor., The analy%is of the forces is simpler than for fhé original PEA system -
and the recoilless system, because the whole apparatus ‘moves as a un:t.

The “up front" advantages of the direct rocket prupel!ed PEAs are the
reduced weight and complexity resulting from the elimination of the launch
tube aﬁd piston, There isvanother. less ohvious, advantage to the direct
rocket PEAs, The duration of the thrust is not tied to the barre} length,
because there is no barrel. The rocket can fire for a soagwhat longer time at

a lower thrust level, Iif desirable, the'thfust,capvhe continyed theough

~

13
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penetration of the sea floor. The diréct rocket PEAs also have several disad-
vantages relative to the original and the recoilless PEAs. In the original
and recoilless systems, on1y the anchor and the piston are accelerated for-
ward. In the direct rocket PEA, everthing is accelerated forward. This
subétantial]y increases the drag and the probel]ed mass, thus requiring an
increased thrust. Another disqdvantagé of the direct rocket is that the
propellant grain(s) is exposed to the same high acceierationland gas flow as
the anchor (250 g's). This could cause the propeliant to break up and the

motor to fail or rupture,
I, 'ANALYSIS OF DIRECT ROCKET'PEA:
This analysis is less wordy because it closely parallels the analysis of |
the recoilless PEA, It starts with the forces on the body. The subscript, 3,

will be used to distinguish variables relating to the direct. rocket PEA, The
net force on the body is:

- - ' = -1 2 )
C-11-1 Fy =P A Co-Yoo U3 A5 C,

A1l of thg terms have been défined earlier. The terminal velocity, U3m, is
‘the velocity at which F3 = 7. It can be 'calculated by setting F3 equal to
zero in Equation C-1I-1, and solving for the terminal velocity.

. P A C
T C-11-2 , Us, =‘/I_E__f.__.
o , 20 A3 Cy3

The rate af change of the mass of the vehicle is:

c-11-3 M.

3'?tPAttel

The initial mass of the yehicie, including propellant, is ﬂ#(@). The vgiécity
of the vehicle is given hy the differential equation: o

*

C-11-4 . U3 = F3]M3

e
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The position of the venicle is given by the differential equation:
C-11-5

The inifial values of Uj’and X3 are zero. All that is necessary to integrzte
the equation is a way to calculate the instantaneous value of P. This can be
done with most of the same equations used for the recoilless PEA. Equations
B-11-1 to B-11-8 can be used as they are. The rate of change of the gas vof—
ume is different because there is no piston.

C-11-6 Uy = NsB P

Equation B-11-10 is not needed because the temperature remains conmstant.

As with the recoilless PEA calculations, the first step is to get values
for the bounda;y conditions and parameters. A burning surface equation must
be selected from B-11-2, 3, or 4; or some combinations of them;or some other
" equation as needed. The equation of state, equation B-II-1, is needed, and
the differential equations B-I11-8, C-11-4, 5, and 6 are reeded. Again, as
with the recoilless PEA, these equations must be solved by numerical techni-
ques. An example program is shown in Appendix B along'with a sample calcu-

" lation.

The differential equations can be solved in closed form if the pressure
is constant.’ The velocity as a function of time is: '

. , ' . o { Pa.C, }]
C-11-7 U, =U, tanh | = = log_ {l « ¢

3 ?» , U3,m e. Mo
where - o C =C./C, = velocity of rocket exhaust (ft/s)

D. WATER JET PEAs

_ While explaining the details of the assignment to the author, the spons
sors mentioned an unusual propulsion scheme proposed at Port Hueneme. That
.proposal was for a gas driven water jeﬁ to neutralize the recoil force. Our
understanding was that the gas was';a be supﬁlied frun>cem9resseé.gas {air)
~ cylinders., To get the needed results would require he;rly.SQ.ﬂQﬂ standard
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cubic feet of gas compressed to 40,000 psi, Half of this compressed gas would
have to be transferred to the water chamber in 40 milliseconds. This would
require a very impressiVe valve, While it'seems very unlikely that the job
can be done with compressed gas, the picture is quite differert if the driving
gas is generated by erning a charge of gun propel]aﬁt. Instead of nearly twc .
tons of very high pressure air, not to mention thé tankage, the job can be
done with only 200 pounds of gun propellant. ' ‘

1. WATER JET PEA DESCRIPTION

" Fiqure 4 gives a conceptual drawing of a water jet PEA. A water jet PEA,
operating at 20,000 psil-(2,880,000.p$f), will have a six foot lfong.launch
tube with an inside diameter of ten inches (.8333 ft). This would be connect-
ed to the end of water tube that is 5.5 feet long and a 2.12 foot inside diam-
eter. Its shape wil] be ;y1indricé1_with hemisbhericai ends. The free end of
“the 5.5 foot diameter tube is terﬁiﬁated with a tonvergent nozzle with an exit
area of .25 square feet (ID = .564 ft). The propellant charge and the igniter
are stored in the end of the water tube near the launch ‘tube; the drive piston
fits into the .833 foot diameter tube; and the seawater goes into the 2.12
foot inside diameter water tube. The water tube is dry during storage and
handling. It fills with seawater while being Icwéred into the sea.

The propellant charge is 1gn1ted when the assembly is lowered to its
deployment depth. The burnxng propellant causes the pressure to rise quack]y
to a constant level of “about 20,000 psi internal. The high pressure causes
.the water to acce!erate and stream out of the nozzle. After a few nn111sec-
onds, the exit velocity stabilwzes at. about 1,700 feet per second. Near the
end -of the water expulsion, there is another acceleration as the ‘mozzle’

- empties. Figure 10 is a graph of the water velocity as a. function of time. .
The higher veloc1ty trace represents the velocity of the water leavwng the
nozzle. The lewer ve1ocity trace represents the veiacuty of the gas-water
interface. ' :

1. ANALYSIS OF THE mrza m "

‘ The eduations needed to c:!cula;e the perfarmhhée 6f.the water jef PER
are the same as those used for the recoilless PEA, with one eiceptian. That -
- . o v A _ »
T A 1ater seetian‘uf1l'ceyerxypter jet PEAS operating at ﬁther,gressures;
. . : _ .

N
T 16
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exception is equation B-1-3, which gives the thrust from the rocket. The
thrust from the water jet is:
dU4

D-11-1 v F o A 1 - At/Awt) +p Awt (L - x) T

"

2
U5

where o US‘ ~exit velocity of water (ft/s)
Uy = velocity of water at interface with drive gas (ft/s)

L = length of the water tube (feet) '
The def1n1t1on of the terms is given pictorially in Tigure 9. The detai]ed
calculation is somewhat lergthy and complex, and it will not be derlved
here. The derxvat1on, along with a computer model and sample problem, is
given in Appendix C. If one assumes a constant gas pressure of 20,008 psi,
the following events occur in sequence.- Figure 10 shoufd be referemced during
the explanation. Initially, the water is at rest, but it starts to accelerate
as the pressure is applied. The initial acceleration of the main body of
water is about 240,000 ft/s?2 but it drops to zero in about four millisec-
onds. The average acceleration over the four milliseconds is 42,500 f:/s2.
The initial high acceleration is caused by the nigh pressure gradient across
the constant area ]ength of the water column. 'As the velocity ihcreases, the
pressure gradient across the constant area length decreases until the accel-
erat1on reaches zero. At that time, all of the pres<ure gradient. is across
the nozzle where the speed increases by a factor of ten. A particle of water
in the constant area sectiocn is travel1ng at about 170 ft/s, s6 long as it
.remaxns in the constant -area section., When it reaches the nnzzle it accel«
erates in one’ m1liwsecond t9' 1,700 ft/s, an acceleratuon of 1, 530 000 ft/s .

Without detail, the operating sequence is: Four. mﬂHsecmds acceler-

- ating the main body of water to its steady state speed of 170 ft/s; 35 milli-
seconds. at the steady speed of 170 ft/s; and one millisecond of very high
acceleration as the nozzle empties, During this whole process, the water
leaving the nozzle is traveling ten times faster than the watef'irs the main
body. During the main steady portion, the exit velocity is 1,700 ft/s. The
exit veiociiy can eas§1y be calculated fur the steady flau'by'eqdating the
total heads at the inlet and the exit of the nozzie aleng with the eontinuity
equation. - : : :
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D-II-Z P +1/2p Ui = Pa +1/2p U‘:Z-’

where Uy = velocity of the gas-water interface (ft/s)

| U5 water velocity ac exit from npzzle.(ft/s)
The continuity equation is:
D-11-3 p A U =pA U'5

where A' = cross sectional area of stra1ght port1on of the
water tube (sq ft)

Combining the equations gives:

2 (P-P_)
D-11-4 U2 = a

l - (At/Awt)z

Combining this result with the steady stace form of equation D-II-1 gives:

2 Ay (P-P )
* 1 + CA /A t)

D-11-5 F

If the forces are balanced so that the 1aunchervf§mains stationary, then
the motion of the anchor will be described by equations B=I-7 to 10, - The
following equatfon must be satisfied to have the forces palanced. ‘

' | (P«P YA - pf |
D-11-6 A Ay TR AT |

f

Since Ff fs small compared to (P*Pa) A, a good approxﬁmation‘!oé .18

A A
- - P . . Wt .
D ” 7 , o At .3! ‘Z——A‘;{'-:M.

Assuming the same 2,880,000 psf {20, 000 psi) that was . used for the

receilless and direct rocket -examples, the water jer axit velocity is 1,704
ft}s. Jith' a nozzle throat area At’ of .25 sq ft the thrust would be 1.% x 105

s
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pounds. The mass flow out the nozzle will be 852 slugé/s (27,400 pounds/s)
for .04 seconds. The total mass of water is 24 slugs (weighing 1,100

- pounds). To hoitd this much water, the internal volume of the water tube must
be 17 cu. ft. For example, the tube could have an inside diameter of 2.12
feet and a léhgth of 5.5 feet. Thé launcher also requires the piston tube
which is six feet loﬁg and ten inches in inside diameter. |

E. COMPARISON CF 'THE APPROACHES

‘After having read this enthusiastié'description of these several ways of
~reliably launching large PEAs, it is time to examine and tdmpare them critic-
ally. They will be compared on the basis of weight, size, and prcbability of
succe,sful develcpment. Finally, a recommendation will be made as to which
option should be developed.

I. SIZE AND WEIGHT COMPARISON:

The size and weight compariséhs are taken together because they are baséd
on the same parameters. The launch tube comparison will be done first, be-
cause it.is common to the recoilless and the water jet options.. The key
re1at1onsh1p for the launch tubes is the requ1rement that ‘they deliver a force
of 1.44 x 106 nounds over a stroke of six feet.. Tnerefore, the 1nswd° diam-
eter of the launch tube is

/1 F.
: : , i
gE-1-1 IDb b

Note that inside.diametér of the 1aunch‘tube is given in feet and the pressure
is given in psf. Figure 1l is a graph of the launch taﬁe inside diameter as a
function of pressure. In order to determine the wall thickness, one ‘needs the:
yield strehath of tha r er1a; of constructieu. Because the pressures will he
h1gh, it will be necessary to use thick’ wall equations for cy!inders to caliy-
late the wall thickness, This equation fs: ‘

E-1-2 LERY .l:Z:.Z}.. or ‘/;_,LW
where - - S‘y * yte1d strength of material (same units as pressure)

and | - ) . Y ODb / IDb

19
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Since ' 00 =1ID_+ 2t

where 't = wall thickness,

.Equation E-I-2 can be rearranged to

E-1-3 SN I e

The weight of the steel tube launch is given by

P ' = 2- 2
£-1-4 wb‘ pbb4(00 102, )
where L, = length of the launch tube cylinder
£y = density of structural material of launch tube.
U0, = outside diameter of launch tube (ft)
"y = inside diameter.of launch tube (ft)

Ine must be careful to matzh 211 of the units in these equations. If thation
E-1-1 and 2 are substituted into Equation E-1-4 and simplified; one gets '

2 F,

| : 2R
e-1-5 | "y T Py by SRR

,Figure 12 is a plot of u as a fuaction of S at several values of P with L .

fixed at six feet (72 inches) Examvn!ng thure 12 shows that the weight
docreases as the yield stress increases and as the pressure decreases. If one

reduces the weight of the launch tube .by decreasing the pressure, one musg

increase the inside d!ametpv accordlng to Equation E-1-1. At this time 1t is'

- not: clear what, if any. negativp effects are re1ated to large launch tube,

diameters.
20
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The launch tube is the smaller of the two main companents of thelproposed
PEAs, and the calculation of its size and weight is straightforward. The size
and weight'of the water tube for the water jet PEA can also be calculated by
straightforward analysis. Unfortunately, the rocket‘motors of the recoilless
and the direct rockets are not so simply handled. They require huge thrusts

. ranging from 1.5 to 3.0 million pounds and an extremely short burn time of

.040 geconds. The volumes of main stream service rackets are proportional to
their total impulse, I

£ The approximate volume of a main stream rocket can
be calculated by: ' ‘
| S5
} E-1-6 V= 6.2 x10 It
i 0
| where V=

volume of a mainstream rocket (cu ft)

Since the totaf impulse .required for the PEA rocket motors range from 58,000
to 80,000 pound-seconds, the estimated volume ranges from 3.6. to 5.0 cubic

. feet. However, it would be totally impossible to makg a rocket of fhis volume
deliver 1.5 to 3.0 million pounds of thrust. To provide the very large thrust
would require two or'three hundred thousand square inches of burning surface.
The propellant would have to be divided into many small pieces, and they must
be supported in a dispersed array to allow room for 6,800 pounds per second of
gas to 10w through the array to the nozzle. This would cause a large
increase in the volume of the PEA rockets over that prediéted from their total
impulse.' It is difficult to predict how large the volume increase would have
to be, because the PEA rockets would be far out of the main stream of r ket -

motors.

~ The water jet must produce a thrust, F5, of 1.44 x 108 pounds of thrust
for .040 seconds. Starting with Bernoulli's Equation, Equation D- II-Z, and
the thrust Equation D-II1-5, one can derive an equataon for the mass flow of
: water comxng out from the nozzle. This equatlen follows:

R o . ) L - o ’
E-l-7 r'n . F‘/ 'w/2 . see Equation E-1-8
B , 5 P -P_ -« F. /A
a 5 wt

Since I - -
. m Xt w%.and.F3 t = lt3

21
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We can nh]tiply both sides by t,vandlcaiculate the weight of the water.

P :

2

£.1-8 m =1._A‘/ . w{
W ot P Pa FS/Awt

Oividing both sides by P gives the volume of the water that will be ejected

during the launching.

Ty

‘/7 2o, (P o P = Fo/AL)

E-1-9

The dimensions of the water tube can now Se calculated. 'First, the
inside.diameter, ID3 , must be selected. The water ;ubes will have cylinders
with hemispherical caps. Given this 'shape and the internal volume, one can
'calculate the leagth, L, . ‘

E-1-10 L= —% 4 1Dy3

Figure 13 is a plof of water tube length as a function of 103 and pressure.
Because the walls are moderatelyrthﬁck. it will be necessary to use the thick
wall equations. The thick wall equation for cylinders was given earlier,
Equation E-1-2 and 3, The equation for spheres is very similar

@ -1

N S:ncv & is the rat1o of the outside d1ameter to the 1ns:de dvameter. the'
outs1de diameter of the spherps s

‘ C3Ts T
“l- ' = 1D S
E-i-12 ‘ OD:~;ph 104 \/S N1
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The weight of the water tube is .

-1- = LR - , 2 - In2 LA 3 3.1
E I 13 wwt Pwt [ 4 (L3 ID3) (0D cyl m3 ) ¥ 6 (Ousph ID3)J
Using EqUatioﬁs E-1-2, 12, and 13, one can calculate the weight of the water - -
tube. Besides the equations, cie needs the weight density of the material,

the length and inside diameter, the pressure, and the yield stress of the

material.

- !
Tp 2 .2_&3...&)4. —_—
wt 4 3 S -2°P S - 1.,5P
, " oY Y

The most likely material for the water tube and launch tube is steel. -ii has’
a weight density of 492 pounds per cubic foot. Composite materials, such as

" fibre glass-epOxy would perm1t lower weights.

Appond1x D is a copy of a BASIC computer program that computes all- of the.
dimensions and weights of the launch tube and water tube. The program com-
putes all of these values for a matrix of pressure, inside diameter, ahd yield
stress of material of construction.' The limits and increments of the_matfix
are specified by the user. Besides the program, Appendix D inciudes several
0utpdt sheets each of which lists the results for one inside diameter, a range
of pressure, and a range of yield stresseé. Figure 11 is a graph of the ‘
launch tube inside d1ameter as a function of pressure; F1gure 12 is graph of
of the launch tube we1gth as a function of y1e1d stress and pressure. - Figure
13 is a graph of the length of the water tube as a function of its inside 4'
diameter and the working pressure. Figures 14 to 26 are plots showing the
weight of the whole assembly ‘(launch tube and water tube). Each figure has a

family of curves, one for each value of the yiéld Stre§s. One set of graphs,

Figures 14 to 21 plot the system weight versUs.the’preésure.' There is one
'graph for each of the eight inside diameters considered. Figures 22 to 26

- graph_:he system weight versus the 'inside diameter. There are five graphs,

one for each pressure considered. With the aid of these graphs, one can
select a configuration which most closely meets the needs of the users.. One
mist keep in mind that although these ana\yses are very thorough,.they are .
“first cuts.” One shortcoming is the fact that the sizes given do ot 1nclude
space for the propellant. - , e

-----------------------------
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F. CONCLUSIONS AND kECOMMENDATIONS

Upon first examination, all three of the PEA launchers considered in this
paper look workable. Howeve:,, an examination of the requirements for the

‘rocket motors needed for the recoilless and the direct rocket PEAs, shows a

huge rocket engineering job. The recoilless PEA requires a totaliimpulse of
57,600 pound-seconds. A typical service rocket with that total impulse would.
have about 250 pounds of propellant and have thrusts ranging from 6,000 to

36,000 pounds. The highest thrust of these rockets is nearly two orders of

magnitude tbo low for the PEA application. One of the few service rockets
which have a thrust near.the 1.44 million pounds required is the TITAN LII C,
which is ten feet in diameter and 85 feet long--somewhat larger than desired.
To bridge this gap, the propellant must be divided into many small pieces so
that there will be sufficient burn%ngvsurface. .Some very strong means must be
devised to hcld the propellént in the combustion chamber while three tons per
second of dense gas are flowing from the combustion chamber to and through the.
nozzle. The drag on the propellant gra{ns from this enormous flow Qouid rip

the grains loose and out the nozzle before they were burned. The highly
divided grains and the distributed Flow area required would make such'a‘rocket g
motor much larger than other 57,600 pound-secona rocket motors. The develop-°f
ment and production costs for such focket motors would be too high for this

program.

The problems associated with the two high thrust rocket motors derive o
from the combination of.many small grains of propellant, such,és gun brobel-' |
lant, with a high flow through the bed of propé]lant grains and out a'nozzie}_
The water jet PEA al$o requires highly divided, gun like propellant, but the
combustion chamber is not vented. The burning prdpellant is always enclosed
in a rapidly grow1ng volume defined by the anchor piston, the water and
launcher tubes. and the gas-water interface.. Therefore, the propellant. gra1ns
do not have to be restra1ned. A1l that is needed is a frangible waterproof -

container that can keep the propellant dry during the deployment. The large
scale swaging equipment needed to make the water tube and launch tube are
available, and production costs are moderate. ‘

- The conclusion of this study is that the water jet PEA is clearly the

‘best éhoicg. _Experimental development of this system should be started as

soon as possible.’
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D +2W
OUTSIDE SURFACE
1S INHIBITED TO ;
PREVENT BURNING !

FIGURE 7. CROSS SECTIONAL VIEW OF A PROPELLANT GRAIN APPROPNATE TQ A ROCKET OR RECOILLESS

PEA FIGURE 8 SHOWS THE DETAILS OF BURN!NG
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~grates Equations B-1I-5 througn 14,

in a file (TAPEB) of operating parameters.
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APPENDIX A _
RECOILLESS COMPUTER PROGRAM,
INCLUDING ITS DESCRIPTION AND SAMPLE CALCULATIONS

The computer program included in this appendix simulates the performance
of a recoilless propellant emplaced anchor. The program numerically inte-

Equation A-~I-5 expresses the termination

" conditions, and Equation B-I11-3 is used to calculate the propellant burning

surface. The ideal gas equation was used to calculate the pressure instead of
the modifed van der Waals equation (B-1I1-1), because the value for the covol-

ume, b, was not known,

The main pregrah, named TETHER, sets values for the consfents, and reads
Any of these parameters can be

changed at running time by using NAMELIST STUFF.
have been established, the main program calculates auxiliary parameters and
boundary conditions. |

After the input parameters

A1l of the input and most of the calculated parameters
are printed- so that the user will have the the input parameters and the
results in one output. The main program then prints the cclumn headings and
With the aid of several

other subroutines, it lntegrates the equatlons froa the start1ng conditions to

transfers control to the fintegration subrout1ne.

Control is then returned to
[f the
operator elects to continue, then' he is requested to input any changed data '
v1a the NAMELIST STUFF statement.
the new set of input data.

the termination condition and prints the results.
the main'program, and the operator is queried to continue or stop.

The entire process is then repeated with

. The integration’ subrnutine, named RUINT, can integrate any number of

simultaneous first order. differential equations. It app\1es the Runga-Kutta
method for numerical ‘integration. From the main program, it gets sevéral
parameters sueh as the integration step ‘value for the independent variable,
the'pridt“frequency, the ipitia}.vaiues; and the termination conditiofs. For

- ‘éach. integration step, this subroutine must transfer to the DERIV subroutine

to get .current values for .the der1vative§. When the new values have been
the time 1s incremented by the time step, and- the new varjable
This process is continued.until termination

The first and las:vﬁteps are

calculated,
values are stored as old values.
condition is met, Not every step is printed.

Al

.......
.....
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-printed, and every NPRINT steps, a step is printed. NPRINT was given a value,

of ten in this program. The indivianl-integfation steps are printed by a
short subrout1ne named PRINT, ‘

It is the subroutine, DERIV wh1ch evaluates the equations llsted in the
first pararaph of this appendix. These are the derivatives which are inte-
grated in RUINT. The pressure 1s also evaluated 'in DERIV by use of the equa-
tion of state. The propellant burn*ng equatxons require 1nstantaneous values

- of the total area of the burning surface of ‘all the propellant grains. This

calculation is done by the subroutine, SURF, ‘The version of SURF listed in
this appendix calculates the-burning surface of a number, ‘N, of seven perf
prbpellant grains. The number and the. dimensions of the grains are trans-
ferred to the function subprogram ‘through COMMON statements. The instant-
aneous values of the burned distances are transferred via the argument list ;o

SURF. The derivation of the equéﬁjohs is given partly in Equations B-II-3.

This gives the surface of the.grains until the first burnéut, when the seven
perfs have growﬁ enobgh to becomeltangeﬁt. Subprogram SURF has the equations
required to calculate the grainslfoAcomplete burnout. While these equatiéns
aren't very complicated, their derivations are complicéted. Therefore, the
derivations have not been' inciuded. | |

A sample data set and a computer run:are included along with the listing
of the program. These show the way the data must be arranged and the way that

‘the results are organized.

......
......
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FROGRAM TETHER(INPUT,OUTPUT,TAFES)
REAL MU,N,0D,ID,L.HA.MAY,ML,HLV,JAY,STROKE
LOGICAL BEDONE ‘
DINENSION Y(30) ,NTERM(S),TERM(S)
COMNON /STUFF/RHOP,BEE ,EN,TF,GANM MU, N,0D,1D,L,PA,MA,FRIC,HAY,
+HL . MLV, ACS,APIS,CDD,AT,EPS,PRN,R,CD,CFVAC,STROKE
EXTERNAL DERIV
DATA GEE,JAY,R/32.174,778.,49709./ .
NAMELIST /STUFF/N,0D,1D,L,PINIT,VO0,RHOP,BEE,EN,TF,GAN, MU, D, HA,
+FRIC,MAY, ML, MLV, ACS,APIS,CDD,AT,EPS,STROKE
READ(8,100)N,0D,10,L,FINIT, V0, RHOF ,BEE,EN,TF,GAN, MU, n MA,FRIC,
+HAV, ML MLV, ACS,AFIS,CDD,AT,EFS,STROKE
100 FORMAT(SF16.8)
53 READ STUFF
PA=D463.98+21.16.5
61={0AN-1.},/6ai
GFUNC=GAN/2,+.3
GFUNC=GFUNC ¥ ( -GFUNC/(GAN-1.))
PRN=,2
200 PRNCLD=FRN - :
FF=SORT(2./(GAN-1,)3(1,-PRN+261)) '
PRN=(GFUNC/EFS/PF)+sGAN
IF (ABS((FRN-FRNOLD)/PRN) .6T.1.E-4) GO TO 200
CFVAC=EPSH(2./G1#PRN+*(1,/GAN) -PRN*(GAN+1.)/ (GAN-1.))
AC=SORT(GAMERETF/MU)
cn GANFGFUNC/AC
RINT 300,7F,GAM,MU,FPRN,CFVAC,AC,CD#GEE ,RHOP#,01862,EN,
os££c1°t144 #4EN,N,0D#12.,ID#12,,L#12.,D,HA, HAV,ACS,
+STROKE,VO0,AT,APIS.CDD.NL,HLV,EPS,FRIC
PRINT 350 .
1300 FORMAT(// .ROrELLnNT THERMODYNAMIC DATA”/SX“FLAME TEMP =’
- 4F3.2° DEG R*/SX"SPECIFIC HEAT RATIO =°F4.4/5X’MOLECULAR WEIGHT =7
 4F6.2/5X“EXIT TO CHANBER PRESSURE RATIO ="F4.5/5X
+ YACUUM THRUST COEFFICIENT =-F6.4/5X"SOUND SPEED =-F10.2” FT/S”
+/5X”DISCHARGE CCEFFICIENT ="FB.6" LBM/S-LBF’
+/SX PROPELLANT DENSITY ="FB.§
+7 LEM/CU IN“/SX BURNING RAIE EXPONENT =/F4.5/5X '
~+”BURNING RATE CCEFFICIENT =7F10.8° IN/S-FSIA*//’GEOMETRIC °
+ rnu SELLANT DATA /5K NUNBER OF GRAINS ='F8.0/5X°0D =-F4,4” IN’
71D =F6.3” IN"/SX'LENGTH =°F8.57 IN‘//
+'ANCHOR AND LAUNCHER DATA/SX/DERTH ="FS.0° FT-/3X
+“ANCHOR MASS =7T6.2° SLUGS!/SX anunon VIRTUAL NaS3
+/5XANCHOR CROSS SECTIONAL AREA ="F8.4" 50 FT~ ,
+/SX”LAUNCHER STROKE =/F8.4° FT-/§X“INITIAL FREE YOLUME =’F4.4” FT/
+/5%XRCCKET THROAT AREA ="F8.57 SO FT//SX’DRIVE PISTON AREA =*
+F8.4° 50 FT°/5X ANCHOR DRAG COEFFICIENT =-F8.4/3X
- #7LAUNCHER MASS =°F4§,2° SLUGS’/3X“ LAUNCHER VIRTUAL MASS ="
+F6.2° SLUGS’/SXKOZILE AREA RATLIO = FB. 4/5X
+ raxcrxo« FORCE ="F10.2” LBF"///)

=F§.27 SLUGS

A-3
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350 FORMAT(30K <----- vetoclroy-----:

+70---D1 FLQVEHENT--"}'/éX'TIHE WES BURN  GAS MASS
+7ANCHCR  LAUNCHER ANCHOR  LAUNCHER  5A5 wOL G4

+ SURE THRUST /7 SX“ (SEL) "X~ \IN) (SLUG) (FT

+4X{FT)Y §X(FT} (LU 7T (OES R (F3lAY (PO
DO 400 I=1,19 ’

. 408 V(I3=0.
' Y{Z)=PINITHVOVMU/R/TE

1(3)=V0
(3)=TF
(1S3 =PINLT
(018 =RINITHATHCRVAD -Ci S+ATHPA
NTERM(1}=10
TERN(1)=STROKE
CALL RUINT(IC,.0001,15..T
READ® ,BEDONE o '
IFC(.N.BEDONE) GC TO 139

>

-—
.

-
-
-
-
-
-
-
m
=)
x
-
—
[k
bl

1 BERIV)

sTee
END

SUBROUTINE RUTNTCHUM.HLMFRINT, INIT,YNEW, NTC,HTERH, TR SERIV:
DINENSION YNEW(30).Y0LD(35,.00307.B047,605.30) HIERRCS),
+ TERMIIG) ‘

INTEGER COUNT

LOGICAL INIT

EQUIVALENCELYOLDU1), TOLD)

DATA B(1).B(2)/.5,.5/.5(3), BUAY a1/ COUNTNA0,0/, 080 1./
Hii=- HH '

HSAVE-D. .
N=COUNT+MOD(N-COUNT, NFRINT)
MTC=1
IF(.NOTLINITY GC 70100
CCALL PRINT(NUM,YNEW)
COUNT=0 , :
N=NPRINT ' .
5 " HH=H : :
100 DO 150 J=1,NUM
150 YOLD(J)=YHEU(J),
© DO 250 J=1.4
CALL DERIV(NUM.YNEW,D, nn*st))
DO 200 I=1,hUK
: SIS SE ESSEY : , v : , _
N0 rHERID) s YU;ﬂ(i)*O(«.l’*B(J) : o : o ‘ -
250 CONTINUE ' '
: . D0 300 I=1,nUl ' o :
300 YNEWCT)=YOLD (D) +(G(T, 101004, D)f6.+10(2,1540¢3,10)/3.
IF(ATC.GT.NTC) GO TO 380
D0 3PS J=HTCLNTT
LIC=TABS(NTERNID ) ‘ :
- IFCYNERCLTE) «NTERN(D), L...ERH(J)*NTERH(J)) 60 10 378
[ MENTE| '
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FUNCTION SURF{X)
REAL N,L.ID.OD.LG

uonnon /STUFF /RHOP .BEE ,EN,TF,GAM, MU, N,0D,ID,L0,FA,MA, FRIC.HAU

MLV, ACS,APIS.CDD,AT,EPS,PRN.R,CD.CFVAC, STROKE

PI 3 141552453 .

RIO=ID/2.

RO0=0D/2. -

RI=RIO+X

RO=RNO-X

L=L0-2.¢X

5= (RI+R0}/2.

SURF=0.

IF(L.LE.D. . OR.RO/RI.LE.3./{5.-2.¥SORT(3.))" RETURN
SURF=2.4PI+(L#(RO+7. 4RIV +RO%#2-7 4RI %42)aN

IF(RI.LT.S/2.) RETURN

BETA=ASIN((5.%R0O-3.4RI)/4./RD)

GaMMAZBETA-PI/3.

EPSILON=ACOS({RD+RI} /4. /RD)

I0TA=ASIN(RO/RISCOS(BETA))

ALPHA=2.*PI1/3.-EPSILON-I0TA

SIGMA=PI/3.-2.%EPSILON _

SURF=4. #(2+L+ (ROAGANMA+RI+ALPHA) +RO*SIN (GANMA) $SORT ({2, #RI+SIN(
+ALPHA/2.))##2- (RO*SIN(GANMA) ) ¥22)-RT*++2+ (ALPHA-SIN(ALFHA))
+4 SEROSX26 (2, £GAMMA-SIN( 2. +CANNA) ) IEN

IF(RI.GT. 5/sanr<3 )) RETURN ‘ ' .
SURF=SURF+(1.5+SORT(3,)5+42-9, #G#SORTIRT#+2-(5/2,)442)
+-9 . sRI+%2+5IGMA+18. *RI*L‘SIGHA)‘N '
RETURN

END

150. 31666687 01486687 5 864000,
1. - 3.23 0000044 .81 5750,
1.22 28.12 300, o200, 1000.
0. 700. , so. . 3. R o )
.1 .5 5.5 by e '
£o1 tncouur;nen. - :
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: APPENDIX B
DIRECT ROCKET COMPUTER PROGRAM,
INCLUDING ITS DESCRIPTION AND A SAMPLE CALCULATION

wh11e the mechanism of the direct rocket PEA is s1gn1f1cantly different
from that of the recoilless PEA, their performances can be simulated by very
similar computer programs. The recoilless PEA has two parts which move
differently, although interdependently. The anchor, moves forward under the
force of the gas pressure acting on a piston, less the internal and external
frictions. The recoilless launcher is accelerated backward by the same force,
a pressure on a piston. This force is diminished by the same small internal
friction that affects the anchor and by the very large rocket thrust. The net
force acting on the launcher should be vey small as ¢ompared to the force
acting on the anchor. Since the net force acting on the launcher is a small
difference between two large forces, that small net force could be pos1txve or
negative. A positive force would cause’ the launcher to accelerate to the
< rear; a negative force would accelerate it forward. Regardless of the sign of _v
the force, its magnitude will e reddced by the external friction. The effec-
tive masses of the anchor and'fhe launcher are both increased by tﬁeir virtual .
masses. The mass of the launcher is steadily decreasing because of the pro-
pellant gaseés being ejected. The temperature of the gases inside the cdmbus-
. tion chamber and piston must be computed contiiuously because the gas is doing
expansion work and new propellant gas is continuously being .mixed with the
- ider gas. ' . |

The direct rocket moves as a single unvt thereforeg only one veioc1ty
and dxsp\acement must be integrated., There’ j; no internal drag, The force
accelerating the whole system is equal to the rocket thrust less the external
hydrodynamic force. The net mass is increased by'tﬂe virtué!_mass and
decreased by mass of the propellant gas exhausted. The propellant temperatufe
remains coastaﬂt inside the cambust1aﬂ chamber, because the gas does nc expan~
sion work until it reaches the nozzle.

Because the details of the ‘calculations are so similar to those of the
recoilless PEA, it was most efficient to modify the recoflless’ program to
handie the direct rocket., The rUR? subprogram was changed to handle single
" perf propellant grains becaise “he direct rocket does not need 2 progressive
“hurn, o o - L
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APPENDIX C

. WATER JET COMPUTER PROGRAM,
INCLUDING ITS DESCRIPTION AND A SAMPLE CALCULATION

The flow equations and their derivatives were not included in the maiﬁ
text because their derivation is too lengthy and complex. This appendix also
includes the computer program which evaluates these equations and gives a
detailed view of the events that happen during the .040 seconds of a launch.
The 1nput data and a typical run are 1nc1uded.

. Only two of the Navier Stokes Equations are needed because the flow is
incompressible. The two equaticns needed are the equations of conservation of
‘mass and momentum. The equation for the' conservation of mass is

C-1 , o A{z) U(z,t) = p A(x) U(x,t‘».

Since.the flow is incbmpressible, the densitieé on both sides of Egn. c-1 aré
equal and can be canceled. It is more convénient,to express the flow areas,
A(z) and A(x), as the product‘of the main barrel flow area, AQ; and a function
G(x) or G(z). The term, G(z), gives the flow area at any point along the
length, 2z, as a fraction of Rye With the water tube shape discussed in the
text, G(z) has a value of 1 through the straight portion of the tube and less
than on2 in the convergent nozzle. G(x) represents the area at x, the posi-
tion of thé gas-water interface. Again, both sides have-equal terms,-Ao; and
they can be canceled. .This simplifies Egqn. C-1 to ’

C-2 . Gz) U(zt) = 6(x) Ulxt) .
The one-dimensional momentum equatfon . is

o3 1 aP(z,t) +-3U§€.t) * U(zt) _Hl£4£l

P 92z

Rearranging Egn. C-2 gives

c-4 o - U{z,t) = U(x,t) 3 ; .
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Taking a partial derivative with respect to z gives

C-> - &%—tl = - U(x,t) 6(x) 9-§(<Z-)~ ,
: T . ) C ‘ G (Z)
where G'(z) = 9%551 .
Taking a partial derivative of U(z)'with respect to t gives
s 3U(z,t)' - dU(xlt) Gg ; .y (x t) g(gyl .

ot

The reader should be warned that U(x,t) is not standard notation. It is used
to signify the water velocity at any time where z=x. - That explains why there
is no derivative with repect to z éhd'why the derivative with respect to time
is not a partial derivativé. Substituting Equations C-4, 5, and 6 into Equa-
tion C-3 gives |

| 1 ap(zat) , dulxt) 6(x) TLYl
c-7 e ai d: G(x + U¥at)
-l (x,t) 62 (x) —gi—l

Now mult\ply Eqn. C 7 by dz and 1ntegrate over z from x to L.

_C-8 - P(X")’P@-tl+g()_uil‘_:.§_).f dz +U(xt)G(x)f

1 1 ‘
Pt oo | - -0
R [G?(L) ?-(x)]‘ -

Naw-sblve Egn. C-8 for 995%451-. .

o . . : o P )
P(x t) - P(L t) ~¥Qp u? {x, t)[ Q215~

) .
'.'dU(xAtl' G (L)] U ( t) _T(x.)_

-9 g
ST de - :
- R o _p»G(x)' ‘lﬁt qz

‘Eqn. €-9 can ' be integrated with, respect to time to give the velocity of
the gas-water interface as a funct { on of time. Th1s velocity, in turn, can be
1ntegrated with respect to time to give the position of the gas-water inter-
face qs F func;ion of time, Invorderlto integrate Eqn. C-9%, one needs to be

“able tp'calculatejthe pressure P at x and L for aiiltimes fn the domain.of the

N

\\' .
N\

- c‘zv - _ o _A .‘_..'.




‘The boundary conditions for the velocity and the distance are

"gram,' The pressures were set to constant values. Even though the actual

NSWC TR 84-214

calculation. Similarly, one needs a function for 6(z) so that G(x), G(L),
G'(x), and the integral of the reciprocal of G(z) from x to L. G(z) has a
constant value of one (1) for values of z from zero to Lg; therefore, G'(z)
equals zero over that range of z. The value of G(z) decreases monotonically
from one to the minimum yalue as z goes from leto L. Consequently, the value
of G'(z) is negative in this range. Because G(z) is determined by two differ-
ent functions in the two regions, it is necessary to evaluate the integral of
the reciprocal. of G(z) in two steps. (This breakup should only be used when x
is less than L ' '

L L | |
s _dz "
C-10 f -TT -ﬁ where x < LS .

G(z) has a constant value of one (1) while z' is in the interval from zero to
L. Therefore, the first integral on the right-hand side of Eqn. C-10

simplifies to the integral of dz over the same range. _That integral reduces
to'Lg - ' ' ' '

' | L dz Tt dz | |
-] = - —_— -
Cc-11 j; 5(z) l,'s X + jl: 5(z) ° yhere x < Lo
‘ . . IL

When x is gréatef than LS, the integral is not broken up. It is evaluated by
integrating directly from x to L. '

To calculate x, the distance traveled by the gas-water 1nterface. it is
necessary to integrate. the fol1ow1ng equations.

C-12 ' ' _.dt = U(X,t)

c-13 o U(x,t) =0 " whent =0
c-14 Cox =0 ) . when't =0 .

As with the other two PéA options, it i3 rnecessary to be able to calcu-
late the pressures, P(x,t) and P{L,t). In an all-up analysis, the pressures
would be calculated from first principles as was done for the recoilless and -
direct rocket PEAs.. This was not done foir the water jet'PEA computer;p?o~

S c‘3

s _—
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pressure would not be precisely constant, it would not be very far off. This
simplification saved time and permitted many runs to be compared without the
secondary effects of pressure variation blurring the relationships.

‘ There is another shortcoming in the andlysis as it is pnesented here. No
. account is taken of the mass of the propellant gds in the dynamic equations.
Some of the energy from the expanding gas must be used to acce)erate the 5.
as well as the water. The density of the gas is about one tenth that ». water
when the pressure is 10,000 psi and two tenths when the pressure is £0,000
psi. The added mass of the gas is insignificant at the start of the cycle
when most of the tube is filled with watgr. Although the qhantity of‘gaé is
greater during the main mid-portion of the run, it -is alse inQignificant there
. because thg acceleration is zero then. The only time that it has a signifi-
cant effect is very near the end of the cycle, when there is very 1itfle water
and the mass of the gas exceeds that of the water. Only the last part of the
cycle is sxgn1f!cant1y affected by the mass of the: gas. The acceleration of
the interface would be very high and approach infinity as the denominator of
the main term in Equat1on C-9 goes to zero: In reality, the mass of the gas
would prevent this from happening, but that mass does not show in Equatfon c-
9; The computer program in this appendix handles this in a nonrigorous. but -

effective, way. -

Equation C-9 gives the acteleratidn df the gas water interface. If one
multiplies the numerator and denominator of the main térm.by:the term Ag, then
one can see that that first term is a fo}ce divided by a’masé {an accelera-
tion). In the enclosed program, the mass of the gas is given as the product
‘of the mass density of the water and the effective length of the gas colume
(Again A has been' factored out.) In the program, this mass of gas per unit
area fis added to the mass. of water per un\t area in the denominator of the

main term.

Col
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FROGRAM FEACINFUT,QUTFLT)
COMMOY L.Li.GL.RHD.FX.FL,AD
DINENSION Y(20),NTERM(S) . TERN(S)
REAL 1.L.LS,LN.NINTS
LOGICAL EEDONE
EXTERNAL DERIV
" WAMELIST /AGATN/PX,DEFT,L.LN.GL, 40, TSTEF NPRINT
RHO=1.9545 :
BEDONE=.F.
PRINT 50
50 rnnnr*<'1 TYFE IN VALUES FOR PX.DEPTH,L,LN,GL,AO, TSTER,NFRINT )
EAL +. FX.DEPTH,L,LH.GL,AD, T°TEP NPRINT
189 La L-Ly

PL=1S . Z#DERTHY L3347 :
Bo 239 J=1.30 :
200 Y{J1=0, ' )

FRIAT 3« SFRGPLLEIPTHLL LN, A0 L,6LER0, TSTER ‘ ,
© 300 FORMAT("1 INFP ATA /SX DRIVE FRESSURE ="F10.27 PSI&7/9% .

U
 ANBIENT PRESSURE ="F10.27 PSIAT/SX DEPTH = "F4.07 FEET/5X
=F

v

8

hd
1

=)

[
E-THBE LENGT “F8.47 FEET/SX NOZZLE LENGTH'FB.4" FEET"/5X

C CHARREL CRGSS SECTION ="F8.47 5Q FEET /SX“NOZILE AREA ="F8.4

D’ S92 FEET /5% INTEGRATIUN STEF ="E10.3° SEC’

E/776X TIME DIGTANCE SX V(X)) 84X V(Y THRUST IMPULSE "/

FoxX 5zt FEET) (F1/%) {(FT/8Y  (iOUUD} (LB-S:°//)
HTZRH(11=3 .
TERMITI=.?77d . ’ o
Chll RUIMTC4,TSTER NPRINT,,.T.,Y.1,NTERK,TERN, DERIV)

FRINT 4GG ' o
400 FORMAT(S /7700

READ AGAIN

I[FCJNOT.REDBI Z) GO T0 109

tHD

SUBROUTINE RUTNT(NUM,H,NPRINT, INIT,YNEW,NTC,NTERM, TERM,BERTV)
UINENSISH YKEW(30).YOLB(30),B(30),B(4);0(4,30) NTERN(30), -
¢ TERM(30)
IXTEGER COUNT -
LOSICAL INIT
EQUIVALENCECYOLDS1) , TOLD) .
DATA BU1) B(2)/.5,457,B(30,B(4)/1.,1.7,COUNT, N/0, 0/,3(!)/1 /
HH=-HH
NSAVE=0., '
N=COUNT+HOD(N- COUNT NPRINT)
aTe=
IF(.NOT.INIT) GB TO 100
- CALL FRINT(NUN,YNEW)
COUNT=0
N=NPRINT
50 HH=
100 B3.150 Js1.NUM

-
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150 YOLD(D) =YNEW (D)
po 250 J=1,3
CALL DERIVINUM,YNEW.D)
DG 200 I=1,NUM
aJ, 1)=0i{I ‘lHH
200 YNEU(I; YOLBCII+0(J, DI #B(D
250 CONTINUE
DO 360 I=1,NUN
300 YNEU(I)=YOLD(ID +(QC1,1)+Q(4,1)) /6. +(ﬂ\..L‘+?( 211313,
IF(MTC.GT.NTC) 6O TO 350 '
DO 375 J=MTC,NTC
LTC=IABS(NTERM(J)})
IFCYNEW(LTC)SNTERM(J) LT TERM(J) +NTERNCJ)) 6O 70 375
HTC=J+1
HH=(TERK(J)-YNEW(LTC) Y /RILTC)
HSAVE=HSAVE+HH
60 T0O 06 - : A
375 CONTINUE ‘ -
380 - CONTINUE
IF(HH.GT,0.) GO TO 490
CALL PRINT (MUK, rNEUf
HH=HSAVE
RETURN
400 COUNT =COUNT+4
IF (COUNT.NE.M)GS TO JO
CALL FRINT (NUH, YNLU)
N N+NPRINT
G0 70 50
END

e

© GUBRDUTINE DERIVINUM,Y,D) ’ . ;
CONNON L. LN.GL.RHD.PY.FLLAD
REAL L.LN,LS
CDIMENSION ?(30),9(30)
ISR
CALL NOZ(Y{(3),GX,5PRINE,GINT,RAT)
DUIsC{PX-PL)#144, sh0+.J*Y(“)*:”t(1.*(BX/Gtvttz Rart<1.~rx*¢*)>>
A/GX/GINT-Y () 4424 BPRINE/BX '
DI
D{4)=RNO2ADSGX+( (L - Y{B))*b(’:ﬁ?(* 2% (BX/BL-1,3).
Y(20)=D(4)
Y{21)=Y(2)+5%X/6L
RETURN
END

Gab
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SUBROUTINE NOZ(X,GX,GPRIME,GINT,RAT)

CGMMON L,LN,.GL,RHO,PX,FL,AO

REAL L,LN,LS

LS=L-LN

IF(X.6T. Lo 999999999) X=L+.999999999
PI=3.1415

RAT= PXL6.24E—6

GPRIME=0.

6X=1. ,
CBINT=RATHX+LS - <+IN’SQRT(GL)

[F(X.LE.LS) RETURN ' ,
GX=(1.+6L)S2.4 01, -6L) /2. #COS(PI*(X-15)/LN)
GPRIME=(GL~1.)#PL/2./LNSIN(PI#{X~LS) /LD
TERM=2.4LN/PI/SORT(GL) #ATAN(SORT(BLI$ TAN(PI# (X~ LS),-./LN)‘
GINT=RAT#(LS+TERM)+LN/ SQRT(GL)-TERM '
RETURN

END

SUBROUTINE FRINT(NUM,Y)

DIMENSION Y(30)

PRINT 100,7(1),7(3),Y(2),Y(21),Y(20),Y(4)
100 FORMAT(F10.6,F10.4,2F10.3,2E10.3)

RETURN

END

| 60 , , :
| TYPE TN UALUES FOR FXDEPTH,L,LN.OL.A0LTSTEP NPRINT

7 20000.,300..7011.0.1.2.45..00001,100

1 INFUT DATA ' )
DRIVE PRESSURE =. 20000.00 PSIA
AMEIENT PRESSURE =  145.71 PSIA
DEPTH = - 300. FEET .
TUBE LENGTH = 7.0000 FEET

HOZZLE LENGTH 1 0000 FEET

CHANNEL CROSS SECTION = 2.6500 30 FEkT
- NOZILE AREA = 640 S0 FEET

INTEGRATION STEP L100E-04 SEC

c-1




TIME DISTANCE

(SELC)

0008000
001000
.002009
.00300¢
L004080
005000
.006000
067000
.008000
.009000
.010000
611000
© o .012000
.013000
.014000
.015000
,015000
L017000
.018000
.0192000

.620000

.021000
.022000
.023900
. 024000
.025000

. .026000
.027000
.028000

029000

030000
.031000

- 032000
.033030
034600
.635000

.035000
,037000
.032000

+038808

Gd b G Gl Gd G 1D D 1D P T
.

(FEET)

0.0000
L0705
2202
.3884
.34600
.7318
.9037

1.0754

1.2475

1.4193

1.5913

1.7432

1.9351

2.1070

3
3
o
2

FA
n -

« = s @« &
O o Lad = O N3 O o I

(-]
~3
o~

4,513
4.6856
3.857%
5.0294
$.2013

'
€ adr 4o
LR

e B

5.5451

$.7170
3.888¢

$.0810

6,2431
8.4769
$.9930

Ve
(F1/8)

0.000

125,667
163,946
170.709
171.733
171.881

171.905
171.903
171.90%
171.905
171.905
171.905
171.905

71.905
171.908
171,905
171.905
171,905

- 171.905

71.905
121.905
171,905
171,905
171,905
171,905
171.905

171,905

171,905
121,505
171,908
171,905

173.33?

176,648

296.886 -

233,200
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VY
(FT/3)

9.000

1256.468
1639.458
1707.092

A717.334

1718.811

1719016

1719.044
1719.047
1719.048
1719.048
1719.086
1719.048
1719.048
1719.048

1719.043

1719.048
1719.048

1719.048

1719.048
1719.048
1719.048
1719.048
1719.048

*1719,048

1719.048
1719.048
1719.048
1719.048
1719.048
1719.048
1719.048

719,048

1719.048
1719.048
1719.048
1719.094
1720. 5661
1729.629

257.625

Q

/

THRUST
(FOUND)

. 3426407
A77E407
1 44E407
.139€+07
138E+07
13BE+07
.138E+07
L13BE+07
L138E+07
.138E+07
.138E+07

. 13BE+07.

138E+07
<138E+07
.138E+07
I13BE+Q7
138E+07
L138E407
.133E+0?
L13IBE+Q?
. 138E+07
.133€+07
1385407
«138E+07
J133E4G7
1385407
J138E+07
.138E+97
JAIBE+G?

1386407

JIBE+07
L1IGE4G7
+13BE+OY

J138E+0Y

+138E407
JIIEHO7

LHEIE+Q7
+4286+405

cd

=y

IMFULSE

(LB-5)

0.
.434E404

LJASE+O4

.881E+04
102E+05
L V16E+0S
.130E+05
L 143E+03
157E+405
LI71E405
L1B5E+05
L199E+05
.212E+05
J226E+05
L240E+05
.254E+05
. 267E+05
L281E405
L295E+05
.309E+05

3236405

3365405
«350E+05
+354E405

JIPBE+05.
VITIER0S

+A05E+09
JAIFEHOS
LA3IEH0T
SAATEHOS
. A40E+03
L473E4035
LA821E40%
.3025*05
WJS1SE+Q%
J529E4+0%
LSA3EHS
+SSRE+0S
JS73E+05
.533E+0S
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APPENDIX D

SYSTEM SiZE AND WEIGHT COMPUTER PROGRAM,
INCLUDING ITS DESCRIFTION AND A SAMPLE CA'CULATION

The BASIC computer program included in this appendix calculates a matrix
of weights and dimensions of water jet PEA launchers. The program Was coded
to assume that all of the water jet launchers had to de11ver 5.76 x 104 foot-
pounds of impulse at a thrusc level of 1.44 x 10° pounds. It also assumes
that all of the launchers are made of steel with a we1ght density of 492
pounds per cubic foot. Within these constraints, the.weighﬂs aﬁd 4imensions
of the water jet PEA launcher were calculated for a matrix of'va]ues‘of the
-inside diameter of the water -tube, the driving pressure, and tﬁg yield stress
of the structural material. '

Four equations from the main text are needed to calculate the dependent
variables. Equation E-I-1 ‘s needed to calculate the inside dismeter of the
launch tube; Equation E-I-5 to calculate the weight of the launch tube; Eqﬁav
tion E-I-10 to calculate the length of the water tube; and Equation E-I;13 to
calculate the weight of the water tube. The total system weight calcutated in
this program does not include the we{ghts of the anchor, piston, propeilant,
or water. It is'the sum of the weights of the launch tube and the water tube.

DAl




a0
Qo110
Q9120
30130
00140
06150
00140
04170
00180
00190

C 00200

00210

AAANA
VVeayv

00230
00240
00250
00249
00270
20280
00299
00300
00310
00320
00330
00340
00350
00350
01370
00380
00390
00400
00410
00420
00430

00440

00420
00440
00470
00480
00490

P ; S YLl W e P T
Pome s, TR T TR R I R N N A T i M SO R L PaL F RS |
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MARGIN 1
R1 = 1,38
READ 11,7, RO

READ P1,F2,FI

READ [, 02,03

READ 51,982,433

FO=4sATN(T)

FOR B=D? TO 02 STE” 0T

A=F%eD"2/4

PRINT “INSIDE DIAMETER IJF USTLCR TURED =B~ FCZET., " :
PRINT ”LATEF TURE CROSS SECTIONAL AREA ="a" SOUARL FEET, "

kdal
o

b¥o
w3edi

PRINT “TOTAL IMPULSE ="13" FOUND SECONDS."

qINT "'ux"c' ="T" POUADS.”

PRINT ,

PRINT TAR(21):"UATER TURE™ :

PRINT * F-FA BARREL 1D LENSTE v v

PRINT ™ emeromm e e e ———- TOTAL fl'r 4 usl"-
PRINT PR e emm o e e e i e inerae ceeen " .
FRINT = (FSIy (FEET: (FEST";
PRINT * r---—--—--—-~—-----——-~~——«-~«--~--~-alpn“"o”"-.
PRINT ™) o momm oo oo oo v s
PRINT ' o

PRINT "YIELD STRESSES (FSI)- --mem-ewnvs

FOR S=St 10 $2 STEP §3

PRINT USING "Re4mudnu S/143;
NEXT S '

PRINT

FRINT

FOR P=P1 13 P2 STEP P3
V=13/SORI2¢RT 8 (P-T,/4))
L=V/A+D/3

PRINT USTNG 00320, P/121350R T /P /oY Ly
s RABRARERY IIORI NN wgRuNg, Nﬂ
FOK 5:S1 10 2 SYEP 3

-UO=R0tl’nt’(=-’oP

UsRO®PeDe(200L -D) /(- 24009/ 18-1 s-P))oun
PRINT USING 00470,U;

s RNABERY '

NEXT S -

PRINT-




30500
00510
00520
00530
00540
00350
30560
00570
00584
00590
00400
00410
00420
00630
00440
004650
006490
00470
0046890
004690
00700
00710
30720
00730
00740
03750
00760
00?7
00rg0
00790
08929
. 00810
NG820
00830
. 00B40
00859
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NEXT P

FRINT .

PRINT TAB(21);"WATER TURE"

PRINT P-PA BARREL 1D  LENGTH "3
PRINT "f=mmmmmmmmmmmmomoemocm oo BARREL WEI";
PRINT "GHT======m===emcmoomocmcommmaaae e
CPRINT * (PSI)  (FEET). . (FEET)"3

S B O mmmmm (POUNES";

FRINT "jommmmmmmommcmm oo erccmcmemmm o mm e >
PRINT

PRINT “YIELD STRESSES (PSI)--m=-=-=--3"}

FOR S=S1 T0 S2 STEP S3

PRINT USING "HR4444HER",S/144;

NEXT §

FRINT

FRINT

FOR F=P1 TQ P2 STEP F3
V=13/50R(24R1+#(P-T/A))

L=VU/A+D/3 . .
PRINT USING 60700, P/144;SNOR(T+4/P/PT);L;
CONHRHRNEEN RRENNLNUN BN, HE

FOR S=S1 TO 52 STEP S3

HO=RO#12¢4T/(5-2¢P)

FRINT USING 00740,U0;

s NNHHENY

NEXT S

PRINT .
HEXT P o '
PRINT

FRINT

HEXT. D

DATA S7400,1440000,4892

DATA 1440000,3500000,144000

DATA 1.25,3,.2% : >
“DATA 1.434 £7,2.88 E7,1.44 €6

END ,

D-3

LR o s . W - 4 - . . . . .
e e a0 e g T e, e L, " R P I e e
.2 Pt ,-" a o LI PR et ‘-..‘..,..',‘..'7‘__‘. Y
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Commanding Officer

U. S. Air Force

AFESC DEB

Tyndall AFB, FL 32403

HQDA
DAEN-CWE-M
Washington, D. C. 20314

HQDA
DAEN-MPE-D
Washington, D. C. 20314

Commander

U. S. Army Waterways Experiment
Station

P, 0. Box 631

Attn: Library

Vicksburg, MS 39180

Commander
U. S. Army Belvoir Research &
Development Center
Attn: DRDME-GS
' DRDME-MR {J. Sargent)
Fort Belvoir, VA 22060

' Commander

U. S. Army Training & Doctrlne
.. Command :

Attn: ATCD-SL
Fort Monroe, VA 23651

Commander in Chief

U. S. Atlantic Fleet.
Attn: Civil tngineering
Support Plans Office -
Norfolk, VA 23511
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Commander .in Chief

U. S. Pacific F1eet '

Attn: J44, Facilities Engineering
Division 1

Makalapa, HI 96861

Deputy Chief of Naval Material
for Technology
Attn: MAT 0778 - 1
800 North Quincy Street
Arlington, VA 22217

Chief of Naval Operations
Department of the Navy

Attn: 0P-964 1
0P-323 1
0P-424 - 1
0pP-42 1

- 0P-97 1

' 0P-987 1

Washington, D. C. 20350

Commander

Submar1ne Deve1opment Grcup 1

Attn: Operations Officer 1
139 Sylvester Road _
San Diego, CA 92106

Officer in Charg°

Annapolis Laboratory o o

Attn: Library 1

David W. Taylor Nivai Shlp Research -
‘and Devcliupment Center

Nnnapolis, MD 21402

CoMmandant, u. S. Marine Corp

‘Attn: MC-LFF-2 S
Hqshington, D. C. 22209 .
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Commanding General
Marine Corps Development &
Education Command
Attn: M&L Division , 1
Quantico, VA 22134

Commander

Military Sealift Command

Department of the Navy . .
Washington, D..C. 20390 1

National Research Council
Naval Studies Board

washington, D. C. 20418 1

Commander

Naval Air Development Center

Attn: NADC-813 ' 1
: NADC-8323 : 1

Warminster, PA 18974

fommanding Officer
Naval Coastal Systems Center

Washington, D. €. 20363
Commanding Gfficer

tlaval Explosive -Ordnance
Disposal Technology Center
Attn:

.'-Commandlng Officer
Naval Facilities Engineering COumwnd :

Public YWorks Officer
Centerville Beach -

Ferndale, CA 95536 Ll

"w

w

Attn: 719 1
Library 1
Public Works Officer 1

Panama City, FL 32407

Commander

Naval Electronics Systems Cownand

Departrment of the Navy

Attn: PME-124-61 1
PME-124-612 : » 1

£0D-605 : 1
‘Indian Head, MD 20640 ‘

{2)

‘Deputy- Director,

Copies

Commandlng Officer

Naval Facilities Eng1neer1ng Command
Public Works Officer

Point Sur

Big Sur,'CA 93920 ' S |

Commander

. Naval Facilities Engineering Command

Attn: FAC-03T, Mr. Essoglou 1
. FAC-0320, Mr. Peloquin
FAC-04T4A, Mr. Potter

FAC-0448

' FAC-06

FAC-063
FAC-07
FAC-10
200 Stovall Street
Alexandria, VA 22332

1

1

1

1

FAC-062 , 1
1

1

1

Commandlng Officer, Chesapeake Division

Naval Facilities Englneerwng Connmnd
Attn: 405

407, D. Scheesele

FrO-1

rP0-1C

FPO-1t

FPO-1EAS

FPO-1P/1P3
Washington Havy Yard .
Wazhi agton, D. C. 20374
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Atlantic Division
U. S. Naval Facilities anxneerlng
Command Detachmcic

Luropean Sranch
U. S. Naval Support Actxvxty
Box 51 .
FPO New York, NY 09521 ~ 1
Commander
Atlantic Division
Naval Facvlitles fngineering Command
Attn: RDT&E Liaison Offlce.

1G2A , 1
Norfo\k VA 23511
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