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PREFACE

' I t e l l M i f l w R  onntila* \g  bask infonnation and fundamental data useAd 
In I k  design and deve lops eat o f  Army materiel-is one in the Engineering 
D rags f t a r i k r t  aeries o f  the US Army Materiel Command. The handbook 
is a cesarian o f  M s a fa tia g  handbook published in 1963. The revision 
update* the onrimirf and deafen m ethodology, and introduces the application 
o f  c a a p o s  CeCbaiqm . A b o , h e  revision reorganizes the material and 
p o t a t o  ttn  f e a ^  feribemriion in a more logical sequence.

- The haaAmri ■  a pride to  design engineers engaged in the development 
o f  propeSaat artw ted  thrust devices end gas generators for various 
applications. The text-w ritten by the Propellant Actuated Devices 
B ran ch -b  baaed on the experience o f  Fronkford Arsenal, which has been 
engaged in the development o f  these devices for aircraft escape systems since 
1945. It b  interesting to  note that more than 3200 US pilots have been saved 
by using the Frankford designed propellant actuated devices (PAD ); also, 
there is no record o f  a known failure.

Chapter I presents a brief history o f  PAD’S, their application to various 
types o f  aircraft, and possible future applications. Chapter 2 describes the 
specific components o f  PAD'S and their function. Chanter 3 considers the 
bask design parameters such as time and motion functions, toad, size, and 
environmental factors.

Chapters 4  and 5 deal with the mechanical and ballistic design o f  the 
various PAD components. Chapter 6 illustrates the co mponent design 
techniques o f  the previous chapters by integrating the methodology into the 
design o f  PAD systems. Realistic examples art used throughout

Chapter 7 describes the instrumentation, text fixtures, and various test 
and evaluation programs used in the design process.

The Engineering Design Handbooks fall into tw o bask categories, those 
approved for release and sale, and those classified for security reasons. The 
US Army Materiel Command policy is to release these Engineering Design 
Handbooks in accordance with current DOD Directive 7230.7, dated 18 
September 1973. All unclassified Handbooks car. be obtained from the 
National Technical Infonnation Service (NTIS). Procedures for acquiring 
these Handbooks follow:

a. All Department o f  Army activities having need for the Handbooks 
must submit their request on  an official requisition form (DA Form 17, 
dated Jan 70) directly to:



u K f . 'm t n

Commander
Letterkenny A m y  Depot 
ATTN: AMXLE-ATD 
Cham b en  burg. PA 17201

(Request! for d a o ified  documents must be submitted, with appropriate 
“ Need to  Know”  justification, to  Letterkenny Army Depot.) DA activities 
will not requisition Handbooks for further free distribution.

b. AO other requestors, DOD, Nary, Air Force, Marine Corps, 
non military Government agencies, contractors, private industry, individuals, 
universities, and others must purchase these Handboqks from:

National Technical Information Service 
Department o f  Commerce 
Springfield, V A  22151

Classified documents may be released on a “ Need to  K now " basis verified by 
an official Department o f  A m y  representative and processed from Defense 
Documentation Center (DDC). ATTN; PDC-TSR. Cameron Station, 
Alexandria, VA  22314.

Comments and suggestions on this Handbook are welcome and should be 
addressed to:

Commander
US A m y  Materiel Command 
ATTN: AMCRD-TV 
Alexandria, V A  22333

(DA Forms 2028, Recommended Changes to  Publications, which are 
available through normal publications supply channels, may be used for 
comments/suggestions.)

xv/xvi
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CHATTER 1 

INTRODUCTION

V I PURPOSE AND SCOPE

This design handbook b  intended for the 
dissemination o f  such general and technical 
information concerning propellant actuated 
devices as may be necessary for their care, 
handling, and utilization. It also serves as a 
convenient reference o f  fundamental and 
practical information as wefl as analytical 
procedures necessary to aid in the design, 
performance estimation, and test evaluation 
c f  these devices. Only the basic theory and 
principles underlying the functioning and 
design o f  most devices in the class are 
discussed; no attempt b  made to treat the 
mechanical details or operating procedures 
that differentiate one model from another. 
General reference b  only made to  ^ e c ific  
models t6 give the reader an overall picture o f  
the development o f  propellant actuated 
devices from the conception and to serve as 
examples in the design and ballistic analysis 
chapters.

1*2 HISTORY

Prior to  World War 11, escape from a 
disabled aircraft in flight occurred in environ* 
ments and at speeds that were physiologicafly 
tolerable; therefore, muscular effort usually 
was sufficient to separate the man from hb 
plane. As speeds increased, it became more 
difficult to  leave the aircraft safely in the 
event o f  an emergency. The technique o f  
inverting the plane, opening the canopy, 
releasing one’s safety belt, and falling out was 
no longer feasible.

In 1943, the US Army Air Corps made a 
surrey o f  emergency bail-outs that had

occurred in 1942. The results showed that 
12.3 percent had been fatal and 4S.S percent 
had resulted in injury. A  similar study o f  
ba ilou t! from fighter aircraft for the year 
1943 showed that IS percent had been fatal 
and 47 percent had resulted in injury.

The Germans, who probably had similar 
experience, were the first to take corrective 
action. A  German directive was issued m 1944 
requiring that all fighter aircraft be equipped 
with ejection seats. The British foil owed with 
a directive in 1945 requiring that afl fighter 
aircraft with speeds greater than 400 mph be 
equipped with ejection seats.

The problems o f  escape from pusher-type 
aircraft were studied by the Aircraft Labora­
tory at Wright Field as early as 1940. At least 
one experimental airplane made during World 
War II b  reported to  have been equipped with 
an escape mechanism, but it was not until 
1945 that our Air Force and Navy began 
serious development work on ejection seats. 
In August 1945, the Pitman-Dvnn Labora­
tories o f  the Frankford Arsenal were re­
quested to  develop ejection devices under the 
cognizance o f  the Special Projects Branch, 
Aircraft Laboratory, Engineering Division, Air 
Materiel Coram and. Initial performance re­
quirements o f  the ejection devices were 
established on the basis o f  data and 
information from the Aircraft and Aero-Medi­
cal Laboratories o f  Engineering Division, Air 
Materiel Command. With the passage o f  time 
the organization now charged with this 
responsibility b  the Aerospace Medical 
Research Laboratory, Aerospace Medical 
Division. Air Force Systems Command, 
Wright-Patterson Air Force Base.
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Before f » ( y p t  devices could be used on 
pen onnd  ^ e e d a  seats. it m  necessary to 
determine lo ie n U t w t h n t o i I m b  for tKe 
h n m n  body and the minimum  separation 
velocity necessary far ejected personnel to  
dear the aircraft structure. The Aerospace 
Medical Research Laboratories have been 
conducting a continuing study to  determine 
the physiological limitations o f  the human 
body when subjected to  the ejection environ­
ment. Recent studies have led to  the 
specification o f  a parameter called die 
Dynamic Response Index (DR1) instead o f  
the previously specified limitations o f  maxi­
mum acceleration and rate o f  change o f  
acceleration as the criterion for determining 
the physiological limitations for penonnd 
escape system s'. The DR1 which is a measure 
o f  human spine co mpression -  and, therefore, 
probability o f  injury -  is intended to  be a 
more meaningful determinant in that it is a 
measure o f  the stresses actually experienced 
by the ejectee. A  nominal value o f  18 for the 
average SO percentile flying population has 
been specified for this parameter for ejection 
systems conditioned at 70°F.

The fust ejection seat catapult eras 
standardized in 1947 and designated the Ml 
Personnel Catapult. The design and develop­
ment o f  the Ml and M2 Canopy Removers 
followed in quick succession. These early 
devices were initiated mechanically; Le., 
cocked firing pins were released by rotating or 
withdrawing a sear. Tim ' ‘ choke co d " , 
bell-crank rod, and cable-actuated system left 
much to be desired from a reliability, 
simplicity, and maintenance standpoint.

In 1949, Frankford Arsenal developed a 
propcD-nt gas pressure source that was 
designated an initiator. Concurrently, the 
Arsenal redesigned the existing devices to 
incorporate a pressure operated firing mech­
anism. The propellant gas was transmitted by 
MS-28741 hydraulic hose assemblies from the 
initiators to the firing mechanisms.

With the advent o f  the B-52 airplane and its

requirements for multicrew, multifunction, 
integrated escape system, it was realized that 
new forms o f  propellant activated devices 
(PAD) would be required for such functions 
as positioning ejection seats, unlocking 
hatches, and stowing control columns. With 
the support o f  the airframe contractors, 
Wright-Patterson Air Force Base and Frank- 
ford Arsenal co mmenced the design and 
development o f  the first series o f  Thrusters, 
designated M l. M2, M3, and MS m 1951. 
Since that time many new and varied 
applications for PAD have been found in 
aircraft escape, aerial delivery, and other 
systems.

Ever since the advent o f  powered ejection 
seats, Frankford Arsenal has supported the 
US Air Force in their requirements for 
Government-furnished (GFE) PAD in these 
systems throughout their life cycle. With the 
advent o f  the weapon system concept o f  
procurement, and the subsequent develop­
ment o f  much o f  the PAD used in newer 
escape systems as contractor-furnished equip­
ment (CFE), Frankford Arsenal procures and 
remanufactures many o f  the CFE as well a  
GFE items for all services.

Over 200 GFE propellant actuated devices 
have been developed and standardized. An 
engineering manual is published by Frankford 
Arsenal listing about 175 propellant actuated 
devices1. In addition to  the devices listed in 
this reference, a nomenclature list for 
standardized propellant actuated devices a  
well a  those under development1, and a 
publication listing propellant actuated device 
patents and technical reports covering the 
period 1946 through 1969* are available.

1-3 USES

Although propellant actuated devices orig­
inally were developed fer emergency escape 
from aircraft, their use has proliferated to  a 
growing number o f  nonescape system applica­
tions. These include applications to large bore 
gun scavenging, support o f  Army concepts for
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advanced aerial delivery systems, applications 
to  devices fU  explosive ordnance disposal, 
settable time delay merJunism, deployment 
kits for retardation systems used in the 
delivery o f  special stores, and coo l gat 
generators for foliation and rigidization 
applications.

Propellant actuated devices are useful in 
these and other applications because o f  their 
reliability, simplicity, light weight, small size, 
and ability to  withstand long periods o f  
storage under extremes o f  environment 
without impairment o f  reliability.

REFERENCES

1. MIL-S-9479A (USAF), Seat System  Up-

ward E lection. A ircraft. General Specifica­
tion Joe. 30 December 1969.

2. IEP 65 -63704  REV A, Propellant A ctu ­
ated  D evices Engineering Manual, 15 June 
1969, A D - 872 430.

3. N om enckture List fo r  Cartridge and 
Propellant A ctuated  Devices, Dept, o f  the 
Army, Frank ford Arsenal, July 1969, 
A D -8 7 2  429.

4. S u nu n ey o f  Statistics fo r  Cartridge and 
PropeBant A ctuated  D evices. Dept, o f  the 
Army, Frankford Arsenal, February 1970, 
A D -8 7 2  426.
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CHAPTER 2

DESCRIPTION OF PROPELLANT ACTUATED DEVICES

M  GENERAL

The first aircraft personnel escape catapults 
ami associated devices powered by solid 
propellants were caDed “ Cartridge Actuated 
Devices" (CA D ), a name which arose from the 
similarity in appearance between their propel­
lant containers and cartridge cases for 
conventional small arms munitions. As new 
applications were developed, the. similarity 
disappeared, but the name continued to  be 
used. Many o f  the older records wili show this 
R 9»e. Ordnance Corp Technical Minutes 
37418,. 12 April 196Q, was published to 
change the name o f  future developments o f  
these items to  “ Propellant Actuated Devices’* 
(PAD), this name more nearly expressing their 
principal characteristic.

The propellant actuated devices desc ribed 
in this chapter have been divided arbitrarily 
into three categories, gas-generating devices, 
stroking devices, and special purpose devices. 
Although special purpose devices could, for 
the most part, be classified in either o f  the 
Tint two categories, they have been separated 
because o f  their specific applications.

Stroking devices may be further classified 
as direct or high-low. Direct systems are 
devices in which the propellant is consumed 
in the working chamber. In high-low devices 
the propellant is burned in a separate, or high 
pressure chamber, and the resultant gases are 
then bled through an orifice or nozzle into 
the working chamber. Only direct systems 
will be considered in this chapter. High-low 
systems will be considered in Chapter 4.

Various sources list information on the 
physical and performance characteristics o f

propellant actuated devices which have been 
developed. These data and that listed in this 
publication are presented to  aid the design 
engineer and to  serve as a reference hi 
determining the feasibility o f  proposed 
devices.

Escape systems are discussed and a specific 
escape system application is described in 
order to illustrate the use o f  propellant 
actuated devices and to demonstrate their 
interrelationship in an actual system. Energy 
transmission in systems also is discussed.

2-2 PROPELLANT ACTUATED DEVICES

Propellant actuated devices will be dis­
cussed according to three categories: gas 
generating devices, stroking devices, and 
special purpose devices.

2-2.1 GAS GENERATING DEVICES

There are two basic types o f  gas-generating 
devices: short duration "initiators”  and long 
duration "gas generators". These devices 
consist o f  vented chambers containing car­
tridges and firing mechanisms. The method o f  
actuation may be either electrical, mechani­
cal, or ballistic (gas pressure).

22.1.1 INITIATORS

Initiators are short duration gas generating 
devices designed primarily to supply gas 
pressure to operate the firing mechanisms o f  
other propellant actuated devices, but they 
also may be used as sources o f  energy for 
operating piston-type devices such as lap-belt 
releases, personnel restraint systems, and 
safety-pin extractors. Since they eliminate
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cumbersome and difficult to  maintain cable- 
pulley systems and provide a more reliable 
method o f  actuation, initiators arc used 
extensively in aircraft to operate the firing 
mechanism o f  other propellant actuated 
devices. In systems where the propellant 
actuated device is remote from the initiator, 
intermediate gas actuated initiators are used 
as boosters. For applications'where propellant 
actuated devices ate fired in sequence, 
initiators or other PAD’s may contain a 
combustion train or delay element to  delay 
propellant ignition for a specific time to 
permit completion o f  another operation.

The development o f  the gas-actuated 
ejection system has paved the way for 
sophisticated transmission systems that pro­
gram, sequence, and automate n complex 
array o f  PAD devices during the entire 
personnel ejection cyde . Initiator charges are 
sized for a given length o f  transmission line. 
Early initiators, such ss the M5A2, weighed
0.9 lb and occupied 6.S in.*; more recently, 
miniature initiators, o f  which the M28 is 
typical, weigh 0.33 lb and occupy 4 .0  in.1

A need has existed for many years for a

small lightweight initiator that would further 
reduce their size and n  ight. This need 
apparently has been filled by the Ml 04-type 
Initiator. The M l04 weighs only 0.083 lb. In 
the F-104 aircraft, for example, 3.46 lb o f  
weight may be saved by using Ml 04-type 
Initiators for the 14 initiators now carried. In 
addition, supply and resupply can be 
accomplished at considerable cost savings1.

Fig. 2-1 shows a crosssectional drawing o f  
a typical mechanically actuated delay ini­
tiator. Table 2-1 lists comparative data for 
several existing initiators.

2-2.1.2 GAS GENERATORS

Gas generators primarily are designed to 
supply gas pressure for a longer period o f  time 
than initiators and are used to inflate, 
pressurize, or otherwise serve as a self-con­
tained propellant gas generating system. They 
can be designed to deliver propellant gas for a 
range o f  times from seconds to  minutes. The 
delivered gas also may be filtered and cooled 
as required for a specific application.

Fig 2-2 is a partial cross-sectional drawing
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TAB LEM

COMPAQ A rV E  DATA FOR INITIATORS

t a k f n M n ,
Onto* Weight, lb Dele*. «ec pN !'* 

MECHANICALLY ACTUATEO<3*
I
M4A1 1.0 3.0 760(10)
M12A1 1.0 1.0 760(10)
M14 039 30 78000)
Mie 0.39 30 1000(18)
M27 0.33 - 100006)
M52 0.39 5.0 1000(16)
MS8 0.3 - 78000)
MOT 04 - 100006)

QA8 ACTUATED*3!
M5A2 0.9 - 100005)
MIO 0.9 30 100005)
MIS 0.39 30 75000)
MOT 0.33 - 100006)
MOT'** 1.75 - 100005)
M43 0.9 30 1000(15)
MSI 0.39 30 100005)
M72 1.0 as 100005)
M104 0.092 - 150005)

1 Puk tnmn in 0.063 in.' f** lauMd m «"d of I rtngth
M&28741-4 hott. T>w leBow^e the preeuft iodicaie
ffc* host ttngf* to *Mt .
* ActuiTion farce 20-35 *
'Actuation prwuM 750 pti w w m u a
* Actuation -  gas prvmra »*ith mamil M v rtti

o f  the Ml 7 Gas Generator. It is gas initiated 
and is designed to  pressurize a 27-in.3 
chamber to 7000 psi in 0.22 sec. and is used 
to operate the parachute ejector mechanism 
for the BDU-12/B Practice Bomb.

2-Z2 STROKING DEVICES

Stroking devices, for purposes o f  this 
discussion, include catapults, removers, and 
thrusters. These devices can be further divided 
into two groups: ( l ) o p e n  devices or those 
which separate and allow the escape o f  the 
propellant gas, usually upon completion o f 
function, and (2 ) closed devices that retain 
the gas after completion o f  function.

G osed  devices must be designed to  an 
additional constraint since a method o f  
arresting the stroking member at the com ple­
tion o f  its travels required.

2 - i i t  CATAPULTS

The ballistic catapult was developed for 
emergency escape o f  personnel from aircraft. 
In this application it serves as a connecting 
member between the crewman’s seat and the 
aircraft structure.

22.2.1.1 CONVENTIONAL CATAPULTS

The conventional catapult or ballistic 
catapult as it is sometimes known is a two- or 
three-tube telescoping open device which is 
mounted in the aircraft on trunnions. The 
firing mechanism is mounted in one end o f  
the catapult along with a cartridge containing 
a primer, igniter, and propellant charge. When 
the cartridge is actuated, the propellant gas 
fills the catapult and causes it to extend (Fig. 
2-3). As the catapult extends, it ejects the 
seat-man from the aircraft. Table 2-2 lists 
typical conventional catapults and presents 
performance data for these devices.

2 Z2AJ2 ROCKET-ASSISTED CATAPULTS

Rocket-assisted catapults combine the 
operation o f  conventional catapults with 
those o f  a rocket to sustain thrust and thus 
increase ejection height. These devices are o f  
two basic designs. In the MS, M9, and M10, 
for example, the launch tube surrounds the 
rocket motor, while in the XM38 and XM39 
the launch tube is housed within the 
perforation o f  the rocket grain. As the launch 
tube strokes out and separates from the 
rocket, which h  attached to the ejection seat, 
the gas evolved during the launch phase is 
used to  ignite the sustainer rocket. For 
stability in the pitch plane, the rocket nozzle 
is angled to allow the resultant thrust vector 
to pass through the seat-man center o f  mass. 
In the 1.18, M9. MIO. and XM39 the nozzle is 
fixed at a predetermined angle, while in the 
XM38 the nozzle angle is variable to  allow for
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atoss s e c t io n  draw ing

C o a p o M A t C t e p s i i t s t
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E
^  ^ -------- a- - -
D O O T f  V , J K B K T J P i n ,  S h e a r

Figure 2-2. M17 Cos Generator

variations in the location o f  the center o f  
mass.

The catapult portion o f  the XM38 and 
XM39 Rocket-assisted Catapults are small 
bore high-pressure devices which, because o f  
their concentric configuration, maximize the 
impulse delivered for a unit o f  a given size. 
Also, their high operating pressure, about 
5000 psi as compared to about 1500 psi for 
conventional catapults, tends to reduce the 
sprezd in performance over the temperature 
range -6 5 °  to +200° F.

Tabic 2-3 lists the performance data for 
several existing rocket-assisted catapults. Fig. 
2-4 is a cross-sectional drawing o f  the XM39 
Rocket-assisted Catapult.

2 2.22 REMOVERS

Removers are two- or three-tube tele­
scoping devices which are designed to jettison 
the canopy from high speed aircraft prior to 
personnel ejection. They are either mechani­
cally or ballistically actuated. A third type, 
the electromechanical-ballistic remover, is 
designed to permit normal opening and 
closing o f  the canopy as well as emergency 
jettisoning. Comparative data for these 
devices are presented in Table 2-4.

Removers are similar in design to conven­
tional catapults with one important excep­
tion: they are designed to be capable o f  
retaining the maximum pressure produced by 
the burning propellant in the event o f
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OPERATIONS

®
(D
(D

IN UNFIRED STATE 
INNER AND TEl ESCOPING 
TUBES EXTENDED
TELESCOPING TUBE 
STOPPED AND INNER 
TUBE EXTENDED
FIRING COMPLETED

¥
¥

PROPELLED 
MASS

CARTRIDGE

INNER
TUBE

T ? ^  TELESCOPING 
TUBE

AIRCRAFT 'STRUCTURE'■/y//, //////, ........................  ..........  - - -

OPERATIONS ® CD
Figure 2-J. Operation o f a Conventional Catapult

restricted motion o f the propelled load4. This 
feature is described as being able to withstand 
’ “locked shut" firings. Also, greater accelera­
tion is permissible with removers since human 
physiological limitations are not a factor. The 
only limiting factor is the strength o f the

aircraft structure. Fig. 2-5 is a sketch o f  a 
typical gas actuated remover.

2-2.2.3 THRUSTERS

A thruster is a propellant actuated device
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TABLE 2-2

COMPARATIVE DATA FOR CONVENTIONAL CATAPULTS

Device Stroke, in.
Propet lid 
Weight, lb

Velocity 
M 70‘ F, 

fp»

MtAI 66 300 60
M 2''1 60 300 38
M3A1 88 350 77
M4A1 45 325 38
MSA1 66 300 60
M6A(|> 21 300 28

1 MuMtftot training catapult

primarily developed to serve as a source o f  
energy or exert a ihrust. through a short 
stroke, to move a weight and probably 
overcome a resistive force. Thrusters arc used 
for operations «uch as seat positioning, 
storage o f  equipment, hatch or canopy 
unlock and canopy ejection. They generally 
are designed as a closed ballistic system so 
that the piston does not separate under any 
operational condition including "locked shut" 
and "n o  load" firings. Each thruster is 
designed to operate against a specific mass 
and a constant or varying forces.

Buffer or <-il damper mechanisms are used 
occasionally in conjunction with thrusters

Max I mum 
Acceleration 

■t70"F.
•

Maximum 
Rett of 

Change of 
Acceleration 

at7tf’F. 
gAoc

Weight
of

Device,
lb

20 170 8.2
12 150 13.0
20 180 24.9
12.5 too 6.7
20 170 8.2

8.5 150 31.5

and. in these instances, are made as integral 
parts o f  the thruster. These buffering 
mechanisms are used to restrict the velocity 
and acceleration o f  the propellant load 
because o f  structural or human physiological 
limitations. Fig. 2-6 depicts the M ib Oil 
Buffered Thruster.

Thrusters have been developed which 
function in the usual manner, except that at 
the end o f the stroke, they bypass gas through 
high pressure flexible hose to initiate other 
propellant actuated devices. An example is 
the M I9 Thruster in the F-lObB aircraft 
escape system. This thruster unlocks the 
canopy and. at the completion o f  stroke

TABLE 2-3

COMPARATIVE DATA FOR ROCKET-ASStSTED CATAPULTS

Device
Catapult 
Stroke, in.

Weight
Propelled.

lb

Seperetion 
Velocity 
at 70" F. 

fpi

Maximum 
Acceteretion 

at 70° F, 
g

Rocket
Impuhe at 70° F. 

Ib-MC

Rocket 
Action Tima 

at 70°F,
MC

Weitfitof
Device,

lb

M8 40 350 40 12 1200 0.40 7T
M9 35.75 350 40 12 1100 0.35 24
M10 34 400 40 12 1100 0.40 26
XM38 34 363 47 18 1350 0.41 33
XM39 34 415 52 18 1140 0.40 19.5
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TAOLE 2-4

COMPARATIVE DATA FOR REMOVERS

I! Strofca, In. WMgtx'a!
Threw at 70*F, 

lb
Velocity at
WF.fp*

Stroke Tkao 
ot 70“ F, mc

Mwhodof
Initiation

Syrtam
Wa»trit.lb

M1A3 2X3 300 2800 204) 0.135 Gat 2.1
M2A1 2X0 300 2800 20.6 0.160 Mach 4.4
M3A1 2X0 300 2800 20.6 0.160 Gas 4.4
U4 1X0 300 2800 20.0 0.114 Gas 3.84
MS 1X0 1000 4600 10.0 - Go X84
MSAI1' 1 1X0 3S0 6400 244) 0.160 Gm 22.6
M (t) 27.0 300 6000 334) 0.090 Gat 36.0

1 EUctforo th w hal hailUric canopy ramonar actuator

(after the canopy is unlocked), bypasses gas 
to actuate the canopy remover.

2-2.3 SPECIAL PURPOSE DEVICES

A  number o f  propeDant actuated devices 
have been developed for special applications 
that do  not fall into the previously r a t io n e d  
categories. These devices include 'cutters, 
releases, electric ignition elements, pulse 
generators, and ejectors.

2 2J.1 CUTTERS

Cutters have been developed for a number

o f  specific applications including the severing 
o f  electrical connections and reefing lines that 
restrain a parachute from opening initially to 
full size.

2-2JL1.1 CABLE CUTTERS

CaUe cutters have been designed to  sever 
electrical cables prior to the removal or 
ejection o f  an aircraft canopy or ejection seat. 
Although most cable cutters were developed 
to sever a single cable, the M8 Cable Cutter 
was designed to sever a bundle o f  4 1 electrical 
wires prior to  the removal o f  the aircraft 
canopy. T ie  MS has a blade attached to the

HEAO-y CARTRIDGE ASSYv FUHOp  SET SCREW-c LOCKING PIN;
-SHEAR PiN \ SPACER? /SPRING/ / I  MAIN PlSTONn \  SHEAR

\_ GAS ENTRY PORT

8.64

Figure 2-& M16 O il Buffered Thruster
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forward end o f  a piston. Gas produced by the 
burning propellant in the cartridge propels the 
piston forward, driving the blade into the 
wires to  be severed. The blade o f  the cutter 
may be coated to prevent electrical shorting 
as it passes through the current carrying wires.

2-241.2 REEFING LINE CUTTERS 

2-241.2.1 CorarantlcnM Typo

Reefing line cutters are designed to sever 
the reefing lines o f  parachutes*. Unlike cable 
cutters that may be electrically or gas 
initiated, reefing line cutters are initiated 
mechanically. Fig. 2-7 shows a typical reefing 
line cutter. The firing mechanism o f  the 
cutter is attached by lanyard to  the shroud o f  
a parachute. When the shroud Fries are pulled 
taut by the opening o f  the parachute, the 
cable (sear) b  pulled out o f  the end o f  the 
cutter, cocking and releasing the firing 
rtechanism. The firing pin strikes the primer 
in the cartridge which ignites a pyrotechnic 
delay clement. After a predetermined delay, 
the cartridge b  fired and the propellant gas 
propels the cutter blade forward. The Made 
shears the reefing line that b  passed through 
the hole in the end o f  the cutter. A whole 
family o f  * ri ' 4jes has been developed to 
provide a rang o f  different delay times (2*. 
4-, 6-, 8-, and If^seconds). The sear-type firing 
mechenism may be operated by pulling the

cable (tear) from any angle up to  and 
including ISQdeg to  the cutter main axis.

2 -2 4 1 4 2  Srttabta (May RaRng Una 
Cutter

Present technology for aerial delivery o f  
cargo by parachute b  hampered by inaccu­
racies due to variables such as drop height and 
prevailing winds. T o  improve delivery accura­
cy and reduce vulnerability, the parachute b  
reefed during the initial portion o f  the 
descent trajectory. Present technology uses a 
fixed pyrotechnic delay reefing line cutter tc  
disreef the parachute and allow for soft cargo 
landing. However, thb arrangement limits the 
effectiveness o f  aerial cargo delivery systems 
to performance prescribed by a fixed time 
delay and a corresponding preselected drop 
heigit.

A prototype settable Mechanical Delay 
Reefing Line Cutter, the XM31, has been 
developed. Thu device is a combination o f  a 
modified M$ Mechanically Initiated Reefing 
Line Cutter and the M564 Mechanical 
Artillery Time Fuze. The XM3I b  settable 
and resettable in 0 .1-sec increments from 2 to  
100 sec*.

By use o f  thb device it b  possible to 
compensate for variables that are identified in 
flight and that otherwise might detract from 
the accuracy o f  the drop.

Figure 2-7. Typical Reefing Line Cutter
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2-2J&2 RELEASES

Refuses have been developed to perform a 
variety o f  functions including releasing 
external stores from aircraft and extracting 
the safety pins from other propellant actuated 
devices. Pig. 2 -8  shows a device designed to 
accomplish this latter function. It consists o f  
a cylinder (body), piston with integral pin, 
and locking mechanism. The release pin 
replaces the safety pin in the firing mechan­
ism o f  a propellant actuated device. The 
release contains no cartridge, but rather uses 
gas supplied by another device. The supplied 
propellant gas unlocks the piston and causes it 
to withdraw its pin from the device to  be 
aimed.

This type o f  device has been used in 
aircraft escape systems. For instance, the 
M1A1 Release b  used to  release a spring- 
loaded firing pin in the Ml A3 Canopy 
Remover. For this application, the release b  
actuated automatically during the pre-ejection 
cycle. This prevents personnel ejection prior 
to  canopy removal.

Z2JU3  ELECTRIC IGNITION 
ELEMENTS

2 -2 J J .1  CONVENTIONAL TYPE

The electric ignition element is a device 
designed to replace the firing pins and 
percussion primers used with gas or mechani­
cally actuated propellant actuated devices.

Ignition elements have been developed that 
are capable o f  being fired by an electrical 
power source such as an aircraft 28-V supply. 
The fast ignition elements developed were 
designed to pass 0.S A without firing and to 
fire when the current was 1.0 A. This early 
series o f  ignition elements used the body o f  
the element for a ground. A latter series was 
designed with four internal pins insulated 
from the body o f  the device (Fig. 2-9). Two 
pins are interconnected and provide a testing 
circuit separate from the firing circiit- The 
other pins are connected to the firing circuit. 
These units are designed to a 1-A. I-W. 3-min 
no fire and a 5-A, 50-msec all fire 
specification7.

The two pins in the firing circuit are 
connected to  a wire filament in the element. 
Thb wire b  coated with an ignition bead that 
b  ignited when the filament b  heated by 
passage o f  the required current Ignition o f  
the bead sets o f f  the main charge. The gas 
generated exerts a force against the firing pin 
o f  the device to  be actuated.

2-2-3-3.2 ELECTROMAGNETIC IMPULSE 
GENERATORS

T o improve the reliability o f  electrically 
initiated systems, auxiliary firing sources such 
as electromagnetic impulse generators have 
been developed*. These devices are composed 
o f  several magnets and a coil o f  wire. They are 
operated manually and automatically reset, 
and are designed to generate sufficient
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Figure 2-9 . E lectric Ignition  E lem ent

electrical energy to  fire specified electric 
ignition elem ent. Movement o f  the handle or 
trigger on the generator changes the reluc­
tance in the magnetic circuit, generating a 
current in the coil. These units may be 
designed to  have an indefinite life and to  be 
unaffected by environmental extremes.

2 -Z 3 .4  EJECTORS

A number o f  ejectors or launching devices 
have been developed for a number o f  specific 
applications including stores and munitions 
launchers, drogue guns, and parachute ejec­
tors. One such device is the XM7 Reserve 
Parachute Ejector. This cartridge actuated 
parachute ejector is a device used to  insure 
deployment o f  the paratrooper reserve para­
chute in the event o f  main chute malfunction. 
The deployment bag and parachute are chest 
mounted on the paratrooper and are actuated 
manually. The parachute and canopy with 
ballistic components are ejected laterally. As 
the shroud lines become taut, the parachute is 
separated, from the deployment bag and 
ballistic launcher. The deployment bag and 
launcher in tum deploy their own 36-in. 
chute to arrest their descent.

A ballistic rarity that occurs with the XM7 
Ejector is the variation o f  the effective load. 
The ejector travels nearly 60 percent o f  its 
stroke with almost no load while absorbing 
the elasticity o f  the parachute container, 
thereupon, it abruptly picks up the entire 
parachute mass and continues to accelerate it 
until the end o f  stroke.

2-3 ESCAPE SYSTEMS

Escape systems are only one o f  the many 
possible systems applications o f  propellant 
actuated devices. This application will be 
discussed, h o w e m , because o f  its relative 
importance not only in military but also 
commercial applications.

2 3 .1  CONVENTIONAL AIRCRAFT ES­
CAPE

Initially, relatively simple systems for 
canopy removal and seat ejection were 
provided for escape o f  personnel from fighter 
aircraft. In these systems, two separate 
operations -  canopy removal followed by 
seat ejection -  were required; mechanical 
interlock insured the order o f  actuation. As
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the operation o f  a ircnft becune more 
oom pkx, escape systems were expanded to  
include p r e le c t io n  operations, such a* 
positioning the ejection seat and rest raining 
the ejectee. The development -o f escape 
systems for bomber aircraft necessitated that 
initiation be possible from several points and 
provisio n be made for the escape o f  many 
crewmen.

The sequence o f  events which make up a 
complete emergency egress trajectory is 
depicted in Fig. 2-10.

As an example o f  the application o f  
propellant actuated devices to  conventional 
escape systems, the escape system for the 
F-I04A  and F-104Caircraft is presented.

2-12 ESCAPE SYSTEM FOR THE F-104A 
AMO F-1MC AIRCRAFTS

A  schematic o f  the C2 seat ejection system 
for the F -I04A  and F -I04C  aircrafts (single­
place fighters) is presented in Fig. 2-11. When 
the “ D "  ring is pulled, three cables attached 
to  it are pulled actuating four initiators. One 
M27 Initiator supplies gas pressure to actuate 
the M I3 Thruster that unlocks the aircnft 
canopy and then supplies gas to a remover to 
jettison the canopy.

Concurrently, a second M27 Initiator, 
actuated by pulling the “ D”  ring, supplies gas 
pressure to  initiate an MIS Thruster that 
positions the pilot’ s legs by tightening cables 
attached to  the spurs o f  his ilight boots. As 
the piston o f  the thruster retracts, it actuates 
an M27 Initiator that supplies gas pressure to  
initiate the MIO Catapult that ejects the pilot 
from the aircraft. ‘

The third initiator, actuated by pulling the 
“ D”  ring, is an M32 Delay Initiator that 
supplies gas pressure to  lire the MIO Catapult 
after a I-sec delay. This initiator is insurance 
against a maintenance failure or malfunction 
o f  the pre-ejection portion o f  the system; 
when the catapult is actuated by the M32

AMCF7QM70

D rity Initiator, the ptiot b  ejected ttuou^i 
the canopy.

The fourth Initiator actuated by the 
original puD o f  the D *  ring b  an M3QAI 
Delay Initiator that con ta in  a 2-sec delay 
element. After the 2-ser delay, the initiator b  
fired and gas b  supplied to  cable cut te n  that 
ictease the pilot's legs. T o  in ure tint the 
pilot's legs are released, a mechanical tripper 
ignites an M32 i m u n n  uHiuiimig a I sec 
delay element that b  supplied to  the cable 
cutters. Gas from the M32 Initiator b  also 
supplied to  the M28 Initiator which acts as a 
booster and supplies gas to  operate the pilot's 
lap belt release and rotary actuator that 
separates the pilot from the seat

T o  summarize, the pilot puSs the D "  ring, 
tin  canopy b  unlocked and ejected, hh  legs 
are positioned, and the seat ejected. His legs 
are then freed, the lap belt opened and he b  
separated from the seat AD this b  accom ­
plished in the proper sequence, and backed i$> 
by parallel systems to  insure o peration o f  the 
catapult and k g  release cable cutters.

2-13 CAPSULE ESCAPE SYSTEMS

With the development o f  higher perfor­
mance flight aircnft operating at supersonic 
speeds and extreme altitudes, it became 
necessary to develop escape systems whose 
performance envelopes would be compatible 
with those o f  the advanced vehicles. The 
ejection seat escape system b  effective in the 
region below 600 kt indicated air speed 
Above 600 kt the probability o f  a safe escape 
with this system rapidly decreases*. One o f  
the sj stems selected for study was the 
separable nose capsule. Such an escape system 
would aDew the crewmen to  separate safely 
from the aircraft throughout its a  vtude and 
speed range. Air Force Specifications require 
that escape capsules with protec tive and 
survival equipment be used in aD aircraft with 
speeds exceeding 600 kt equivalent air speed 
and operational altitudes exceeding 50,000 ft.

A  design study as well as the fabrication
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and testing o f  a rocket for a separable nose 
capsule escape system eras conducted by 
Frankford Arsenal1 The test capsule (Fig. 
2- 1 2 ), based on the F-104 aircraft configura­
tion, was designed to  operate in the 
performance envelope o f  0  to 900 kt 
equivalent air speed and an altitude range 
from sea level to 1 0 0 .0 0 0  ft.

M 4  HELICOPTER ESCAPE SYSTEMS

The need for emergency escape from 
disabled aircraft is not limited to  fixed-wine 
aircraft. Recent emphasis and the increased 
usage o f  helicopters for military and commer­
cial applications have pointed out the 
necessity o f  equipping these aircraft with 
emergency escape systems. The presence and 
location o f  the rotor blades above the 
helicopter fuselage, however, prevent the use 
o f  the conventional upward escape trajectory.

Current concepts for effecting rescue 
include: the capsule concept in which the 
rotor blades and either all or a portion o f  the 
fuselage are separated bafltsticalty from the 
crew or  passenger compartments and the 
helicopter descends by parachute; ballistic 
separation o f  the rotor blades followed by 
conventional upward  t p w  and lateral

ejection to  a point beyond the rotor blades 
and then an upward rocket impulse to  a safe 
recovery altitude11.

2 -1 5  EMERGENCY ESCAPE FROM 
COMMERCIAL AIRCRAFT

Emergency escape or means o f  providing 
for rapid evacuation from commercial-aircraft 
In the event o f  a crash landing !s a serious and 
vexing, problem. This situation is even more 
critical in the event o f  a fire. Under these 
circumstances it is essential to  provide for 
multiple exits for maximum safety o f  the 
passengers. One possible solution to  this 
problem is shown in Fig. 2-13 and involves a 
concept using linear shaped charges to  create 
emergency exits.

According to  this concept, empty shaped 
charge tubing and a two-part liquid explosive 
system are provided for the creation o f  
emergency exits. At the time o f  emergency 
and only when the aircraft is on the ground, 
the two liquid components are introduced 
into the shaped charge tubing by an initiator 
and are then detonated. The separate storage 
o f  these liquid components, each o f  which is 
nonexplosive, eliminates the hazards asso­
ciated with the day-in and day-out transport
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o f  an explosive ordnance system on the 
aircraft.

This concept has been evaluated by the 
Federal Aviation Agency.

24 ENERGY TRANSMISSION IN SYS­
TEMS

In early aircraft escape systems all propel­
lant actuated devices were initiated mechani­
cally. This mechanical initiation required 
elaborate cable pulley arrangements to release 
cocked or precocked firing pins by rotating or 
withdrawing sears. The drawbacks o f  this 
system include cable routing and tensioning, 
and crash safety problems.

Gas initiated systems gradually replaced 
these early systems. Gas systems use steel- 
braided hose lined with Teflon and stainless 
steel tubing to transmit the gas from the 
gas-generating device to the propellant actu­
ated device to be operated. The gas initiated 
systems not only provide a more reliable 
means o f  initiating a system o f  devices, but 
also permit the use o f  delay initiators and

bypass thrusters to  sequence operations in the 
system.

Electrically initiated systems have reliabil­
ity comparable to  gas initiated systems. The 
weight o f  electrical systems is less than gas 
systems since all initiators, couplings, check 
valves, and high pressure hose can be 
eliminated; however, an auxiliary power 
source must be provided. Where the propel­
lant actuated device and the initiating device 
are some distance apart, booster initiators are 
required. Electrical systems offer the advan­
tage o f  econom y, smaller size, easier installa­
tion, and less maintenance, as wejl as 
permitting continuity checks by pilot or 
ground crews. The disadvantages o f  electrical 
systems lie in their need for an external power 
source and the possible danger o f  accidental 
initiation by stray electromagnetic radiation 
or static electricity.

Hybrid systems such as those used in the 
F-111 and F-I4A aircraft incorporate gas 
operated and electrical components together 
with mild detonating cord (M D Q .

REFERENCES

1. IEP 65-63704 REV A, Propellant Actu­
ated Devices Engineering Manual, 15 
June 1969. AO-872 430.

2. No mam lmme List fo r  Cartridge and 
f t o g r f c u  Actnm ed Derices, Dept, o f  
Army. Fw k f a r i  Arsenal, July 1969, 
AD-872 429

3. H. D. MacDonald. Low Cost Energy 
Transmission System, Frankford Arsenal 
Technical Note TN -1146, March 1970.

4. MIL-C-25918 (USAF). Cartridge Actu­
ated Devices. Aircraft Crew Emergency 
Escape. General Specification for. 27 
September 1957.

5. USAF Parachute Handbook, WADC 
Technical Report 55-265, December 
1956.

6 . Nimylowycz, et aJ., XM3I Reefing Line 
Cutter. Propellant Actuated with Settable 
Mechanical Time Delay, Frankford Arse­
nal Technical Report No. R-1944, Janu­
ary 1970.

7. M1L-I-2365B, Initiators, Electric, General 
Design Specif-vtion for, 3 June 1966.

8 . A. E. White, Development o f  Electrically
Initiated Escape System Components, 
Ignition Elements T14E2, T19E1,
T14E3, T19E2. XM21, XM22, and

2-18



AMCP 706-270

XM 42; Pulse Generators XMIO, XM11, 
and XM15, Frankford Arsenal Technical 
Report No. R-1725, June 1964.

9. J. Goodrich, Escape from  High Perfor­
mance A irc ra ft, WADC (now  Wright- 
Patterson Air Force Base) Report No. TN 
56-7, January 1956.

10. H. D. MacDonald, Jr., Development o f 
the XM15 Escape R ocket, Frankford 
Arsenal Technical Report No. R-1817, 
February 1967.

11. M. Weinstock, Emergency Escape For 
A rm y Helicopters, paper presented at the 
35th Aerospace Medical Association 
Meeting, 11-13 May 1964.

2-19/2 20





AMCP 703-207

CHAPTER 3

BASIC DESIGN CONSIDERATIONS

3-1 GENERAL CONSIDERATIONS

Propellant actuated devices are basically 
simple devices containing a minimum number 
o f  parts. They are light in weight, yet strong 
enough to  withstand the maximum pressure 
created by the combustion o f  the propellant 
they contain. The materials selected for use in 
these devices must be compatible with the 
propellant, igniter, and primer formulations at 
the various temperatures and in the functional 
and storage conditions to which these devices 
are exposed.

Constant awareness o f  basic concepts must 
be maintained when designing propellant 
actuated devices, the most important being 
reliability. Determination o f  how these 
devices win operate in conjunction with other 
components in a system must be established 
along with a reliable method o f  initiation and 
a simple but sure method o f  installation.

Standard parts are used wherever possible, 
and when special pans are necessary, they are 
designed for ease o f  manufacture. All 
components o f  propellant actuated devices 
are interchangeable between similar units, and 
under no conditions may the fim cttona l 
re lia b ility  o f a device be dependent upon the 
selective f i t  o f any o r a ll parts. Propellant 
actuated devices are designed for ease o f  
proper assembly and, wherever possible, parts 
are made nonreversible to preclude improper 
assembly.

3-2 MOTION OR TIME FUNCTIONS

The functioning time for propellant actu­
ated devices is the time interval between 
initiation and completion o f  function, e.g..

end o f  stroke for a stroking device or 
termination o f  effective thrust or pressure 
output for rockets or  gat-generating devices. 
This interval may vary from as little as a few 
milliseconds for initiators to  as much as 
minutes for gas generator!. This is illustrated 
by two examples: a stroking device and a 
solid propellant rocket.

3-Z1 PROPELLANT ACTUATED STROK­
ING DEVICES

In the system shown in Fig 3-1, a 
mechanically operated initiator is connected 
to a thruster by a length o f  hose. When the 
lanyard is pulled, the initiator cartridge is 
fired. The burning propellant ir the initiator 
generates gas that flows through the hose to 
the thruster. When sufficient gas pressure is 
exerted on the thrus.l*r firing mechanism, the 
thruster cartridge is fired. As the propellant 
bums in the thruster, the pressure generated 
causes t^e thiuster piston to extend and move 
the load. A curve showing the interrelation­
ship o f  pressure and time in the thrustei is 
presented in F ig 3-2. Point A  represents the 
point in time when the ianyard was pulled; 
point B, the pressure rise at the thruster firing 
mechanism; point C, initiation o f  the thruster 
firing mechanism; point D, the maximum 
delivered pressure from the initiator; point E, 
the rise in pressure in the thruster; point F, 
the first o f  a series o f  pressure wave 
reflections in the thruster firing mechanism; 
point G, the maximum pressure in the 
thruster; and point H, the completion o f  
thruster stroke.

If it is assumed that the piston motion 
starts at time E. the actual work cycle o f  the 
device extends from points E to H. However.
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thrusters nonnally have intemai locking 
mechanisms to  prevent the piston from 
extending prior to thruster cartridge actua­
tion, and the initial lock is released when the 
pressure reaches some intermediate point 
between E and G.

Every effort is made to  minimize the time 
from point A to point E. The exception to 
this is in the design o f  the delay initiator 
where the time from point A  to point B a  
increased intentionally to  establish a specific 
sequence o f  operations. The delay function o f  
the initiator is a major consideration in the 
design o f  elaborate systems. The interval o f  
time from C to  E, die time between initiation 
and the beginning o f  a sustained pressure rise, 
is referred to  as the ignition delay. The 
intern! E to G affects the selection o f 
propellant, propellant geometry, internal 
volume, and expansion ratio (ratio o f  final 
internal volume to initial intemai volume). 
The time from E to G varies from a few 
milliseconds for releases and initiators to  100  
msec or more for some catapults.

Peak pressure, point G , also is important 
since it determines the maximum acceleration 
and working pressure the unit must with­
stand. This working pressure affects the 
selection o f  piston size, the wall thickness, 
materia] refection, and overall weight.

Finally, the interval from point G to point 
H represents the remaining time required to 
complete the piston stroke. Most o f  the 
piston movement occurs during this interval.

and so it is during this time that velocity and 
acceleration can be controlled most effec­
tively. Without acceleration control, the 
maximum velocity nonnally occurs at time H, 
the end o f  stroke.

Acceleration and rate o f  changr o f  
acceleration o f  a device are controlled by 
selection o f  the interior ballistic parameters 
such as grain design. Occasionally, further 
control is effected by the addition o f  a buffer 
or damper. External dampen were used in 
earlier propellant actuated devices. Internal 
dampers hive been used successfully in several 
newer thruster designs. Fig. 2-4 illustrates the 
operation o f  an oil damped thruster. The 
spring acting against the floating piston is 
compressed or extended as the buffer fluid 
reacts to  temperature change*. When the 
thruster is fired, the expanding gas drives the 
floating piston against the fluid, exerting 
pressure on the main piston. The main piston 
begins to  stroke when the pressure buildup is 
sufficient to shear the locking pin. The fluid 
surrounding the main piston then is forced 
through the orifice into the volume between 
the floating piston and the main piston The 
velocity o f  the main piston b  a function o f  
the viscosity o f  the buffer fluid, the orifice 
area, and the difference in force due to the 
same pressure acting against a large area on 
one ride o f  the main piston and on a 
considerably smaller area on the opposite 
side.

Motion not only b  controlled  by grain 
design and the > hStion o f  campers but also 
may be icguland t a B M d ^  by  metering the 
flow o f  progeBant gas t o a t k  an orifice. A 
high-tow g a m  is ■  c a m ple o f  such 
ballistic < o c t roi  tr< a  b e s t o w  system, the 
propefiuat is h a a r l  hi o a r  du m ber and the 
gas b Med thanogfii an om&cr into a second 
d u m b o . T br paapeQahl h  burned  at a high 
pretsure which h  t v  Swerve to  effective 
combustion w M r the shake b controlled by 
tlie k r» pressure gas in the second dum ber.

A pressure relief valve also can be used to 
control the motion o f  a propellant actuated
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msstnts -

\ A Initiator Firing Pulse 
B Pressure Rise at Thruster Firing Mechanism 
C Thruster Initiation  
D Peak Pressure Output of Initiator 
E Pressure Rise In Thruster 
F First Pressure Wave Reflection 
G Maximum Thruster Pressure 
H End of Thruster Stroke

Figure 3-2. Pressure-time Curve fo r PAD System in  Fig. 3-1

device by potting the gas that would cause 
excessive acceleration. Throughout th* stroke,

• the valve opens and doses to maintain a 
nearly constant pressure within the device1.

3 -£ 2  GAS-GENERATING PROPELLANT 
ACTUATED DEVICES

For gas-generating devices where stroke is 
not a consideration, the output o f  a 
propellant actuated device can be thought o f  
as a peak pressure at the end o f  a given length 

“  o f  hose (initiators), volume o f  gas delivered
• j  (gas generators), or impulse (rockets).

Consider the case o f  a rocket. A  typical 
thrust-time output is represented in Fig. 3-3. 
Point A represents the point o f  the applied 
ignition pufce; point B, the point o f  sustained 
thrust or pressure rise; point C, the point at 
which the thrust attains a value o f  10  percent 
o f  its maximum; point D, the point o f  
maximum thrust; point F, the point at which 
the thrust declines to  10  percent o f  
maximum; and G, the point o f  effective zero 
thrust level.

As with the stroking device, every attempt 
•s made to minimize the ignition interval A to
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Figure 3-3. Thrust-tim e Cune

B. The interval E to  F is called the taO o f f  or 
sliver burning portion o f  the curve. For most 
applications it  is also desirable to keep this 
interval to  a minimum.

The output o f  a rocket a  measured in 
terms o f  the impulse or  integral o f  the 
thrust-time curve. The total impulse a  simply 
the integral over the interval B to  G. The 
impulse also may be given in terms o f  the 10 
percent points, C to  F. For practical 
considerations, however, the effective impulse 
usually is stated in terms o f  the interval C to 
E, the 10 percent thrust level to the grain 
burnout point. The cu to ff point E usually is 
taken to be the intersection o f  the slopes 
defining the burning and tad o f f  portion o f  
the curve.

The maximum thrust level (point D) and 
operating time, which are specified by the 
grain and nozzle parameters, determine the 
maximum working pressure, rocket size, and 
corresponding system weight

The ballistic equations governing the 
operation o f  stroking and gas-generating 
devices will be coveted in detail in Chapter 4.

3-3 LOAD

The load experienced by a propellant 
actuated device is the total o f  all forces acting 
on the device. These loads may assist as well 
as resist motion. They indude the inertia 
forces o f  the body being propelled and the 
moving parts o f  the device itself, initial and



find locks ( i f  used), friction forces, and 
damping forces. In aircraft insUllationt, 
friction and bending forces may be present a  
a remit o f  aircraft maneuver* and aerody­
namic loading. In addition, aircraft maneuvers 
may result in variations o f  ~ f "  loading. Such 
variations may either resist or, depending on 
the device and loading level, increase the 
output level*.

3 4  WEIGHT AND SIZE

Weight and size, although subordinate to  
reliability, generally are critical considerations 
in aircraft and other application*. The design 
o f  the propellant actuated device to dependent 
upon a specific space allocation, which can 
result in mounting problems, insufficient 
actuator stroke for the task, and complicated 
mechanical and ballistic designs. As an 
example, space limitations can cause a device 
-  which could be fsbricztsd easily from a 
single tube with piston, chamber, and end 
connections afl on  the same axis -  to  be

♦fl***̂  with telescoping tubes or in s  folded 
or stacked configuration as for example the 
MIS Thruster depicted in Fig. 3 4 .

T o  reduce weight, the designer operates 
with working stresses that approach the yield 
stresses o f  the materials used. The size o f  the

AMCP 70*207

parts are spurted and readjusted to  proride 
safety factors that experience has indicated 
will produce a reliable item. The safety 
factors used a n  covered in Chapter 6  o f  this 
handbook.

Some propellant actuated devices are used 
integrally at structure o f  force Hnfcage In 
aircraft, e.g., the M2S Thruster to a force talk 
In the canopy operating mechanism o f  the 
T-38 and F-S aircraft. In addition to  firing 
loads, the M2S has been derigied for king 
term service life as a  highly stressed force 
member capable o f  repeated actuation cycles.

The selection o f  materials for propellant 
actuated devices entails more than just 
strength and weight consideration. Resistance 
to  corrosion, ease o f  fabrication , and 
resistance to  erosion and chemical action with 
propellants or damper fluids abo are factor*

3 6  ENVIRONMENT

The environment  (temperature, humidity, 
dirt, vibration, shock, etc.) in which propel­
lant actuated devices are required to  operate, 
to d&cussed in detail in Ref. 3. A  summary 
explanation o f  aome o f  these factors is 
presented here.

3-5
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* & 1  TEESPERATURE

In aircraft applications propellant actuated 
devices a n  exposed to  temperatures within 
the range o f  -6 5 *  to  +200*F. A  maximum 
upper limit o f  only + I 6 tT F  is imposed on 
catapults end rochet catapults in view o f  their 
normal position in a cockpit (behind the seat 
and mostly shielded horn the direct radiant 
energy o f  the sun). Nonpropuhive systems as 
weD as igniters or firing mechanisms, however, 
will be qualified to  +200*F. Propellant, 
primers, and aD mechanical components must 
be selected so that they operate throughout 
this rrnge with minimum variation fat 
performance. Particular attention must be 
given to  the selection o f  non metallic materials 
that may age and cease to  function property. 
The coefficient o f  expansion and viscosity o f  
damping and bulling fluids are also important 
considerations because o f  this wide tempera­
ture range.

In addition to  meeting these specification 
temperature limits, various propellant actu­
ated devices are designed to  operate at 
temperature levels in excess o f  +200°F; the 
primary limiting factor for temperature 
extremes being the stability o f  the primer and 
propellant formulations.

Many devices can operate up to  +350PF 
and the operational range o f  others may be 
extended to  +400°F. It is recommended, 
h owever, that Frankford Arsenal be consulted 
for use at temperatures above +200°F.

HUMIDITY AND DUST

Propellant actuated devices are supplied as 
sealed units to  prevent moisture or dirt entry 
during long storage periods (as long »  5 yr 
either on a shelf or mounted in a system). As 
added insurance, cartridges are hermetically 
sealed and are replaced periodically to prevent 
propellant aging from adversely affecting 
performance.

> & 3  VI3RATION

withstanding torque tests in accordance with 
R e t  3 as insurance against loosening when 
exposed to  vibration encountered in handling, 
shipment, or  Installation. A  thread locking 
a g e n t-su ch  as a Nylock pellet or  Loctite 
Inserted in the threaded Joint -  creates 
sufficient friction to  prevent loosening, yet 
the device may be disassembled by applying 
sufficient torque. Staking tire threads b  not 
considered an acceptable way o f  meeting 
vibration (torque) requirements o f  a device 
contains a cartridge, since the device may 
require disassembly.

M U  SHOCK

I f  a propellant actuated device can survive a 
specified drop in a variety o f  attitudes and in 
accordance with Ref. 3 on to  concrete, it can 
withstand the maximum shock that wiQ occur 
in service. Devices, therefore, are designed to 
withstand this drop test, which means that 
the propellant grains w2S not shatter and the 
firing mechanism will not function as a result 
o f  this shock. The design o f  shear pins used to 
retain the firing pins in gas actuated devices is 
critical; the pins must withstand the shock o f  
the drop test and yet shear when the pin h  
subjected to  a specific gas pressure. The 
design o f  shear pins is presented in Chapter 6 .

34 HEAT LOSS

A highly theoretical discussion o f  heat loss 
in the design o f  propellant actuated devices 
considering conductive, convective, and radi­
ant processes b  both tedious and, from the 
practical standpoint, unnecessary. Propellant 
actuated devices tend to  have an efficiency 
(percent o f  mechanical energy to  total 
propellant energy) o f  about 10 percent. For 
ballistic analyses a amplified energy balance 
has been derived which suffices for most 
applications. A derivation o f  thb equation as 
weD as a discussion o f  the analytical 
techniques used for propellant actuated 
devices b  presented in Chapter 5.

Threaded connections must be capable o f  It b  important, however, that several
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(acton  be unders tood. T o  minimize heat ton . 
the metal Airfare hi contact with the hot 
propellant pa chouid be kept to  a minimum, 
consistent with hardware requirement. Heat 
loss, which can account (or over 50% o f  the 
available energy, reduces the performance o f  
devices that retain or produce hot gas over an

1. M. Weiastock and V . Boat, Investigation  
o f  th e P ttn a p k  o f  C on trolled  A ccelera tion  
O peration o f  P ersonnel Excape Catapults, 
Prankford Arsenal Memorandum Report 
No. MR-712. October 19S8.

2. R. G dm an and I. L  Helfrich, Perform ance

extended period.

In transferrins hot gas from one device to 
another, at with ini ba ton . Teflon-lined hose 
is used primarily because it absorbs less heat 
than stainless steel tubing and Introduces less 
friction loss than rubber hose.

o f  Catapults In Various F orce F ields, 
Frankfort Arsenal Memorandum Report 
No. MR-594, October 1954,

3. MIL-C-&3124, Cartridge A ctu ated  O r  
vices/PropeUant A ctu ated  D evices G enera! 
S pecification  fo r . 30 October 1969.

e
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CHAPTER 4

PRELIMINARY DESIGN TECHNIQUES

4-0 LIST OF SYMBOLS

a «  acceleration, ft/tec1

a m rate o f  change o f  acceleration, ft/sec1

a "  average acceleration, ft/sec2

■ maximum acceleration, ft/sec2

Af  ■ piston area, in.*

A 'p = port area o f  rocket grain, in .2

i4 ■' instantaneous propellant burning sur­
* face, in. 1

A t 3  gas generator orifice area, in.2

/ t f’ = nozzle throat area, in.2

6  = burning rate coefficient, m./sec-psi*

C -  propellant charge weight, lb

C = rocket grain weight, lb

£  -  gas generator discharge rate, Ib/sec

CQ -  propellant discharge coefficient, 

Ib/lb-sec

C j = thrust coefficient, dimensionless

d  ~ minor diameter o f  male threads (min), 
in.

Em = iwchanical energy, ft-lb

Ef  ■ propellant energy, ft-lb 

F  *  propellant impetus, ft-lb/lb 

8  «  thrust, lb

Ff a resistive force, lb 

Fr ■ average resistive force, lb 

C = acceleration due to  gravity, ft/sec2 

ht *  heat loss per unit hose area, ft-lb/in .2 

/  = impulse, Ib-sec

c  >pecif>c impulse, lb-sec/lb 

J  = ratio A ’J A ' , dimensionless
V P

Ku a ratio o f  propellant burning surface to 
generator orifice required to  maintain 
a specified generator pressure, dimen­
sionless

L = length o f  thread engagement, in.

n = burning rate exponent, dimensionless

P = gas pressure, psi

Pe = gas generator pressure, psi

P ’ = rocket chamber pressure, psi

Pm = maximum pressure, psi

Pt = pressure at end o f  hose, psi

4-1
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r  ■ propellant burning rate, In ./see

R •  major radius o f  female thread (max), 
in.

s *  stroke, ft

St  *  shear strength, psi

Sf  *  bose surface area, in.*

r »  time, sec

t t  ■ bum  time, sec

/ ,  ■ strokejim e, sec

r  *  gas temperature, *R

T m adiabatic tsochcrk (lame temperature, 
“ R

r  ■ terminal velocity, ft/sec

V  *  {as volume, in.*

Vt  ■ initiator volume, in.*

K( »  hose volume, in.1 

wm »  propellant web, in.

W »  propelled weight, lb 

W ' *  wall ratio (O D/ID ), dimensionless 

x  «  displacement, ft

Y b yield strength o f  material, psi

0  b  heat loss factor, dimensionless

7  «  propellant ratio o f  specific heats,
dimensionless

p  b solid propellant density, Ib/in.*

9t  »  equivalent yield strength, psi

o ,  ■ radiai stress, psi 

o ,  ■ tangential stress, psi 

ot  ■ axial stress, psi

4-1 INTRODUCTION

4-1.1 GENERAL

Thb chapter provides the designer with a 
basic knowledge o f  the preliminary design o f  
propeiUnt actuated devices. Methods o f  
approximating parameters not generally given 
in design requirements are presented. Mate­
rials, safety factors, and methods o f  calcu­
lating wan strengths and selecting tube sizes 
to  be used are discussed. The design o f  
individual components is described, and the 
use o f  protective finishes and dissimilar metah 
a  outlined.

4-1.2 DESIGN REQUIREMENTS

The customary starting point in the design 
o f  propellant actuated devices is the list o f  
requirements which detail the size, weight, 
strength, and performance o f  the device. A 
typical Gst o f  design requirements might 
include aO or some o f  the following: 
maximum envelope dimensions and weight, 
external loading, method o f  initiation and 
ignition delay, open or dosed  type system, 
initial and/or final locking requirements, 
maximum acceleration, rate o f  change o f  
acceleration, terminal velocity, strokr. pro­
pelled load, gas generation rate, total impulse, 
action time, and physiological considerations.

4-2 FIRST-ORDER BALLISTIC 
APPROXIMATIONS

4-2.1 GENERAL

AD significant parameters may not be
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defined for ■ particular device. The design 
requirements mfeht specify maximum acceie- 
ration and velocity hut not the stroke 
neoessanr- to  satisfy these requirements. 
Stroke and velocity but not acceleration way 
be specified for thrusten or removers. The 
envelope specifications may give exterior 
dimensions but not the interior volume and 
expansion ratio. The unspecified parameters 
must be determined by the designer in 
conjunction with the balUstidan. Methods c f  
approximating stroke, operating time, pres­
sure, acceleration, and propellant charge are 
presented here. More sophisticated analytical 
and simulation techniques ere treated in 
Chapters.

4-2-2 STROKIKQ DEVICES

The performance requirement* for stroking 
devices might specify all nr some o f  the 
desired kinematic system variables: terminal 
velocity, maximum acceleration end maxi­
mum time rate o f  change o f  acceleration, 
stroke, and action time. With a knowledge o f  
these parameters the maximum operating 
pressure and required propellant charge 
weight can be approximated. When only three 
o f  these variable* are specified, the remaining 
two can be determined based on the 
construction o f  an assumed acceleration time 
curve for the device.

4 -2 A 1  KINEMATIC VARIABLES

Consider that the perfo rmance require­
ments specify only three o f  the fire kinematic 
variables. By assuming an acceleration-time 
curve for tire device the remaining two can be 
determined by applying the equations for the 
terminal velocity v and stroke s:

. - r  ‘ ad t, ft/sec (4-1)

and

(4-2)

where
«  ■ accelerate!!, ft/sec1

$ ■ strok e .fi

t  •  time, sec

I, ■ stroke time, tec

r *  terminal v d o d ty , ft/aec

For the assumed acceleration-time curve 
(Fig. 4-1), which is characteristic o f  those 
produced b y  propellant actuated stroking 
devices, Eqs. 4 -i and 4-2 gve:

o ’
r - a  / ----------- , ft/sec

"  '  2a 
and

(4-3)

(4 4 )

where
am <* maximum acceleration, ft/sec3

a "  rate o f  change o f  acceleration, 
ft/sec*

Therefore, i f  the maximum acceleration, 
rate o f  change o f  acceleration, and terminal 
velocity are specified, the stroke time and 
stroke can he determined by rearranging Eqs. 
4-3 and 4 4  to  give:

' * a T .  * % ,KC (45)
and

If only tw o kinematic variables are 
specfieJ  in the performance requirements, 
the engineer has additional latitude in the 
selection o f  the remaining ones.

4 3
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Figure 4-1. A eetlentio fM tm e Curve fa r Propellant Actuated S troking Device

As an example on the use o f  this equation 
consider the M38 Rocket Catapult, which will 
be discussed in greater detail in Chapter 6 . 
The catapult portion o f  this device has the 
following characteristics when fired at 70°F:

»  = 46 ft/sec

em »  13.8 g (444 ft/sec1)

a -  117 g/sec (3770 ft/sec3 )

Substituting these values into Eqs. 4-5 and 4-6

(4 6 ) (444)
(444) (2X 3770)

0.163 sec

and

b (4 6 )3 (444)*
(2X 444) + (24X 3770)*

2.64 f t =■ 32 in.

4 -& Z 2  MAXIMUM PRESSURE

The maximum pressure may be obtained 
from the maximum acceleration by the 
relation

Pm , psi (4 -7 )

where

4 ,  = piston area, in.*

g  = acceleration due to gravity, ft/sec*

Pm = maximum pressure, Ib/in.* (psi)

W ■ propelled weight, lb

Again using the M38 Rocket Catapult as an 
example, where

The actual values for these parameters are t  = ^  = 0.7854 in.*
34 in. and r( *  0 .165 sec. p
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g -  32.2 fl/sec*

W -  383 lb

from Eq. 4-7

p  , (383X 444)
"  (32.2X 0.7854)

6720 psi

The actual measured peak pressure at 70°F 
b  6930 psi. Eq. 4-7 also may be used to 
determine the piston area o f  a specific 
pressure i f  desired.

4 - 1 Z 3  PROPELLANT CHARGE WEIGHT

It should be noted that the numerical 
coefficients for the equations presented in 
this paragraph will vary with the value o f  the 
impetus and ratio o f  specific neats o f  the 
propellant chosen for a particular application. 
The purpose o f  this paragraph is more to 
demonstrate a technique than to generate 
relations that are valid for all propellant 
actuated stroking devices.

C  ■ propellant charge weight, lb

F  *  propeDant impetus, fH b /lb

7  *  propellant ratio o f  specific heats,
dimensionless

Eq. 4-9 can be derived by using the equation 
o f  state for the propellant gas, i.e.,

FV
12 FTC

(4-10)

F

T

T ,

V

gas pressure, lb /in .1

gas temperature, * R

adiabatic isochoric flame tem­
perature, °R

gas volume, in.1

and 12 is a co nversion from feet to inches.

A  first-order approximation o f  the pro­
pellant charge weight required by stroking 
propellant actuated devices may be made by 
assuming that these devices have an efficiency 
o f  about 10%; the realized mechanical output 
a  10% o f  the propellant energy.

Assuming an adiabatic expansion to  in­
finity and assuming the initial gas temperature 
equal to  the adiabatic isochoric flame 
temperature

J. PdV FC (4-11)

■ 0 . 1£ , , f t - lb (4-8) ri  '

where

= mechanical energy, ft-lb

Using typical values o f  propellant impetus 
F  and ratio o f  specific heats 7 , 3.4 X 10* 
ft-Jb/lb and 1.23, respectively; substituting
these values into Eqs. 4-8 and 4-9; and solving
for the charge weight gives

»  propellant energy, (Mb

Em (7 - »The energy content o f  solid propellant is C ------------------
, (4-12)fv e n  by the expression 0 . 11*'

FC
" r M b

(4-9) C  »  6.76 X 10 ’ *
,

fhere The charge for propellant actuated devices
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t* usually specified in grams. Making this 
conversion, Eq. 4-12 becomes

C  -  3.07 X 10 '*  £ „ .g r a m  (4-13)

For catapults, removers, and other stroking 
devices in which the mechanical energy is

primarily kinetic, Eq. 4-13 becomes

C ■ 4.9 X 1 0 '*  *> H'p*. gram (4-14)

F ig 4-2 is a plot o f  Eq. 4-14, with the ratio 
o f  charge weight to propelled weight vs 
velocity.

Velocity tr, ft/sec
Figure 4-2. Ratio of Propellant Charge Weight to Propelled Load for 

Propellant Actuated Stroking Devices
0

44



AMCP 7W-270

For thrusters and these devices where the 
energy is primarily expended in overcoming a 
resistive force and the kinetic energy imparted 
to  the load is insignificant in comparison, Eq. 
4-13 becomes

C -  3 .07X 10** f  Ftdx, gram (4-15) 
• 'a

where

Ff n resistive force, lb

x ■ displacement, ft

or

C  *  3.07 X 10** Frs, gram (4-15)

where

pressure ranfee by the expression

r ■ 6P ", in./sec (4-18)

where

b 9 burning rate coefficient,
in./sec-psi"

n 9 burning rate exponent

Utilizing the form o f  the acceleration-time 
curve given in Fig. 4-1, setting the pressure P 
equal to

and substituting into Eq. 4-17 gives

•'r *  average resistive force, lb

Using the M38 Rocket Catapult as an 
example -  St'= 383 lb and v = 46 ft/sec -  the 
charge weight for the catapult portion may be 
estimated from Eq. 4-14.

C  ® (4.9 X 10 '*) (383X46)* = 39.9 grams

The actual charge weight used in this device 
was 40 grams.

4 - 2 1 4  PROPELLANT WEB

The propellant web wm. which is the 
maximum bum distance before grain integrity 
is destroyed, may be estimated from the 
relation

^  * rdt, in. (4-17)

where

t = propellant burning rate, in./sec

The burning rate for most propellants can 
be approximated closely over the applicable

(4-20)

Estimating the average acceleration a by 
the relation

-  _v (4-21)

and noting that as a approaches infinity (zero 
to rise time to constant acceleration level aJ 
Eq. 4-20 becomes

4-2.2.6 CARTRIDGE CASE VOLUME

The cartridge case volume usually is 
estimated in one o f  two ways -  depending 
upon the size o f  the individual propellant 
grains that make up the complete charge. If 
the grains are "small" and will be oriented 
randomly when loaded in the cartridge, the 
loading density is taken to be about 0.066 
in.*/gram o f  propellant. For example, if 20
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grams o f  propellant arc required for a 
particular application the required case 
volume would be estimated as:

(G.066 in.3/gram )X  grams® 1.32 in.*

Additional volume also muit be provided 
for a case, cap, and igniter charge retainer. 
This must be determined after estimation o f 
the igniter charge volume by a preliminary 
design o f  the head cap.

selected length o f  transmission line and 
commonly are used to actuate other devices. 
An empirical relation which sped Ties the 
maximum pressure at the end o f  a given 
length o f  transmission line is (Ref. 2).

12 FC

K  + K [
_ 0 _

FC
(4-23)

where

If “ large** grains are used, they may be 
loaded in some definite geometrical arrange­
ment. The grains then are slacked in the 
cartridge case with their centerlines parallel to 
the centerline o f  the case. The case volume 
then is estimat'd by the size and number o f  
the grains and their geometrical arrangement.

*2.2.6 IGNITER CHARGE

The igniter charge used in most propellant 
actuated devices has been black powder. A 
rule o f  thumb that has evolved to estimate the 
igniter charge is to use about 40 grams o f 
black powder per pound o f  propellant. This 
estimated igniter charge may have to be 
adjusted depending on the results o f  firings 
between -6 5 *  and +200°F. More recently 
B-KNOj (boron potassium nitrate) and a 
magnesium-Teflcm mixture have been used to 
achieve other characteristics relating to the 
ignition process such as longer duration, 
greater heat, and gas output.

p, s pressure at end o f  hose, psi

», s heat loss per unit hose area, 
ft-lb/in.1

s, = hose surface area, in.1

yr = initiator volume, in.3

K = hose volume, in.3

0 = heat loss factor, dimensionless

The value o f  0 has been determined 
experimentally to be between 0.25 and 0.35, 
and h for aircraft hose is about 25 to 30
ft-lb/in.*. Eq. 4-23 was applied to the M3 
Initiator to calculute the pressure in 0.062 
in.1 end 0.558 in.3 end blocks. The computed 
and measured pressures as functions o f  hose 
length are depicted in F ig 4-3.

*2.3.2 GAS GENERATORS

*2.3 GAS-GENERATING DEVICES

Gas-generating devices are designed to 
produce a given pressure output (initiato-s). 
generate a specified quantity o f  gas (gas 
generators), or deliver a specified impulse 
(rockets).

Gas generators are devices which are 
designed to produce 3n output in the form o f 
a specified amount o f  propellant gas at a 
preselected rate o f  delivery. A rule o f  thumb 
used in gas generator design is that one pound 
o f  propellant will produce approximately 15 
ft3 o f  gas at standard conditions.

* 2 .3 .1  INITIATORS The gas generator output rate C  for sonic
Cow through the orifice is equal to 

Initiators are devices which produce a .
specified pressure output at the end o f  a C = C0AtPe . lb/sec (* 2 4 )

*8
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figure 4-2. Hose Length vs Pressure Pm for M3 Initiator

where where

Af ~ gas generator orifice area, in.3

Cb - propellant discharge coefficient. 
Ib/lb-sec .

p = solid propellant density. Ifc/in.*

At = instantaneous propellant burning
surface, in.3

Pt = gas generator pressure, Ib/in.3

Eq. 4-24 is derived Appendix C o f  Ref. 
t. The propellant discharge coefficient, 
although differing for each propellant, has a 
value on the OTder o f  0.007 Ib/lb-sec.

The gas generator pressure Pf for the 
propellant bum rate, as given in Eq. 4-18, is 
given by

t ' ( i - f l )

. psi (4-25)

Eq. 4-25 can be derived by equating the gas 
discharge rate, Eq. 4-24, to  the rate o f  gas
production {pAfitf).

A parameter used in gas generator ballistics 
is the factor

A,
Kn = —  , dimensionless (4-26)

Or in terms o f  Eq. 4-25

(4-27)
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This factor Jta is important in that it 
defines the ratio o f  the propellant burning 
surface to generator orifice required to 
maintain a specified generator pressure. 
Conversely, it allows for a prediction o f  the 
generator pressure for a given grain geometry 
and orifice.

As an example, consider the 'foflownrj 
values for various parameters:

b »  0.04 in/sec^Hi*

R -  0.4

Co -  0.0072 Ib/lb-sec

P *> 0.06 Ib/in.1

The propellant b u n  rate by Eq. 4-18 is

r  = 0.04P®-4

where by Eq. 4-27
0.0072/’ ®*

K  ----------------—  - 3 / * ® *
■ (0 .04X 0.06) f

Thus f o r ? c = 1000 psi and <4, = 0.05 in.1, 
by Eq 4-26.

A t = K mA t *  3/*r# * A,  = 3 (1000® * ) (0 .0 5 )  

"  9.45 in.1

A plot o f  the burning rate o f  K m vs pressure 
is plotted in Fig. 4-4 for the numerical values 
considered in the preceding example.

If the propellant surface area is not 
constant but varies with the burn distance, 
then the pressure will vary accordingly. 
Although the preceding relatioas will not 
yield a time dependent history o f  the 
generator pressure for a varying surface area, 
they will provide the pressure extremes.

4-Z3.3 ROCKETS

The interior ballistics o f  solid propellant

rockets is similar to  that for gas generators. 
Their output, however, is measured in terras 
o f  thntst and impulse delivered rather than In 
the production o f  gas. A  detailed analysis o f  
rocket ballistics is not presented here as there 
are many excellent references available (e.g.. 
Reft. 2 and 4). Only a biting o f  fire basic 
equations are given here.

The thrust 0  developed by a solid 
propellant rocket is given by the relation

0  a ct A ' , pi  . ‘ b (4-28)

where

0  = thrust, lb

Cf  ■ thrust coefficient, dimensionless

A .' = nozzle throat area, in.1

P't  = rocket chamber pressure, Ib/in.1

The thrust coefficient Cy is a function o f  
the nozzle geometry, rocket operating pres­
sure, propellant rates o f  specific heats, and 
pressure into which the nozzle is exhausting. 
Values o f  the thrust coefficient are tabulated 
for these varying parameters in Refs. 2 and 3.

The total impulse /  delivered by a rocket is 
the time integral o f  the developed thrust 0

/  =* f  * 0  dt,  lb-sec (4-29)

where

th *  bum time, sec

For a constant chamber pressure

/  = CfA lPt ’t i , Ib-sec (4-30)

Another expression for the total impulse /  
is given by

/  = l , pC, Ib-sec (4-31)

4-10
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where

l t r  ■ specific impulse, lb-sec/lb

C  ■ rocket grain weight, lb

Ih e  specific impulse o f  the propellant 
usually is listed as one o f  the specified 
propellant parameters. It is to  an extent 
dependent on motor design and usually is 
given in conjunction with a specific set o f  
operating conditions. Eq. 4  3 i also serves as a

means o f  estimating the grain weight given the 
impulse requirements. In practice, the specific 
im pilse has a value on the order o f  200 
Ibsec/lb .

For the rocket portion oT the M38 Rocket 
Catapult the impulse delivered a t .7 0 “ F is 
1323 Ib/sec. The rocket grain weight is 6.73 
lb thus the specific impulse for this device is 
196 lb-sec/lb.

A  factor o f  importance in the design o f



•odd propeflant rockets b  the J  factor.

1 • it. dimensionless (4*32)

where

A j  ■ port area o f  rocket pain , in.*

For stable rochet operation It b  desirable 
to  keep the /  lector below 0.7. For values 
greater than this, flow through the port from 
the bead to  nozzle end o f  the grain tends to 
induce erosive burning which increases the 
burning rate and can lead to  catastrophic 
failure.

The preceding relations together with those 
in the paragraph on gas generator ballistics 
(par. 4-2.3.7) are sufficient to make first- 
order estimates o f  solid propellant rocket 
balbitics.

4 3  DESIGN STRENGTH CALCULATIONS

4 3 .1  GENERAL

hi most propellant actuated device applica­
tions, minimum weight is a primary considera­
tion. For this reason materials that possess a 
high strength-to-weight ratio, such as heat- 
treated alloy steels and high strength alu­
minum, commonly are used. Critically 
stressed portions o f  propellant actuated 
devices should be designed so that material is 
used efficiently. Resulphurized steels never 
are used since they contain iron sulfide 
“ stringers" (micros true rural sulfide inclusions 
oriented in the direction o f  working and 
normal to  the most critical stress) and are 
thus inadequate in devices with high internal 
pressures*

4 3 3  SAFETY FACTORS

Safety factors used in the design o f 
propellant actuated devices may appear low, 
but they are consistent with aircraft practice

4 1 2

and are adequate because these devices are 
subjected only to  controlled loads. Cylindrical 
parts that must withstand internal pressure 
are desisted using the yield strength as the 
design base and safety factor o f  I.IS. Parts 
subjected to  repetitive externa) loads -  soch 
as locking keys, trunnions, and other similar 
mechanical parts -  are designed with a safety 
factor o f  2.0.

4 3 3  TEMPERATURE EFFECTS

Temperature has a marked effect on the 
mechanical properties o f  metals at high 
temperatures. However, the burning o f  
propellant in the device is for so short a time 
that the metal parts are unable to  absorb and 
retain sufficient thermal energy to  affect their 
strength. In addition, propellant actuated 
devices are not exposed to  ambient tempera­
tures exceeding 20<J*F, and the change in 
strength at 2CQSF s  ne^i^bie. The exception 
to  this is in gas generator and certain long 
burning rocket applications. In these cases the 
effects o f  elevated temperatures must be 
taken into account in the design o f  load 
carrying components.

4 3 4  STRESSES

When calculating the sizes o f  metal parts to 
withstand the internal pressures in propellant 
actuated devices, it is necessary to  consider 
the stresses at the weakest part o f  the tubes, 
commonly at the undercut at the end o f  the 
threads. The gas pressure inside the devices 
produces a direct radial co mpressive stress 
that b  greatest on the inside wail, and induces 
a tangential or hoop stress that b  also greatest 
at the inside wall. In undamped stroking 
devices, the stresses ire  biaxial (radial and 
tangential), but occasionally a longitudinal 
stress b  introduced in the tube due to axial 
loading and the stresses become triaxial. 
Biaxial stresses put greater strains on materials 
than triaxial ,'tiesses when the directions o f  
strain are directed as they are in cylindrical 
pressure vessels.

* ft-**K------



4 -3 A 1  DISTORTION-ENERGY THEORY

The distortion-energy Bjeory o f  failure 
(V on  Mise»-Hencky) b  the uxepted criterion 
for the design o f  ductile materials under 
combined loads. This theory defines an 
equivalent stress that exists for a combined 
leading. The disiorti on-energy equation for 
biaxial stresses (R ef. 5 ) b  given in Eq. 4-33.

2O* ■ ( » !  - O t y  * ( 0 j  -9$H*

♦ (0. -  Os)1 (4-33)

w hen

o ,  *  equivalent yield stress. Ib/in.1

Oi ■ radial stress, Ib/iu.1

0 } ■ tangential stress, Ib/in.*

a ,  ■ axial stress, Ib/in.1

Eq. 4-33 may be transformed into more 
useful forms, Eqs. 4-34 and 4-35.

'  ^ - - r - D  
Y V 3  W *

7 s ®
where

.dimensionless

(♦•34)

(4-35)

P  • maximum pressure, Ib/in.1

Ls. m ~  .  , dimensionlea
y  V3W* * 1
There relations are derived in Appendix A.

The convenience o f  there forma o f  the 
distortion -energy equation is apparent when H 
b  realised that the internal pressure P can 
be estimated and the strength Y  o i the 
material, guaranteed by the supplier, may be 
found in most engineering handbooks. The 
wall ratio and a tube tire can then be 
calculated. Appendix B o f  thb handbook also 
contains a table o f  waB ratios for values o f  
PmIY  from 0.010 to  0.200. Thu table was 
calculated from the preceding equations, 
4-34, 4-.15, and 4-36. Fig. 4-5 presents curves 
< * P mIY  as a ‘function o f  W  for biaxial and 
biaxial stresses based on the tables o f  
Appendix E

The wall ratio W 'm ay be used to  determine 
the tube sire. Tubing b  supplied in standard 
sizes, and it may be necessary to use a tube 
that b  stronger than required (higher W )  to 
avoid the expense o f  using special tubing.

The tables o f  Appendix B or Frg 4-5 also 
may be used to determine the maximum 

' permissible pressure Pm when the tube sire b  
sped fietl Co nversely , the maximum pressure 
can be estimated and the wall ratio taken 
from the tables or Fig. 4-5. F ran  the 
estimated outer diameter or that specified by 
the envelope requirements, the necessary 
inner diameter can be calculated. The. 
commerical tubing size most closely approxi­
mating the dimensions would be used.

Y  ■ yield strength o f  material, Ib/in.1

W‘ “  wall ratio (outer diameter/cmer 
diameter), dimensionless

When a device is designed to withstand 
only biaxial stresses E y  4-36 may be used.

♦ 3 A .2  LENGTH OF THREAD ENGAGE­
MENT

Threads may be designed in accordance 
with Bureau o f  Standards Specifications (R ef  
6). The length o f  these threads L  may be 
calculated by using Eq. 4*37.
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L -
3PmR*

. in. (4 -37)

where

L ■ length o f  thread engagement, in.

■ maximum internal pressure. 
Ib/in.*

• shear strength, Ib/m . 1

R ■ major radius o f  female (max), in.

t i • minor diameter o f  male (min), 
in.

This equation, which b  derived in Appen­
dix C, includes a safety factor o f  I.S to allow 
for tolerances and the distribution o f  stresses 
within the engagement.

44 DESIGN PROCEDURES

44.1 GENERAL

Typical procedures are presented here 
which, with some variations, are used in the 
design or  propellant actuated devices. The 
procedures arbitrarily have been divided into 
three categories: gas-generating devices, strok­
ing devices, and (muitidevice) systems. The 
design o f  special purpose devices such as 
cable cutters and gas operated trigger 
mechanisms is similar to that o f  stroking and 
gas generating devices so it was not considered

necessary  to discuss them separately.

The discussion o f  systems -  unlike those 
for stroking and gas-generating devices -  does 
not present design procedures, but rather 
presents material on how systems are 
established and their reliability maintained.

4-42 GAS-GENERATING DEVtCES

This paragraph will limit itself to a 
discussion o f  initiator design. As sn example, 
an initiator may be required to  produce a 
pressure o f  500 psi in an 0.062-in. ’  chamber 
at the end o f  a 15-ft transmission tine. Using 
the envelope specified, the designer estimates 
the eternal volume o f  the initiator, the 
volume o f  the tubing to be used, and the 
volume o f  the chamber in which the pressure 
is to  be measured (Fig. 4-6).

The tollistician uses these three values to 
estimate the propellant charge necessary to 
produce the required pressure. This estimate 
is made with the aid o f  Eq. 4-23. The designer 
then calculates the maximum pressure that 
may be developed in the initiator when the 
device b  fired ‘lock ed  shut” , i.e., the initiator 
b  sealed so that it must contain all o f  the gas 
generated by the propellant charge. The 
strength o f  the walls b  calculated from the 
“lock ed  shut”  pressure using the methods 
described m par. 4 -3 .4 .1.

To estimate the “ locked shut”  pressure, a 
modified version o f  the equation o f  state. Eq. 
4-10, b  used as given in Eq. 4-38.

Figure 4-6. Simple P A D  System Using an Initiator
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PY  • 0 .0264 FC, In.-lb (4-38)

where T has been tet equal to  Tg and a factor 
o f  454 has been introduced to  idlow the 
chaise weight C to be expressed in p a n s .

T o  Illustrate this technique, assume an 
initiator is to  be designed with an internal 
roiume o f  2.3 in .1 The beilistician determines 
that 3 grams o f  propellant with an impetus F  
o f  360,000 ft-Jb/lb is required. Apply Eq. 
4-38.

10.0264X360.000X3)
(2-3 ) "  12,400 psi

Since the maximum pressure that can be 
produced is 12,400 psi, this value and the 
value o f  Y corresponding to  the material may 
be used in the curve (Fig. 4-5) to determine 
the wall ratio, and, therefore, the wall 
thickness.

It is common practice to  fabricate the first 
model o f  a device out o f  steel and to make it 
considerably stronger than necessary so that 
the operation o f  the device and the actual 
pressures that are generated can be studied. 
This workhorse model also permits repeated 
fir in g  whereas the final product, in most 
cases, is designed as a one-shot item. 
Considerable fabrication cost and time may 
be saved by the literal use o f  removable 
portions on original test models. These 
portions can be removed and modified 
without the necessity o f  redesigning the 
complete device.

4 -4 J STROKING DEVICES

The design procedure for stroking devices is 
more complex than that for initiators. After 
the design requirements have been examined 
and the stroke length and stroke time 
approximated, it must be decided whether to 
use an open or a closed high-low or direct 
system, and whether to  use a oaicoer to limit 
the ve'ocity. H ie decision cm the damper e.

based o o  Use estimated stroke time and 
required velocity or acceleration. Damper 
design is discussed in par. 4-6.3, and high-low 
design to treated in par. 4-6.4.

The next consideration to the envelope o f 
the stroking device. The envelope dimensions 
may be specified completely or only a few 
critical dimensions may be given. In the latter 
case the designer determines all dimension* 
The designer now positions the trunnions A  
the envelope according to the ever ,ual 
installation o f  the device. The purpose o f  
trunnions for mounting v  to permit self-align­
ment and thus avoid bending loads in stroking 
devices. With all o f  the preceding completed, 
it then to determined whether the envelope 
will permit the necessary stroke. Devices may 
have to  be designed with telescoping tubes to 
reconcile the necessary stroke with the 
specified envelope.

It to now possible to compute the initial 
and final volume, and determine the expan­
sion ratio for propellant actuated devices. It is 
desirable to bmit the expansion ratio to 3 to 
l.

Ballistics, in conjunction with the design, 
now determines the charge and cartridge sizes 
necessary. These determinations are critical 
for devices using pyrotechnic delay elements, 
since the delay elements must fit inside the 
cartridge case with the propellant. The 
maximum pressure to  be developed also is 
determined. If the device is to bypass pressure 
at the end o f  stroke, the designer must insure 
that sufficient energy remains in the device 
after completion o f  stroke to  provide (or 
allow) the proper energy bypass.

The next step is to fit a firing mechanism 
to the device and design the individual 
components. Finally, all o f  the components 
o f  the design are reconciled into a function- 
able unit that may be readily assembled and 
disassembled. A workhorse model now is 
fabricated. The procedure then becomes one
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o f  t o t ,  modification, and retest onto «D o f  
the d a t a  specifications are srtsficd.

Some o f  the trial and error may be 
eliminated from the design and the test phases 
may be eliminated by wing computer 
simulation techniques to  determine key 
parameters. Computer simulation o f  pro pel­
lent actuated derives is treated in Chapter S.

4 4 4  SYSTEMS

Multicomponent PAD systems generally are 
configured by the airframe or missile 
manufacturer under the direction o f  the 
cognizant agency. However, in the design o f  
propellant actuated devices, systems can be 
improved by reducing the total number o f  
devices or combining several operations into 
one device to  improve reliability and guaran­
tee proper operation o f  the system.

The sequencing o f  operations is determined 
largely by experience with previous systems, 
but the testing phase is die major determinant 
in verifying system performance. Systems are 
tested in breadboard mock-ups, and in static

and In high speed sled tests to  verify system 
performance and the limits o f  the system 
performance envelope.

The operation o f  devices in a system may 
be sequenced mechanically, pneumatically, or 
electrically. Most systems now in operation 
are initiated mechanically and sequenced 
pneumatically. Various fittings and types o f  
transmission lutes have been studied, but 
standardization has not reached the point o f  
determining equivalent lengths o f  hose far 
fittings as is done in the hydraulics industry.

46 COMPONENT DESIGN

441 CARTRIDGE

The cartridge. Fig. 4-7, is a metal container 
which houses the propellant, igniter, and 
primer. In operation it is designed to  burst 
open from the pressure o f  the propellant 
gases. The case a  hermetically sealed to keep 
out moisture. The hardware portion o f  the 
cartridge consists o f  a drawn aluminum case 
and a head. The head is sealed in position by 
crimping the cartridge case.

Figure 4-7. Simple Large Cartridge
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Most cartridges contain percussion pitmen, 
although electric ignition elements are used in 
place o f  percussion primers in selected 
applications. The percussion primer is fired by 
the impact o f  a firing pin. The primer, in turn, 
ignites an igniter charge which then ipiites the 
propellant.

Small cartridges with easily ignited propel­
lants, such as that depicted in Fig. 4-8, 
ordinarily do not contain separate igniter 
chambers. Instead, the igniter is mixed with 
tiie propellant

4-6,1.1 CARTRIDGE CASES

Design and development time is reduced by 
using existing cartridge cases whenever possi­
ble. Table 4 -1 presents data on several 
developed cartridge cases. The letters in the 
column headings refer only to the lettered 
dimen si ens in Fig. 4-8 and not necessarily to

the type o f  cartridge. Modifications to  several 
o f  the cartridges listed in Table 4 -1 -  
specifically the M 3IA2, M69, M29A2, 
M30A2, M28A2, and M36AI -  have been 
made and have resulted in a simplified head 
design and increased thermal stability and 
primer sensitivity. The results o f  this study 
are documented in Ref. 7.

If no difficulty is anticipated in staying 
within the envelope specified, it may be 
advantageous at the start o f  mechanical design 
tentatively to select a cartridge case and buih. 
the chamber and body around it. The 
selection o f  a case is based on its estimated 
diameter. The diameter may be set provision­
ally according to  the limitations o f  final 
envelope size. Propellant volume may be 
computed from the propellant gram dimen­
sions. A propellant density o f  0.06 lb/in.s 
may be used with most compositions and 
large grain configurations.

TABLE 4-1

SIZES Of EXISTING CARTRIDGE CASES

Hand freptOwit Appro*.
dto. U n f d ii . Shooktov H, ehurbm * roturm.

Body Otanwtar D, In. B. in. In. In. y ,  in. In.5 Caraidpt

0.550 .............................. 0.710 0915 0325 1/2 01 M67A1
0.560 .............................. 0.710 1 415 0325 1 02 M73
0.550 .............................. 0.710 1.665 0.325 1-1/4 02 M42A1
0 6 8 7 .............................. 0.87S 1.075 0.320 1/2 02 M146
0.687 .............................. 0.875 213 0.390 1-1/2 OS M46
0.687 .............................. 0875 2.40 0.390 1-13/16 0.6 M70
0.710.............................. 0880 1.09 0330 1/2 0.2 M119
1.085 .............................. 1.245 3.38 0390 2-3/16 1.8 M31A2
1.245 .............................. 1.390 0.75S 0380 1/8 0.1 M122
1.245 .............................. 1.390 1.56 0.390 3/4 0.8 M69
1.245 .............................. 1.390 1.81 0.390 1-5/16 0.9 M29A2
1.245 .............................. 1.390 2.02 0370 1-1/8 13 M150
1.245.............................. 1.410 6.25 0390 57/16 6.1 M37
1.495 .............................. 1.660 510 0390 35/8 6.0 M30A2
1.496 .............................. 1.660 540 0390 4 6.6 M28A2
1.495 .............................. 1.660 9.50 0390 8-3/16 115 M36A1

* * ■ ! - ' - ]  »  ranSvd n m id9»  h**d (no driay rtamntl. 
m Qwe of tfco e n rr iy i  in wfcicft th# cm* Is i
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Figure 4-8. Typical Small Cartridge

44.1.2 CARTRIDGE HEAD

• The head o f  the cartridge, generally made 
o f  aluminum and grooved to accept an O ring 
to seal the cartridge, contains a percus­
sion-type primer or a tapped hole to accept an 
electric ignition element. When a percussion 
primer is inserted in the center hole o f  the 
head, the edges o f  the head, adjacent to the 
primer,' are crimped to seal vhe cartridge, in 
addition, lacr.jers or silicone sealants can be 
used as sealants.

The base o f  the cartridge liead, under the 
primer recess, is machined to a thickness 
between 0.006 and 0 .0 1 0  in. to insure that it 
will "b low  through”  when the primer fires. 
Prior to cartridge actuation, this thin web 
separates the primer from the propellant 
charge igniter to prevent it from coming in 
contact with volatile chemicals evolved from 
these sources which might desensitize it

4-6.1.3 PRIMERS

Fig. 4-9 shows a typical percussion primer. 
The dimensions and compositions o f  four 
primers in common use in propellant actuated 
devices are presented in Table 4-2.

The sensitivity o f  primers, as measured by 
all fire height, which varies from one type to 
another, must be determined ir accordance 
with established test methods. The size o f  the 
firing pin and the depth o f  indent necessary 
to fire these percussion primers are discussed 
in par. 4-5.4.

4-5.1.4 CARTRIDGE SEALS

The cartridge must be hermetically sealed 
to permit storage for as long as three years 
without affecting ballistic performance. As 
previously described, the primer is separated 
from the propellant by a thin web at the base

Figure 4-9. Percussion Primer
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TABU «

PERCUSSION PRIMERS USED IN PROPELLANT ACTUATED DEVICES

AS fin energy,
00. In. X u * .  In. Chirp VNhgtt, p ANRporitiM In-oi

M29A1 ......... . .  0.208 0.126 0.80 6CT- Rein.............. 18
M42 ......... . .  0.176 0.119 0-33 6086 Rem .............. 26
72M ......... . . 0.213 0.133 0.66 6061 Rem .............. 60
SOM ......... . .  0-318 0.228 2.20 6061 R em .............. 120

o f  the cartridge. An O-ring between the lead 
and cartridge case completes the propellant 
chamber seal, and a crimp around the primer 
completes its seal. Methods o f  testing 
cartridges for leaks are described in Chapter 7.

4-5.2 BODY AND CHAMBER

The body o f  a propellant actuated device is 
the enveloping member or housing, and the 
chamber houses the cartridge. Body and 
chamber design for gas-generating and strok­
ing propellant actuated devices wilt be 
discussed in this paragraph.

4-6.2.1 GAS-GENERATING DEVICES

In simple propellant actuated devices, such 
as initiators, the body servts as a chamber as 
well as the housing. One type o f  initiator is 
shown in Fig. 4-10. The cylindrical shape is 
chosen for ease o f  fabrication. The physical 
dimensions either are specified or arc 
functions o f  the necessary internal volume. 
Wall thickness is a function o f  internal 
pressure and is calculated as shown earlier in 
par. 4 -3 .4 .1. It usually is possible to reduce 
the bending stresses that occur at the junction 
o f  the cylinder and each dosed end by using a

Figure 4-10. Initiator With Cartridge Retainer
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thick end section j i d  suitable fillets. The 
stresses occurring in gas-generating devices are 
triaxial because a longitudinal stress is 
introduced by the partially or fully closed 
ends.

In some initiators, the cartridge must be 
supported by a cartridge retainer, since the 
chamber acts as the body and is considerably 
larger than the cartridge. The retainer is 
cylindrical in shape and has a series o f  slots 
machined in its walls to permit the cartridge 
to “ blow  through”  when the propellant is 
ignited. The slots in the retainer serve to 
contain the burning propellant and prevent 
the propellant grains from being thrown 
against the chamber walls and shattered. The 
base o f  the cartridge retainer fits over the exit 
port o f  the initiator forming a filter. A series 
o f  milled slots in the base o f  the cartridge 
retainer permits the generated gas to (low 
through the exit port while preventing small 
burning particles o f  propellant from passing 
into the transmission line. Miniaiure initiators 
use the body or chamber as a cartridge 
retainer and insert a small filter at the exit 
port to prevent the escape o f  small particles 
o f  propellant. The holes in the filter or slots 
under the cartridge retainer should have areas 
that exceed the area o f  the exit port to 
prevent their functioning as How restricting 
orifices.

4 -& Z 2  STROKING DEVICES

The body design o f  stroking devices is 
similar to that o f  gas generators, except that 
greater strains occur in the absence o f  
longitudinal stress (undamped-type stroking 
devices are subject to biaxial stresses). In 
addition, the wall thickness o f  the body not 
only must contain the internal pressure, but 
also act as a structural member.

The increase in diameter with pressure and 
its effect on sliding fits in the stroking 
members must be considered. In a thruster, 
the stresses also are complicated by the

piston, discontinuity at the trunnion,- and 
bending effects. Provision must be made for 
stopping the piston at the end o f  its stroke. A 
common means o f  stopping the piston is to  
provide an interference fit on the last portion 
o f  travel o f  the piston.

In a catapult or remover, the body or 
housing is referred to as the outside tube. This 
member is provided with a complex closure at 
the one end -  which includes trunnions, 
firing and release mechanisms, and a cartridge. 
A simple cap closes the other end. The design 
principles involved are similar to  those 
described for a thruster except that bending 
forces developed during the stroking may be 
significant and tubing sizes may be dictated 
by standard commercial sizes.

The body designs o f  special purpose 
devices are not considered since they usually 
are similar to that o f  a thruster (closed 
system) or remover (open system) already 
described.

4 -5 .Z 3  PISTON

The function o f a piston in a propellant 
actuated device is to transmit the gas pressure 
developed in the chamber to the load to be 
moved. In some devices the piston is si n ply a 
rod (most thrusters), while in others, one or 
more tubes may form the stroking member 
(catapults and removers).

Stresses developed in pistons or moving 
tubes are caused by gas pressure and reactive 
forces resulting from moving the load. If the 
load is guided along a track or runway, the 
stresses in the piston are pure tension or 
compression, depending on whether the 
piston pushes or pulls the load. More involved 
stresses in pistons or tubes result when the 
load is guided only partially, which is the case 
for most removers and catapults. With 
partially guided loads, any eccentricity c f  the 
load produces bending stresses in the stroking 
member. Whenever possible, the slenderness
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ratio C.ength-to-diameter ratio) o f  compres­
sion loaded designs should not exceed 2 0  to 
minimize bending effects.

For pistons loaded in compression, Euler’s 
column formulas may be used. The formulas 
are i.ot presented in this text since they are 
dependent on end conditions that must be 
established for each application. For example, 
a thruster piston may be pinned to a load or 
connected by a tru.mion, in which cases the 
column (piston) is considered to  have a 
pinned connection. Pistons occasionally are 
threaded directly into the load; the column 
here would be considered to have a "built-in" 
or “ fixed " connection.

4-6.4 FIRING MECHANISMS

*6.4.1 GENERAL

The firing mechanism initiates the primer 
that ignites the propellant in a device. Firing 
mechanisms are classified into three general 
types: ( 1) gas-operated, in which the driving 
force for the firing pin is derived from gas 
pressure from an initiator or by-pass port: 
( 2 ) mechanically operated, in which the firing 
pin is driven by a compressed spring; and (3 ) 
electrically •operated, in which electric current 
Tires a special primer directly.

4-5A1.1 FIRING PINS

Firing pins (Fig. 4-11) are contained on 
both gas- and mechanically operated firing 
mechanisms, and their desipi is critical.

GAS MECHANICAL

Figure 4-11. Firing Pint

Binding o f  the firing pin in its guide rmet be 
avoided, and one method o f  achieving this is 
by maintaining a lenglh-to-diameter ratio o f  2 
to I or more although ratios as low »  0.9 to I 
have been used successfully. The surfaces o f  
the firing pin and guide must be finished for 
protection against corrosion and to minimize 
friction. In addition, the tolerances For the 
clearance betwee*. firing pin and guide must 
be as small as possible. Table 4-3 shows the 
length-to-diametet ratios and the clearances 
used in some existing devices.

The firing pin tip b  another important 
consideration in firing pin design. A hemi­
spherical nose tip b  used to transfer the 
kinetic energy o f  the firing pin in a 
concentrated pattern and thus secure good 
primer indent. Such a tip, however, requires 
accurate alignment o f  the firing pin, guide, 
cartridge, etc., or excessive ofT-center strikes 
will occur. Reliable operation demands that 
the firing pin not strike more than 0 .0 2 0  in. 
o f f  center o f  the primeT cup.

4-5.4.1.2 FIRING PLUGS

Aitillery-type primers may be used in

TABLE 4-3

FIRING PIN RATIOS AND CLEARANCES

Device
Length* diameter 

retro
Firing pin and pride 

clearances, in.

CaUpuItt M3. M4. M5 
Removers Ml. M3 . .  
Initiators M3. V4 . . 
Initiators M5, M6, M10 
Thrustefc M1, M2. MS 
Thruster M3 ............

2.S 0.003 to 0.007
2.5 0.003 to 0.007
0B 0.003 to 0.007
IB 0.002 to 0.006
1O 0.001 to 0.005
1.5 0002 to 0.006
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cartridge* using firing p fu p  seated in the 
cartridge head over the primer cup. This plug 
(Fig. 4*12) allow* a greater amount o f  
off-center striking by the firing pin. When the 
firing pin strikes any portion o f  the plug, the 
plug strikes the primer with a minimum o f  
eccentricity since it is prided. The system 
suffers, however, from reduced sensitivity 
since the firing plug does not transfer all o f  
the energy from the firing pin to the primer.

At present, firing plugs are not used as 
much to compensate for off-center strikes as 
to prevent “ primer blow back” , i.e., by 
backing up the primer with a firing plug and 
its guide. This makes the firing mechanism 
more critical, since it is often difficult to 
provide a sufficient amount o f  energy. The 
“ firing plug”  arrangement is used to prevent 
the escape o f  the high-pressure gases, 
developed in the chamber during locked-shut 
firings, around the primer cup ( “ primer 
Uowback” ).

4-5.4.1.3 FIRING PIN GUIDES

The firing mechanisms o f  propellant 
actuated devices are designed so that the end 
o f  the firing pin guide contacts the cartridge 
head, a condition referred to as “ zero head 
space". This contact not only supports the 
head o f  the cartridge against “ primeT 
N ow back". but also determines the firing pin 
protrusion. The tip o f  the firing pin must

indent the primer sufficiently to  fire the 
primer, but it b equally important that the 
firing pin does not pierce the primer or gas 
may escape through the pierced primer. Firing 
P !n  protrusion snd the diameter o f  the firing 
pin tip (to  avoid pierced primers) depend 
upon the primer used. Table 4-4 presents the 
desired protrusions and diameters for the four 
primers currently used in propcUmt actuated 
devices.

TABLE 44

FIRING PIN PROTRUSIONS
AND DIAMETcRS

FMngpIn FtoNPtabP
Prlnwr Protrusion. In. dtenwew, to.

M29A1 ...... 0025*0005 0075
M42__ ... 0.025*0005 00*0
72M .. . . ... 0030*0007 0.075
SOM .. . . 0093

4 4 .4 J  GASOFERATED FIRING 
MECHANISMS

The firing mechanism should be designed 
so »\al the firing pin develops sufficient 
kinetic energy to fir* the cartridge reliably. 
This reliability is achieved in &is-operated 
designs by the proper choice o f  shear pm, 
firing pin weight, firing pin cross-sectional 
area, and firing pin travel.

Figure 4-12. Firing Plug
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The gas-operated firing mechanism (Fig. 
4*13) w o r ii in the following manner. Gas 
enters through the port and pressure rapidly 
begins to build up behind the firing pin. When 
the pressure behind the pin is sufficient to 
shear the firing pin shear pin, tire pin shears 
and the firing pin is propelled toward the 
cartridge where it strikes the primer. The 
firing pin velocity is affected more by the 
force required to  shear the shear pin than the 
maximum force (pressure) attained In the 
system, since the maximum force against the 
firing pin usually is attained after the firing 
pin has completed its travel. For this reason, 
the selection o f  the shear pin materia) and 
shear pin diameter are vital to the design o f  
gas-operated firing mechanisms. Many propel­
lant actuated devices use the same combina­
tion o f  firing pin and shear pin. It, therefore, 
was considered advisable to include (in Table 
4-5) combinations o f  firing pins and shear 
pins ihai a it used widely. The lengths c f  the 
firing pins are not common to all, but the 
lergth-to-diameter ratios listed in Table 4-3 
are used.

The shear pins indicated in Table 4-5 are 
made o f  electrical quality copper, while the 
firing pins are made o f  stainless steel, or alloy 
steel. Aluminum firing pins have been used in 
propellant actuated devices because o f  their 
tighter weight and, therefore, greater ability 
to pass the drop test*. The disadvantage o f 
aluminum firing pins is that the tips deform 
when they strike the primer. The majority o f  
aluminum pins in present designs are used in 
conjunction with firing plugs, where the large 
diameter o f  the firing pin end does not 
determine primer indent.

Firing pins are designed with large diame­
ters to increase the force acting ajainst them. 
However, a means o f  assembling the firing pin 
in the device is necessary. For example, 
0.5-in. diameter firing pins may have to be

*rmptllaAt K lu le a  drricet mud be dropped 4 ft onto i  
conrreie btnet, s n h o u  a  C l ling tafftarnt Orack la l ie u  
I he firm* pea iheai pin.

assembled from Che cartridge end since the gaa 
v b ry  port la sometimes as small as 5 /16 in.**. 
T ie  smarter firing pins may be inserted 
throutfi the gas entry part.

Firing pins use O-rings to  prevent the gas 
entering the device from passing the firing 
pin. However, the O ring must be to 
positioned that in assembling the firing pin in 
the firing pin housing or guide and during 
operation, the O-ring docs not pan the shear 
pin hole, or the O ring may be I am in 
assembling the device or in functioning

*6.4J3 MECHANICALLY OPERATED FIR­
ING MECHANISMS

The firing mechanism must be designed to 
deliver sufficient energy to the primer to 
provide the high reliability o f  firing necessary 
in propellant actuated devices. This energy 
must be delivered without exceeding the 
stipulated range o f  lanyard pull. A bo , the 
length o f  lanyard travel must provide 
sufficient over-travel to assure release o f  the 
firing pin and to  permit separation o f  the 
lanyard from the mechanism.

The mechanically operated firing mecha­
nism (F ig  4-14) o f  a typical initiator operates 
in the following manner. The firing pin is 
locked to the scar (pin) by three steel balls. 
When the sear (pin) is pulled, a spring 
contained in the housing is compressed and 
exerts a force on the firing pin. As the firing 
pin enters the relieved section o f  the housing, 
the steel balls move outward and allow the 
sear (pin) to  be disengaged from the firing 
pin. and the sear (pin) is withdrawn from the 
device. The firing pin then is propelled by the 
compressed spring against the cartridge which 
contains a percussion primer.

The energy required to fire the primer 
(Table 4-2) must be provided by the spring

**A smalt durnrter ndfe n provided between the p i  entry 
port sad the firing pm to limit ihe entry of the bo*e 
fining, pieventing itt contact with the firing
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farce am) the firing pin travel The spring is 
designed to  provide several times the all-fire 
energy o f  the primer thus providing a 
substantial factor o f  safety.

The selection o f  spring configurations can 
best be made by using tables available in 
spring design handbooks. Such tables present 
spring forces and deflection per him  for 
round wire helical springs o f  various materials.

The spring always is kept in a preload 
position (partially compressed) to  insure 
continuous engagement between the spring 
and the firing pin. This continuous engage­
ment prevents vibration o f  the firing pin when

assembled in the device. Propellant actuated 
devices n e w  are designed with firing pins in 
die cocked position. However, the cocking 
and firing o f  the device are initiated by a 
single operation.

4 * S  LOCKING MECHANISMS

Tw o functional types o f  locking mecha­
nisms are used in propellant actuated devices: 
initial and final locks. Initial lock mechanisms 
pre>ent motion o f  the stroking member 
before fixing. This function is o f  special 
importance in devices operating against 
tension loads, since the lock prevents the 
piston from extending prior to  actuation o f

Figure 4-14. Mechanically Operated  Firing Mechanism
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TABU 44

FlfUMO HNS AM) 8Kt£Al) PICS USSOIM HtOPEUAMT ACTUATED 
DEVICES

EhaorPta*
F M R g ftn D ta B M sr. h t a w t o b

In. hi. D M * I M t i  In ntdc* toad

0.500 .................... 0.0*8 73M Thw stars, M l. M 2. M S, M7
0 3 4 3  ....................... 0.040 M 47 Initiators. M 8. M10
0 3 * 3  ....................... 0.040 M29A1 Initiators, M 78. M91

*Feras faqairad to (haw ewpew pba: 0.0(4 to. da. -  44 « 4 to, 0.040 In. dte • 41 t S*x

the device. The two locked sections often act 
as a structural element, e g., to hold the pilot 

' seat in its position in the plane. Initial lock 
mechanisms also prevent unintentional separa­
tion o f  the device due to tampering, vibration, 
or dropping.

Final locks are required on some devices to 
maintain the piston in the cnd-of-stroke 
position, extended or retracted, as the case 
may be. The final lock generally is a simple 
arrangement, consisting o f  a snap ring or 
self-locking hall lock that locks into a groove 
or other depression in the piston.

While an initial lock  requirement may be 
met by a simple shear pin or shear ring which 
lodes a piston and housing together, the 
problems involved with shear pins (covered in 
par. 4-6) generally eliminate this type o f  
arrangement from consideration. A method 
used in several thrusters is shown in F ig 4 -15. 
This thruster does not unlock until the 
cartridge fires. When the cartridge fires, gas 
pressure forces the piston forward (compres­
sing the spring but not moving the end 
sleeve) until the four locking keys drop into a 
groove in the piston, removing the connection 
between the housing and the piston. The 
spring keeps the piston in the locked position 
prior to  firing A somewhat similar device is 
used to  lock the tubes o f  many removers and 
catapults, except that the locking keys are

released by the firing pin prior to firing the 
catapult. F ig  4-16 shows a pair o f  locking 
keys (latches) in position on a firing pin. 
When gas pressure is provided behind the 
firing pin, the pin b  propelled toward the 
cartridge. As the firing pin moves toward the 
primer, cam action draws the keys inward, 
thus freeing the stroking members.

Design requirements usually list the initial 
and final lock requirements from which the 
size o f  the components involved may be 
established. The total shear area and the total 
area in bearing determine the size o f  locking 
keys or locking rings. The emphasis o f  such 
designs should be on functioning reliability.

4-6.6 SEALS

Seals in propellant actuated devices per­
form two important functions: they prevent 
the entry o f  moisture and dirt during 
extended storage periods prior to  firing, and 
they prevent or retard gas leakage during the 
firing cycle. In units using a fluid-type 
damping system, the seals prevent the loss o f  
fluid during storage periods, and also prevent 
or control the leakage o f  fluid during the 
firing cyde.

The majority o f  propellant actuated devices 
rely on threaded connections and O-rings far 
sealing. For example, in the initiator shown in
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Fig. 4-10. the chamber is joined to  the cap by 
threads, and the firing pin housing b  sealed in 
the chamber with an O -rirf. In strobing 
devices, several O-rings usually serve n  static 
seals against the entry o f  moisture while 
others serve as moving seals preventing the 
loss o f  high pressure gas. The loss o f  high 
pressure gas at the junction o f  the body ar.d 
head is prevented by the seating <-fTecl o f  the 
threaded connection and the obturation o f  
the cartridge care.

The recommended diametral squeeze <ft- 
memians far O-rings, which vary according to 
size and type o f  seal, generally decrease the

croax e c tlcnal a t i  o f  the ring by  approxi­
mately 10 percent Therefore, it it not 
necessary to irareoe diametral squeeze on the 
real past the recommended values, except for 
pressures above 3.000 psL Whenever O-rings 
are used in conjunction with buffer liquids, 
the materials o f  the rings and the liquids must 
be compatible.

O r in p  are the most effective seals to  retain 
buffer fluids, although rubber bam, metal 
containers, n d  sealers have been used 
satisfactorily In some items.

W hen a seal most retain the buffer thud

F ig u n 4 -f6 . Locking Keys and F iring Pin
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oxter  trade conditions and tea! the gas under 
dynamic condidont; toiermnera, clearances, 
anJ surface finishes mutt be selected care­
fully. Testa, evaluations, and modiflcationa 
are continued until a satisfactory combination 
o f  conditions is obtained. Some catapult! 
employ a tortuous-path-type teal that hat 
proved effective. This type o f  teal is, 
essentially, a dose-fi.'ting coil o f  wire that fita 
In a helical groove. The end o f  the teal wire h  
provided with a tang that fits into a hole in 
the tube, locking the wire in position so it 
cannot spiral out o f  the groove and cause the 
tube to bind.

4-6 SPECIAL PRG8LEMS 

4 -6 J GENERAL

The design o f  propellant actuated devices 
presents many apecia] problems, but this 
paragraph coven  or fy  some o f  the more 
important ones. The paragraphs that follow 
include discussions o f  shear pins, buffer 
systems, high-low systems, and the use o f  
protective coatings and dissimilar metals.

4 4 2  SHEAR PINS

Shear pins provide a simple means o f

locking pads together but have inherent 
disadvantages. When the unit Is assembled or 
pertly assembled there is seldom any way o f  
insuring that the titear pin was not forgotten, 
and even if one end o f  the pin were visible, 
there would be no guarantee that the pin was 
not bent or already sheared. The (hear value 
or shearing force o f  shear pins may vary by as 
much as 2 0  percent from pin to  pin, although 
all are made o f  the same material and are the 
name rise.

Spring pins (Fig. 4-17) are special types o f  
shear pins. They may be used in propellant 
actuated devices; but in accordance with 
Military Standards, they may not be used in 
single shear. Military Standards also specify 
the maximum and minimum hole sizes in 
which the various size spring pins may be 
used.

One o f  the greatest faults o f  shear pins is 
the possibility o f  failing after a series o f  light 
Mows, each unable to produce failure, but in 
the aggregate causing it.

4 4 3  DAMPING SYSTEMS

When gas pressure it developed in the 
chamber o f  a stroking device operating against

.v
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• comparatively UshC load, *he piston h  
mi tweeted to  a relatively high accelerating 
fo r a .  One method o f  reducing the initial high 
rate o f  change o f  acceleration b  through 
ballistic control. For example, high-tow 
systems (described in par. 4-6.4) are used, the 
initial volumes o f  devices are increased, and 
slower-buming or more progressive-burning 
propellants are used.

Dampers are used frequently to limit the 
a o  deration o f  strobing devices. Separate, 
0 .4- M ed, piston damping devices ctn  be 
lo c  led  between the propellant actuated. 
s ta t in g  device and the load to  limit the 
acr. fetation o f  the piston, and, therefore, the 
velocity. Most thrusters that use dampen, 
however, are developed with internal damping 
for a more compact design. In the simplest

type o f  damper, a liquid with suitable 
temperature ami viscosity characteristics b  
confined In a cylinder having a piston and 
orifice. The thruster piston and damper piston 
are connected (or in te p il) so  that motion o f  
the thruster piston is resisted by the damper. 
Piston velocity is determined by the rate o f  
Dow o f  the damning liquid through the 
orifice.

The design o f  damping systems requires 
consideration not only with such obvious 
factors as viscosity o f  the fcy r i '4 at various 
temperatures and its effect on rate o f  flow , 
but also expansion o f  the liquid at higher 
temperatures. It may be necessary to inejude 
a void or a replenisher in the damper liquid 
chamber. One design compensates for expan­
sion by use o f  a “ floating piston" (F ig  4-18).

BOOT

Figure 4-18. Floating Piston and Thetmai Expansion Chamber
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in Otis example, the rprtng between the matn 
piston ta d  die floating piston t e a  to mainUin ' 
constant pressure tn the bufTer liquid. At. 
- 6 S*F, the volume o f  the oil is at a minimum 
end the spring com pensates by expanding; at 
20CTF, the ad volume n  g e it ly  increased and 
the sprint m npenntes by compressing.

The design o f  the spring is similar to  that o f  
spring for mechanical firing mechanisms, sr 
it wifi not be repeated here. In most stroking 
devices using dampers, the damping liquid is a 
silicone oil with a relatively cons tail t viscosity 
throughout the temperature range o f  propel­
lant actuated devices.

One other damping system that warrants 
attention is the “ hydraulic m u ltip le "(sh ow n  
schematically in Fig. 4-19), T its device 
contains a gas piston and a load piston that is 
connected to  tire load. An orifice in the lead 
piston permits liquid to pass from the liquid 
chamber into the space between pistons, 
When the cartridge fires, the expanding gas 
exerts a pressure on the ges piston. The liquid 
on the other side o f  (he gas piston experiences 
a similar pressure and transmits this pressure 
to  the load piston. The load piston exerts a 
force on (he liquid in the chamber and causes 
liquid to  pass through the orifice into the 
space between chambers. As the pistons move 
forward, the load piston moves at a higher 
speed than the gas piston which is the reason 
for the name “ hydraulic multiplier” . The 
piston speeds are dependent on the size o f  the 
orifice in the load piston.

Whether or not damping systems are used is 
another consideration when calculating wall

strengths. For example, the “ locked shut" 
pressure in the g s  chamber o f  »he device 
shown in Fig. 4-19 may be calculated as 
described earlier in par. 4-3.4, but the greatest 
pressure that die body o f  the device must 
withstand occurs in the damper chamber. The 
force on the gas piston is equal to the force 
on the load piston, but on the fluid chamber 
ride o f  the load piston the force is distributed 
<xrer a smaller area (because o f  the area 
occupied by the piston shaft); therefore, the 
pressure exerted by the fluid on the body 
walls is greater than that o f  the gas. 
Locked-shut conditions may be simulated by 
closing the orifice, but not by resisting piston 
motion.

Other damper arrangements are possible, 
and one. a system in which the gas acts to 
rotate a threaded shaft and advance the piston 
while centrifugal brakes attempt to  maintain 
constant velocity, is being studied at this 
time. However the majority o f  dampers in 
existence and being developed are o f  the 
fluid-orifice type described here.

4-&4 HIGH-LOW SYSTEMS

In propcNant actuated devices using high- 
low systems, propellant gases are generated m 
a high pressute chamber and then are bled o ff  
through a nozzle or orifice into a low  pressure 
chamber where work is performed.

The high-low system is complicated by the 
two pressure levels o f  operation and the need 
for an orifice, fbe  ballistician provides the 
designer with the approximate pressures and 
the orifice size, and the designer chooses the

r GAS

Figure 4-19. Thruster With Fluid Damping
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moat efficient configuration and the location 
and mounting arrangement o f  the orifice.

From an erosion standpoint, Wgh- 
molybden urn-con tent steel or pure molybden­
um ia beat for orifice material. I f the device b  
to be fabricated from aluminum, Che nozzle 
may be a threaded Insert. If, however, the 
high-preasure chamber is to be fabricated 
from a motybdemim-bearing steel it may be 
posable to dispense with an insert orifice, and 
fabricate both components as one piece. Ram 
o f  fabrication, weight, and cost are the usual 
factors that apply to  decisions in such 
instances. Nozzle erosion may be a special 
problem in devices that are produced for 
repeated applications, and the feasibility o f  
using high-low pressure systems must be 
weighed carefully.

4& 5 PROTECTIVE COATINGS

Protective coatings can be used on metallic 
parts likely to  be exposed to corrosion 
environments t > reduce the possibility o f  
service failures. For steel components, cad­
mium, fo f jw e d  by a chromate dip, is used 
widely as a protective coaling. The chromate 
finish acts :ts a sealer and retards or prevents 
the formation o f  white corrosion products on 
surfaces exposed to moisture.

The metallic surfaces o f  aluminum alloy 
parts usually are anodized to prevent 
corrosion. By anodizing a controlled film o f  
aluminum oxide is formed on the surface 
which serves to protect the underlying base 
metal from further corrosion. This oxide film 
is bonded with the aluminum and, for this 
reason, exhibits excellent adhesive properties 
with the base metal and cannot be detached 
readily by bending or any other process used 
in ordinary fabricating.

Dichromate dipping and anodizing not only 
retard corrosion, but also retard erosion. In all 
cases, protective coatings should be relatively 
nonporous and strongly adherent to the base

metal, especially in such localized stress 
regions as wound .notches, grooves, and 
drilled holes. Corrosion around these areas 
generally is more harmful to the strength o f  
the assembly than corrosion o f  unbroken 
surfaces.

4 4 .0  DISSIMILAR METALS

In some designs o f  propellant actuated 
devices, it is necessary that dissimilar metals 
contact each other. Aluminum, for example, 
because o f  its highly anodic characteristics, 
corrodes appreciably (galvanic action) when it 
contacts another metal (steel) with a lesser 
anodic solution potential for a prolonged 
period. Common corrosive media as rain 
water, sea water, atmospheric moisture, or 
some organic liquids may serve as the 
electrolytic solution.

Galvanic or electrochemical corrosion is 
characterized by severe local corrosion o f  the 
anodic metal at the point o f  contact o f  the 
two dissimilar metals, if that contact takes 
place in the electrolyte. The corrosion is in 
the form o f  a film, often only to a depth o f  a 
few molecular layers. In some instances, this 
film has the power to protect the metal 
underneath, thereby preventing further corro­
sion. In addition, i f  there are any cracks, the 
film win promote self-healing. However, in 
thicker films, which are characteristic o f  a 
peat number o f  common metals under the 
action o f  a mild, corrosive agent, this 
self-healing ability o f  the film is absent. Where 
the Him is broken, corrosion tends to localize. 
This localizing process eventually causes the 
metal to pit, thereby lowering the resistance 
o f  the metal to further stress, since any hole 
or notch in the metal tends to intensify the 
stress at that point.

The condition in which the metal is 
subjected to repeated stress in a corrosive 
medium is known as corrosion fatigue and 
lends to reduce the fatigue strength. Hence, 
under the combined action o f  corrosion and
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stress, a rorrodlbie tteel win fail eventually, 
regardless o f  the magnitude o f  the stress. For 
nonferrous metals, the effects o f  corrosion 
fatigue are quite varied; copper is unaffected, 
while nickel, brass, aluminum, and duralumin 
are severely affected.

The use o f  contacting dissimilar metals 
should be avoided to prevent galvanic 
corrosion and corrosion fatigue. When it is 
essential that this combination o f  metals be 
employed, an interposing material, acting as a 
protective layer, should be used.

Although contacting similar metals are not 
subject to  galvanic corrosion, when an 
aluminum surface passes over another alum­
inum surface, there is a tendency for the 
surface to gall. Galling also occurs when a 
cadmium surface rubs against another cad­
mium surface, as a cadmium-plated piston 
sliding (stroking) through a cadmium-plated 
brushing. Galling is eliminated by the use o f  
microcTystalline waxes on the sliding surfaces 
and Teflon-coated aluminum pistons and 
tubes. Teflon coatings and wax finishes also 
serve to reduce friction between sliding 
members o f  propellant actuated devices.
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CHAPTERS

INTERIOR BALLISTIC ANALYSIS

SO LIST OF SYMBOLS

efO 3  acceleration, ft/sec1

A, ■ piston area, in. 1

\ ■ propeDant surface area, in .1

A / w ) ■ propeDant surface area corre­
sponding to w, in.1

A , 3  nozzle throat area, in. 1

A , 3  orifice area, in. 1

b 3  burning rate coefficient, 
in./stc-psi"

C a propeDant gas in chamber, lb

c ■ gas weight actually contained 
within the volume, lb

■ propellant gas weight, lb

M 8** discharge coefficient, 
lb/lb-sec

c / 3  thrust coefficient, dimension­
less

C , = weight o f  gas tPscharged, lb

d = perforation diameter, in.

D 3  grain diameter, in.

E, 3  maximum propellant energy, 
ft-lb

A * . d x t 
dt. t)

3  function describing the efTect 
o f  friction, air resistance, and 
any other retardation forces, 
lb

F 3  propellant impetus, fU b /lb

8 3  rocket thrust, lb

g 3  acceleration due to gravity, 
fl/sec1

L 3  grain length, in.

n 3  pressure exponent, dimension­
less

P 3  driving pressure, psi

3  atmospheric pressure, psi

3  pressure at nozzle exit plane, 
P*i

3  high-side pressure, psi

3  driving pressure, psi

PL 3  receiver pressure, psi

PCD 3  perforation circle diameter

t 3  time, sec

3  initial gas temperature, °R

T0 3  adiabatic tsochoric flame tem­
perature, °R
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v ■ velocity. rt/«ec

V ■ tree volume, in.1

w ■ burn distance, in.

'Yu, ■ maximum burn distance, in.

W = propelled weight, lb

X 9  displacement o f  load, ft

a 9  thermal efficiency, dimension­
less

fi *  fraction o f  available energy, 
dimensionless

7 ■ ratio o f  specific heats, dimen- 
aonless

^ m ix *  maximum spinal compression 
ft

« *  nozzle expansion ratio, dimen­
sionless

t = flow  factor, dimensionless

*? 3  propellant gas covolume, 
in.J/lb

e 9  angle o f  elevation with respect 
to  horizontal, deg

p 9  density o f  solid propellant, 
lb/in.J

p 9  spinal damping ratio, dimen­
sionless

u 9  natural frequency o f  spinal 
column, rad/sec

S I  INTRODUCTION

This chapter presents a more rigorous 
treatment o f  the interior ballistics o f  propel­

lant actuated devices than that contained in 
Chapter 4. General ballistic equations are 
presented, and these are adapted to the 
modeling o f  stroking (direct and high-low) 
and gas-generating devices. Computer pro­
grams for the simulation o f  direct and 
high-low stroking devices are listed in 
Appendixes D and E, respectively, and sample 
output are contained in this chapter. A 
discussion o f  grain design techniques also is 
presented. A listing o f  a high low grain design 
program is contained in Appendix F. Par. 5-6 
contains a short discussion o f  the dyramic 
response index, a parameter coming into use 
as a specification limit for personnel escape 
systems.

6-2 BASIC EQUATIONS

This paragraph will list the basic equations 
governing the interior ballistics o f  propellant 
actuated devices, 1 i;*y will be structured as 
first-order differential equations for ease o f  
solution by digital computer techniques. 
Succeeding paragraphs will apply these 
equations to the analysis o f  stroking and 
gas-generating devices.

6-2.1 PROPELLANT BURNING RATE

The burning rate o f  a solid propellant 
usually is approximated as a pressure 
dependent function according to the relation

(5 -l )

where

w = burn distance, in. 

r = time, sec

b = burning rate coefficient, in./sec-psi" 

n 9  pressure exponent, dimensionless 

Eq. S-l is identical to Eq. 4-18.
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T h j  expression for the burning rate usually is 
valid over a given pressure range. For tome 
propellants, however, the pressure exponent 
or  slope n is not constant but may vary for 
certain pressure intervals. In some instances it 
may be aero or negative. If the operating 
pressure o f  a device spans one or more o f  the 
intervals that involve such a change in the 
slope, then it is necessary to specify the 
burning rate equation for each region. For 
instance, consider the burning rate depicted in 
Fig. 5-1. The relations which characterize this 
function over the pressure range 1 0 0  psi to
1 0 ,0 0 0  psi arc

4 2 . 0 .0 2 F « » , 1600 pri >  F >  1 0 0  pd
a t

4K  ■ 1 .672F *-1. 3000 p s i> P >  1 6 0 0 psi
0 /

4 K -  0.0018 6 /, # ” , 1 0 0 0 0  psi 

> P >  3000 psi

If it b  intended to determine the interior 
ballistics by programming the equations for 
solution by a digital computer, than it may be 
desirable to input the burning rate as a tabular 
listing xersus pressure and allow the program

Pressure P ,  psi 
F ig u n  5-1. Bum Rate Relation
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to  interpolate to  And the burning rate 
corresponding to  a particular pressure. For 
the preceding example it would be necessary 
to input the pressures and corresponding 
burning rates Tor the end points and at each 
point where there is a change in the slope (i.e, 
100 psi, 1600 psi, 3000 psi, 10,000 psi). Fo* 
the sake o f  notation and for use in Uter 
paragraphs consider that the burning rate can 
be expressed by the relation

^  -  r iP , (5-2)
d t

where HP) will represent the burning “ t-. 
either determined by Eq. 5-1 or from in 
interpolation o f  the tabular values.

PROPELLANT SURFACE DEVELOP­
MENT

When propellant is combusted, it is 
assumed to  bum in a direction normal to  its 
exposed surface. The burning area thus can be 
determined geometrically by incrementing the 
bum distance normal to  the exposed surface 
and calculating the surface area as a function 
o f  the bum  distance. •

The most common propellant geometries 
used in propellant actuated devices are grains

containing one, three, and seven perforations. 
In addition, each o f  these types may or may 
not have its outer surfaces Inhibited to restrict 
burning to  the interior o f  the perforations. 
These six grains ore depicted in F.g. 5-2. For 
these relatively simple geometries it is possible 
to specify the surface area as a function o f  the 
bum distance. These relations are listed m the 
paragraphs that follow  where it is assumed 
that the length o f  the inhibited grains exceeds 
twice the maximum bum distance wm or used 
as defined in par. 4-2.2.4, and that the bum 
distance does not exceed wn . The relations 
for the surface development for three and 
seven perforation grains, therefore, do not 
include the contribution due to slivers. The 
maximum hum distance and perforation 
circle diameter (PCD) for each grain type are 
listed in Table 5-1.

Single perforation-uninhibited: 

/< ,= » (■ * — •) [ 2 £ - 3 D - r f ) - 8 w ]  (5-3)

Single perforation-inhibited:

A , a *L (d  + 2w)

Three perforation-uninhibited:

TABLE 5-1
BURN DISTANCE AND PER fO RATI ON CIRCLE RELATIONS

Sin0e Pwtocatiwi 3 Parte.

Inhabttatf UnMiibiwd Inhibited Ujiinhibitad l-t-.t.-.-J a 1—»—tA  t., _a liuiANIEU VfMUMHUU

"m D - d
D - d l  [ y s - 3]

-  d
7

* K 5 - ^ r )
- < # ( 1  ♦ ,£ ) ]

D -3 d  
“ 6

D -  3d 
Ti

A M  - - 0 ^ 4 -  3 /3  j
2D
3 2
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Figure 5 -2  Common Propellent Geometries

5-5



AMCMM-I70

_ (D '- S d * ) '
L (D  +  3d ) * ------Y ~

*  M .L -D -‘k T )w -12*v* 

Three perforation-inhibited:

A t  ■ 3iL id  ♦ 2 w)

Seven perforation-uninhibited:

L(D  *  Id )  +
(Z)l - 7 d 1f

♦ 4 < 3 2 -D -7 < f)w -4 0 w , 

Seven perforation-inhibited:

A f  ■ 7*L (d  + 2w) 

where

(5-4)

(5-5)

(5-6)

A t  = propellant surface area, in. 1 

L *  length o f  grain, in.

0  *  diameter o f  grain, in.

d  = diameter o f  perforation, in. 

w = bum distance, ( 0  <  w <  wm ) in.

surface area can be determined according to

where

dA Jdw  = rate o f  change o f  surface with 
respect to bum distance, in .1 /sec

For the geometres Just considered, d A jd w  
can be obtained by differentiating the 
expressions for the surface development. 
Again if  a digital computer is being used to 
solve the ballistic equations, the surface 
development may also be inputted as a 
tabular function o f  the bum distance and the 
derivative or slope computed by the program 
as the particular value o f  bum distance.

The use o f  tabular input is more desirable 
in that increased flexibility is achieved in the 
selection o f  grain geometry. In addition, it 
will be possible to incorporate the effect o f  
slivers into the surface area development 
which in multiperforation grains can comprise 
over 30% o f  the total grain weight.

5-2.3 GAS PRODUCTION

The inhibited grains always will bum 
progressively, i.e., the surface area is an 
increasing function o f  the bum distance. The 
uninhibited single perforation grain always 
will bum regressively. Although, for single 
perforation uninhibited grains which arc long 
in comparison to  their diameters (L  >  D ) the 
rate o f  regression may be negligible and the 
grain can be assumed to have a neutral or 
constant surface development. The three- and 
seven-perforation uninhibited grains may be 
either progressive or regressive, depending on 
the dimensions o f  the particular grain.

The time rate o f  gas production is a 
function o f  the exposed propellant surface 
and bum rate

dCb dw

i r m p A ' l w ) d r  (5**>

where

Cb = propellant gas weight, lb 

p = density o f  solid propellant, lb/in.J

The time ratio o f  change o f  the propellant A f(w) = propellant surface area, in.1
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The value o f  A ( (w ) b  the surface area 
corresponding to  the value o f  w which has 
been attained.

5-2A  OAS PRESSURE

The pressure generated by the burning o f  
propellant can be determined from the 
equation o f  state as given in Eq. 4-10. 
Differentia ting with respect to  time

£  .  ±  ( I £ \  (5-9)
d t T0 d t \  V f

C  ■ propellant p s in chamber, lb

For a chamber in which no propellant b  
consumed the U p  term equab zero. If the 
chamber does not contain a stroking member, 
then the d x jd t term b  zero.

S4j6 GAS DISCHARGE THROUGH AN 
ORIFICE

The gas .discharge rate through an orifice 
can be represented by the expression

The gas weight C corresponds to the gas that 
is actually contained within the volume. Only 
for a closed single chamber device will the gas 
weight C equal C4 as defined in Eq. 5-8- For 
the low side chamber o f  a high-low system, C 
would equal the gas weight that has been 
exhausted into the low site.

where

C j 9  weight o f  gas discharged, lb

5-2.5 FREE VOLUME

The free volume o f  a chamber equals the 
initial free volume plus that obtained by the 
movement o f  a piston (if  any) plus the 
volume obtained when propellant b  con­
sumed (if  any) less the volume taken up by 
the gas in the chamber (covolume). Thus in 
terms o f  the time derivative o f  the free 
volume

9  (low  factor, dimensionless

9  gas discharge coefficient, Ib/tb-sec 

9  orifice area, in .1 

9  driving pressure, Ib/in . 1 

9  receiver pressure, Ib/in . 1

dV
d t

dx  1

, 2- W 7
dS i
d t

(5-10)

where

V -  free volume, in.1 

Ap = piston area, in. 1 

d x ld t 9  velocity o f  piston, ft/sec

This expression b  derived in Appendix C o f  
Ref. 1, Chapter 4. The flow factor (w hich  b  
a function o f  the driving and receiver 
pressure, is derived in Appendix B o f  this 
reference. For sonic flow , i.e..

<
(

2 \<vh-i>

the flow factor equals I.

(5-12)

p 9  density o f  solid propellant, Ib/in . 1 For values o f  PL IPH greater than thb
(subsonic flow) the flow factor is given by the 

q 9  propellant gas covolume, in .1 /1b expression
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d r * V
f  sin 0 - Z  f t * '  * ' f)dt W *  (5-15)

d t B P
(5-J6)

d *x n  *
d i* d t ,

7  ■ ratio o f  specific heats.

For 7  *  1.25, F , IPH must be less than 0.555 
for sonic flow. Eq. 5-13 is plotted in Fig. 5-3 
for 7  *  1.25.

5-2.7 EQUATION OF MOTION

If the driving pressure is Ins than the 
opposing component o f  the load or i f  it is less 
than the shot start pressure, then the 
acceleration is zero.

6-241 ENERGY BALANCE (GAS TEMPER­
ATURE)

The equation o f  motion o f  a piston (load) 
is given by the expression

The maximum energy available from a solid 
propellant (see Eq. 4-9) is equal to

( f ) &  ■ v -  *-"»•

where

dx
-  A x , —  , r) 

a t

(5-14)

x  ~ displacement o f  the load, ft

0 = angle o f  elevation with respect to
the horizontal, deg

t ) = a function describing the effect 
o f  friction, air resistance, and 
any other retardation forces, lb

P  ■ driving pressure, Ib/in.*

where the gas temperature is equal to  »*»e 
adiabatic isochoric flame temperature T0 . The 
energy E  available at any other temperature T 
is then equal to

(5- ,7>

An energy balance can then be set up as 
follows:

Available Energy = (Internal Energy) + 
(W ert Done by Propellant Gas) + (Energy 
Loss)

W = propelled weight, lb 

,4 .  ■« piston area, in.*
P

g = acceleration due to gravity, 
ft/secJ

In terms o f  first-order differential equa­
tions, Eq. 5-14 may be rewritten as

FCTe

T J  7 - 1 )

MCT

r c ( 7 - i )

+ A m I Pdx ♦
BFCT  

r . (  7 -  1)

(5-18)

where C  is the gas weight in the chamber 
under consideration. It is assumed that the 
propellant gas is initially at temperature Te
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and the energy loa to tone fraction # of the 
•nibble energy. Assuming that Te equah the 
adiabatic too baric (lame temperature of the 
propeDant, l.e., 7V ■ T J y, and solving for the 
gaa temperature T

( T - l  )Tc A , r  

PC J Pdx (5-19)

where

and to termed the thermal efficiency.

The term JPtbt can be obtained from the 
equation of motion, Eq. 5-15, by solving for' 
the driving pressure F  and integrating over the 
displacement x .

where the first term represents the kinetic 
enetgy o f  the load, the second term represents 
the potential energy, and Ihe third term 
represents the energy required to overcome 
any resistive forces. This las) term cannot be 
evaluated until the expression for the resistive 
forces are determined. .

For moat propellant actuated devices the 
thermal efficiency a to found to bo between 
0.5 and 0.7. This expression for the gas 
temperature to are of many whkh oouid be 
derived depending on the degree of sophistic*? 
bon and assumptions which are made. 
However, this form has been found to give a 
good correlation to the actual ballistics of 
propellant actuated devices.

M  STROKING DEVICES

This paragraph win apply the preceding 
equations (par. 5-2) to the analysis of direct 
and high-low propellant actuated stroking 
devices. Digital computer programs (or the 
solution of the system equations are listed in 
Appendixes D and E. Sample output from 
dime programs are presented to) the para­
graphs dealing with the particular type of 
device.

S3.1 DIRECT STROKING DEVICE

A direct ballistic stroking device to one in 
which the mechanical work (motion of a 
load) is accomplished in the same chamber as 
the combustion process. In this analysis 
provision to made for exhausting a portion of 
the propellant gas to account for leakage or 
venting if applicable. Fig. 5-4 depicts a 
schematic of a direct stroking device. The 
differential equations representing the devices 
are:

a. Bum Distance:

dw

17 r t f ) (5-2)

In terms o f  a first-order differential 
equation the gas temperature is then equal to b. Propellant Surface Area:

f j ,  .  £J| (5-7)
a t  d w  \ d t  )

c. Propellant Gas in Chamber:

d C  / F < \

—  = P - V " ) ^ - ^ 7 j C 0 4 f/ > , 5 - 2 2 )
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F ip jre  5-3. F low  Factor vs Pressure Ratio

where

P, = atmospheric pressure

d. Pressure:

dP /  \2 F \ d_ / 7 V \

\ r )

e. Volume:

dV  _ , , .  dx 1

dt ' p dt p dt

(5-9) /  dCh
? -

V d/ dt
(5-10)
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Figure 5-4. Schematic o f D irect B allistic System

since h. Gas Temperature:

f. Velocity:

dv

~dt

* V  s
— --------* s i n  $ - ± f i x . r . t )

P < P
or ritot iu n

P < ^ T  sin 1 
A P

( M S )

g. Displacement:

d x
---- = |!
dl

(5-1 n>

These relations constitute a set o f  eight 
first-order differential equations which must 
be solved simultaneously to give a description 
o f  the interior ballistics o f  direct stroking 
devices. A digital computer program (written 
in FORTRAN IV) for their solut on is listed 
in Appendix D. The required input to this 
program along with the output parameter are 
listed in Table 5 2 where the burning r-ie vs 
pressure and propellant surface area vs bum 
distance arc inputted in a tabular form o f  five 
points for each parameter.
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T M U H

direct ballistic  strokino Device input-o utput parameters

F O R TR A N  Sym bol* F W N r Units

P Pnasura te/in.1
R Burning rata in Jta c
W B w n  distance In.
A Propellant surface area In.1
o o > Com puto interval MC
CM2) Print interval sac
0 (3 ) Strok* h
0 (4 ) Shot nan pressure Ib/hv*
0 (5 ) Piston va e In.1
0 (6 ) Vent are* rn.1
0 (7 ) Propelled load ib
m n Angle of elevation * 6
D<9) Retardation coefficient te/Tt
D (1 0 ) Therm al efficiency -

0 (1 1 ) Ratio of specific heats -

D(12) Propellant density IW n .1
0 (13) Propellant impetus ft-ttVIb
0 (1 4 ) Adiabatic hochoric flame temperature eR
0 (1 6 ) Initial pressure te rm . 1

0 (16) Initial frea volume In.1
0 (17) N o data test** -

Btput

F O R TR A N  Sym bol Paramao* Units

T Tim * me
X(1 ) Bum  dissnea in.
G W T Gas produced ib
X(4 ) Pressure te/in.1
C (l .  5) Load acceleration ft/sec1
X(5) Load velocity tt/sec
X(6 ) Load displacement ft

•Refer 10 proyerw lining in Appvndia O.
**A value of 0(17) c  0 uidlcnev ltd* more d m  d rab * inputted. If 0(17) > 0 the pioy i i 
wrnvneiei «  and of run.
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Ai tn example o f  the use o f  this program tn 
determining the interirr bxUlstict, consider 
the foOowtng Input w hen  the burning rate 
relation is that used in the example in par.
5-2.1.

PRES- BURNING BURN SURFACi
SURE RATE DISTANCE AREA

100. 0.20 0.00 1 0
1600. 0.80 0.02 IS.
3000. 0.75 0.04 2 a

10000. 1.86 0.06 25.
20000. 3.34 0.08 30.

Compute Interval: 0.0005 sec

Print Interval: 0.001 sec 

Stroke: 2.25 ft 

Shot start pressure: 14.7 psi 

Piston Area: 1.0 in.1 

Vent Area: 0.005 in.1 

Propelled Weight: 250 lb 

Angle o f  elevation: 90 deg 

Retardation coefficient: 0.0 lb /ft

particular device but ia used merely to 
Illustrate the uee o f  the program. The 
computer generated pressure and load veloc­
ity are plotted vs time in F ig 5-5- The 
propellant grain used in this example 
corresponds to  43.5 pam s o f  propellant in an 
inhibited single perforation configuration 
consisting o f  forty individual grains each I in. 
In length L  and 0.24 in. in diameter D  with a 
perforation diameter d  o f  0.08 in.

HIGH-LOW STROKING DEVICE

A high-low ballistic stroking device is one 
in which the propellant is combusted in one 
chamber (high) and the combustion products 
vent J through an orifice into a second 
chamber (low ) in which the mechanical work 
is accomplished. Fig 5-6 depicts • schematic 
o f  a high-low stroking device.

The following differential equations repre­
senting this device are listed, and where 
variables subscripted H  correspond to  the high 
side dum ber and those subscripted L refer to 
the low side chamber.

a. Bum Distance:

^  »  rV>H )  (5-2)
d t "

Thermal effiriency: 0.6

Ratio o f  specific heats: 1.23

Propellant density: 0.06 lb /in .1

Propellant impetus: 360,000 'fM b/lb

Adiabatic isochoric flame tempera­
ture: 5500°R

Initial pressure: 150 psi

Initial volume: 25 in.1 

This input is not representative o f  a

b. Propellant Surface Area:

<14, <14, /  rfw\

~dT *  <fw" \ ~ d t)

c. Propellant Gas Evolved:

dCh dw

d. Low-side Gas Weight:

?• ■ (£ )

(5-7)

(5-8)

(5-11)
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Figure 5-5. Computer Generated Pressure and V elocity

e. High-side Gas Weight:

dC^ d c b dCL

dt dt dr

f. High-side Pressure:

_ / ^ W  / f * \

, *  \ 7  )  dt \ V H )

(5-23)

(5-24)

(The high-side gas temperature TH is assumed 
constant and equal to  the adiabatic isobaric 
(lame temperature o f  the propellant, TH =
T J y )

g. Low-side Pressure

d , \  T0 )  dt \  VL )

h. Low-side Volume:

dV l  dC»
-----  “ l -------*? ——
dt dt dt

i. High-side Volume:

dV H I dC„ dCu

dt
- V  — -  

dt dt

(5-25)

(5-26)

(5-27)
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j. Velocity:

dv
dt

g A p F L g
_ _ _  - g sin

P < P0 or l *o* «url
It/

p  <  — sin 0 
r L <  A .

k. Displacement:

dx—  = v 
dt

(S-l 6)

1. Low-side Temperature:

These relations constitute a se! o f  twelve 
first-order differential equations which must 
be solved simultaneously to give a description 
o f  the interior ballistics o f  high-low stroking

5-15



m o r m o n

device*. A  digital computer program (written 
in FORTRAN IV ) (or their solution it listed 
in Appendix E. The required input to this 
program along with the generated output is 
listed in Table 5-3. Again as for the direct 
ballistic stroking device, the burning rate and 
surface development are Five point tabular 
inputs.

T o illustrate the use o f  this program the 
input data corresponding to the example for 
the direct ballistic program will be employed 
with the following additions and changes:

Orifice Area: 0.04 in.1

L itial low side pressure: 14.7 psi

Initial low side volume: 25 in.1

Initial high side pressure: 150 psi

Initial high side volume: 2 in.1

The high and low side pressures vs time are 
plotted in Fig. 5-7, and the velocity and 
displacement vs time is presented in Fig. 5-8.

&4 GAS-GENERATING DEVICES

The equations for gas-generating devices arc 
essentially those for a high-low ballistic device 
where the high side represents the ga:  
generator and the low side represents the 
volume into which the propellant gas is 
expelled. If the device is exhausting into the 
atmosphere, the low side volume is made 
essentially infinite: large enough so that the 
gas entering the low  side will not raise the 
pressure appreciably. If the generator is 
exhausting into a constant volume, then the 
piston area can be set equal to zero to 
preclude motion.

If the ballistics o f  a rocket is tc  be 
simulated, then the high-low program (ex­
hausting into the atmosphere) can be used 
with the addition o f  a thrust equation and an

input corresponding to  the nozzle expansion 
ratio e.

8  *  CfAtf H (5-27)

where

3  rocket thrust, lb 

C f a thrust coefficient, dimensionless

A f B nozzle throat area, in.1

PH = high side pressure, Ib/in.1

The thrust coefficient C. is given by the

where

7  = ratio o f  specific heats, dimension­
less

Pt  = pressure at nozzle exit plane, 
Ib/in.1

e = nozzle expansion ratio, dimen­
sionless

Pt  = atmospheric pressure Ib/in.1

and the ratio Pt IPH is given as the smaller 
root

o f  the equation

5-16
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HIGH-LOW BALLISTIC STROKING DEVICE 
INPUT-OUTPUT PARAMETERS

Input

FORTRAN Symbol* fe o M tm Units

P Pr assure to/in.*
R Burning rata In/tee
W Bum distance m.
A Praptllam rurfece araa M.*
0(1) Computa interval MC
0(2) Print interval me
0(3) Stroke 'R
0(4) Shot (tart pressure Ib/irt.*
0(6) Pro on area in.*
D(6) Orifieaaraa ki.>
D(7) Propelied load ib
0(8) Angle of elerition d n
0(9) Retardation cnenrficient lb/ft
0(10) Thermal efficiency -

D(11) a.ho of tpec-fic heah . -

0112) Propellant demity It/In.’
0(13) Propellant impetu* ft-ib/n>
0(14) Adiabatic i tocher ic flame temperature *p

0(16) Initial low tide pressure Ib/in.*
0(16) Initial kiw side free volume in.1
0(17) Initial high side pressure Ib/in.*
0(18) Initial high tide free volume in.*
D(19) No data test** -

O utput

F O R T R A N  Symbol Paramawn Units

T Tim a me
X|1) Burn distance in.
X (3 ) Gas produced
X(7 ) H ig i side presmre Ib/in.*
X (!0 ) Lo w  side pressure Ib/in.*
X ( I 1 ) Load velocity ft/slc
X(12) Load displacement ft *■

•Ratal to pro^am lining in Apoandia E.
" A  valua of OI17I < 0 vxlcatat that n o '  data ara to toMem. I* 0(17) > 0 tha program 
tarmnarai at and ot run.

517
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Numerical values for the thrust coefficient are 
tabulated in Refs. 3 and 4. Chapter 4. Eqs. 5­
28 and 5-29 are derived in Ref. 1, Chapter 4.

5-6 GRAIN DESIGN

In the analysis o f  the interior ballistics o f  
propellant actuated devices frequently it is 
required to design a grain that will produce a 
preselected performance. The approximate 
grain weight and geometry can be determined 
from the relations derived in Chapter 4. With 
the use o f  a digital computer program, 
however, the equations in the preceding 
paragraphs can be restructured to make the 
bum distance w the independent variable

\
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instead o f  the time t. A specific pressure-time 
or acoeler*tk;n-time cu r /t  can be inputted, 
and the propellant surface area development 
then can bt calculated based on this inputted 
curve.

Ref. I is a report which documents this 
technique as applied to a high-low ballistic 
system. The computer program to perform 
this analysis is listed in Appendix F. The form 
o f  the inputted pressure-time curve is 
depicted in Fig. 5-9. The program output 
consists o f  the generated interior ballistics as a 
function o f  the propellant bum distance. A 
least squares analysis is performed on the 
generated surface development-bum distance 
output to generate the dimensions o f  single-, 
three-, and seven-perforation inhibited grains 
required to  produce the desired pressure-time 
curve. Fig. 5-10 is a sample computer output

that lists the input data, condensed output, 
and least squares generated grain dimensions. 
Fig. 5-11 depicts the computer generated 
surface area vs bum distance relation along 
with the computer generated least squares 
approximation. The scheme for computing 
the pain dimensions based on the least 
squares data as well as the equations used in 
the analysis are contained in Ref. 1 and are 
not repeated here.

The pain design technique illustrated has 
been applied to direct ballistic systems but no 
reference is currently available. Suffice it to 
say, the procedure is directly analogous to 
that for high-low systems.

5 4  DYNAMIC RESPONSE INDEX

The physiological effect o f  the accelera-
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F igun  5-9. P m ura -T im a  in p u t fo r H igh-Low Grain Dettgn Program

i
ij
i lion-lime environment on the users o f  aircraft 

emergency escape systems must be taken into 
account <n the design o f  personnel escape 
catapults. The maximum acceleration and 
maximum time rate o f  change o f  acceleration 
have been the primary determinants in 
specifying the acceptable limits. Recently, 
however, the Dynamic Response Index (D RI) 
has tended to  replace these criteria (Ref. 2). 
Simply stated, the DRI is a measure o f  the 
compression o f  the eject m 'j spinal column 
and, as such, is a direct measure o f  the 
probability o f  injury. A  correlation between 
the dynamic response index and the opera­
tional ejection injury rate is depicted in Fig.
5-12 (Ref. 3).

D R I

where

it)J5 .

(S-30)

<•» = natural frequency o f  the spinal
column, rad/sec

6___ a maximum spinal compression, ft

t  *= acceleration due to  gravity, 32.2
ft/sec1

The instantaneous spinal compression is 
given by the relation

The DRI is defined according to the 
relation

d*6 d<
------ + 2 pu> —  ♦ =» a ( / )  (5-31)
d t*
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i

where

5 = spinal compression, ft

p = spinal damping ratio, dimension­
less

o f /)  a  acceleration, fl/sec1

Essentially, the spinal column is treated as 
a damped harmonic oscillator where the 
values o f  p (0 .224) and cj (S2.9 red/sec) have

been determined as representative o f  the 
mean US Air Force flying population.

A DRI o f  18 corresponding to about a 5% 
injury probability has been set as the 
specification limit for escape systems tem­
perature conditioned at 70 °F.

Eq. 5-31 can be solved by making a 
point-wise approximation to the acceleration­
time output and solving it by digital computer 
techniques.

I
1
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CHAPTER 6  

Dfc&tCN EXAMPLES

* 0  LIST OF SYMBOLS H a pressure exponent, dimensionless

P a maximum internal pressure, psi

am 9 maxiirum acceleration, ft/sec1 ' » a peak pressure, psi

j 9 rate o f  change o f  acceleration, ft/sec1 r ,
z pressure at end o f  hose, psi

A 9 area, in.1 R s major radius o f  female thread (max).

A, 9 effective area o f  booster tube, in.1
in.

j s stroke, ft
b = burning rate coefficient, in./sec-ps?

s, s tensile strength, psi
C = charge weigtt, lb>

S, = shear strength, psi
d 9 minor diameter o f  male thread (min),

in. . S' s hose surface area, in.1

D 9 circumferential distance between t a sleeve wall thickness, in.
slots, in.

t , = stroke time, sec
F 9 force, load; lb

V a terminal velocity, ft/sec
F 9 propellant impetus, ft-ib/lb

V = locked shut volume, in.1
K 9 avenge resistive force, lb
• Vf a initiator volume, in.1
* 9 acceleration due to  gravity, ft/secJ

V. a hose volume, in.1
9 heat k m  per unit hose area, ft-lb/in.

w = burn distance, in.
/ 9 impulse. Ib-sec

w a propelled weight, lb
> „ 9 specific impulse, Ib-sec/lb

w = wall ratio, dimensionless
k 9 radius o f  gyration, in.

0 = heat loss factor, dimensionless
L 9 length o f  thread engagement, in.

7 = propellant ratio o f  specific heats,
L 9 length o f  piston, in. dimensionless

6-1
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6-1 GENERAL Velocity, at separation (at 
70* F) 47. fpa

6-1.1 PURPOSE

This chapter provides examples o f  the

Max rate o f  change o f  ac­
celeration (at 7CPF) 300. g/sec

design o f  stroking devices and a gas-generating 
device which use the principles discussed in

Stroke time (at * (PF) 0.170 sec

preceding chapters. Firing method Gas actuation

6-1.2 SCOPE Rocket (sustain section)

The devices chosen to illustrate these Action time, max (a» 70TF) 0.410 sec
principles are the M38 Catapult, the M3A3 
Thruster, and the Ml 13 Initiator. The M38 Impulse (resultant at 70* F) 1250. lb-sec
Catapult a  a rocket-assisted catapult that

3200. psiprovides die sustaining thrust to increase 
ejection he*gfit w ither! exceeding personnel

Pressure, average

acceleration maximums. The M3A3 Thruster Ignition delay, inax (at t t r F )  0.025 sec
is a typical thruster with a bypass port at the 
end o f  its stroke. The M l 13 Initiator is one o f Nozzle angle adjustment

3 8 ° 5 0 'to  52*a new family o f  subminiature gas actuated 
initiators.

range

(2 ) Physical Characteristics^
6-2 1638 CATAPULT

Overall length 42.6 in.

6-2.1 GENERAL Structural loads:

The M38 Catapult is a rocket-assisted 
two-tube telescoping device, designed for Tension 4000. lb min

upward and forward ejection o f  a 383-lb 
seat-man combination from an aircraft in the Compression 8000. lb  min

event o f  an emergency. Total weight (loaded) 35.0 lb

6 -U  DESIGN REQUIREMENTS Prope0 ed weight (approx 50
percentile seat-man com bi-

The d w r if  requirements for the M38 nation) 3831b
CatapuR specified the following performance 
and physical characteristics: Temperature limits -6 5 * to + 1 6 5 * F

(1 ) Performance Characteristics: Mounting

Catapult (booster section) Airframe Trunnion at 
lower end

Male clevis at
Strode 34. in.

Seat
Max acceleration (at "3 “ F ) 18. g upper end

u

• I

v _ j  i
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* 2 3  FIRST-ORDER APPROXIMATIONS

Stroke length, stroke time, peak pressure, 
charge weight, and grain geometry are 
calculated in ihe manner described in par. 4-2, 
Chapter 4. The equation numbers appearing 
in the text refe. <o the equations presented in 
Chapter 4.

*2.3.1 STROKE LENGTH

By using Eq. 4-6 and the rallies specified in 
the design require ice . j ,  the approximate 
stroke length nec essary to  meet the require­
ments may be found. The maximum stroke 
often b  specified, since the airframe does have 
a limit to  the maximum stroke that may be 
guided and it b  undesirable to  attempt to 
eject an aircraft seat without guiding its path 
out o f  the aircraft. I f  the maximum stroke b  
nut specified, it may be obtained in the 
following manner. The overall length o f  the 
catapult is 42.6 in. (specified), so that the 
maximum stroke which may be obtained with 
a single stroking tube b  less than 42. in. By 
substituting the values for velocity (specified), 
maximum acceleration, and rate o f  change o f  
acceleration (approximations) in Eq. 4-6, the 
stroke length s b  estimated as follows:

v -  47  ft /sec ;am = 15g;a = ISOg/sec

t
(4 7 ) ’  +

(2X 15X 32.2)

(4-6)

(13 X 32.2)J 

24(150 X 32 .2)’

-  2.48 ft =* 30 in.

AMCP 70*270

(specified) maximum acceleration, and rate o f  ' 
change o f  acceleration (approximations), the 
time /,  b  estimated as follows:

r-&

!

47

« _  2a 15 X 32.2
(4-5)

1 5 X 3 2 .2  
+ ■

2(150 X 32.2)
0.147 sec

6-233 PEAK PRESSURE

T o  use Eq. 4-7, either the peak pressure or 
the booster tube diameter o f  the catapult 
must be known. No diameter is specified for 
the booster tube, but Pm = 7000 psi pressure 
b  specified for the booster section o f  the 
catapult. By substituting this value and W = 
383 lb in Eq. 4-7, the effective area A (a 
function o f  diameter) o f  the booster tube b  
found as follows:

r .

383 X (15 X 32.2) 
7000 X 32.2

(4-7)

»  0.82 in.1

Thb corresponds closely to a diameter o f  1 in.

Peak pressure and acceleration occur upon 
separation o f  the booster tube and the 
launcher tube. (In the M38 Catapult, Ihe 
booster tube and motor tube travel together.) 
Therefore, the outside diameter o f  the 
booster tube determines the effective area, 
and from thb calculation the diameter b  1.0 
in.

With these values established, the design for 
the booster section continues.

6-233 STROKE TIME

Using Eq. 4-5 the values o f  velocity,

6-23.4 PROPELLANT CHARGE WEIGHT

The propellant charge weight for the 
booster section o f  this catapult may be 
estimated by use o f  Eq. 4-14.

C  = 4.9 X I0*4 Wv* grams (4-14)

i '
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Substituting W = 383 lb and r = 47 fps

C =  (4.9 X 1<T*) X 383 X 47* = 4 1 .5 g n im

Fig. 4-2 is a plot o f  the ratio o f  propellant 
charge weight to  propeOed load for propellant 
actuated stroking devices. By using this figure, 
the approximate ratio o f  propellant weight to 
propelled weight for a catapult with a 
terminal velodty  o f  47 fps is 0.11 gram/lb. 
Since the propelled weight W is 383 lb , the 
propellant charge is

C  "= 0 .1 1 X 3 8 3  *  42.13 grams

and fcr H8 propellant:

w = 0 .26 in.

(2 ) The web estimated can be used in the 
initial charge, but it may have to be modified 
during the charge establishment firings, since 
it is based on an approximation, i.e., stroke 
time.

6 -2 4  COMPONENT ARRANGEMENT

The component arrangement is used to 
place sufficient stroking members within the 
required envelope to give the required stroke, 
and to  estimate the cartridge size and internal 
volumes. Basically, this requires the volumes 
at the beginning and at the end o f  stroke in 
order to complete the calculations.

T o  estimate the rocket grain weight 
required fcr  the rocket section o f  the example 
catapult, Eq. 4-31 is used. Also, as per 
Chapter 4, par. 4-2.3.3, it is stated that in 
practice the specific impulse has a value on 
the order o f  200 lb-sec/lb, then:

/  = l , p c  • or

The arrangement o f  the catapult includes the 
following components: head, motor tube 
(outside tube), booster and launcher lubes, 
firing mechanism, mount 'low er end), swivel 
nozzle, locking mechanism, a track (whereby 
changes in the seat position are transmitted to 
adjust the nozzle angle), propellant grain (for 
rocket motor), and a cartridge.

1100 lb-sec 

200 lb-sec/lb
= 5.51b (4-31)

6-2J3JS GRAIN GEOMETRY

(1 ) Based on experience with previous 
type devices: the grain to be used for the 
booster section o f  this catapult should be 
cylindrical with a single pei'oration. The 
thickness o f  the web is estimated by using Eq.
5-1. Peak pressure Pmtx and stroke time r, 
have already been estimated.

w = b t * L * ' >  (5 -D

The initial arrangement starts with the 
specified overall length (42 .6  in.) and assumes 
a 1.0 in. outside diameter for the booster tube 
previously estimated. (In the rocket-assisted 
catapult, the launcher and booster tubes are 
analogous to the telescoping and inside tubes 
o f  the conventional catapult.) The necessary 
components such as the cartridge, firing 
mechanism, locking mechanism, and stroking 
member are then fitted to  the layout; As 
previously mentioned, the M38 Catapult 
requires a single stroking tube. For a first 
approximation, it is assumed that the 
launcher, booster, and motor (outside) tubes 
are approximately 36 in. long, thus providing 
the necessary stroke.

which for Pmtx  = 7 0 0 0  psi, rf = 0  147 sec, After the tubes are placed in the motor



o tube (3 -1 /8  in. outside diameter, soecified) 
and space is provided for the firing mecha­
nism and the locking mechanism, he initial 
and final volumes are calculated. It b  desired 
to make the ratio o f  final volume (expansion 
ratio) approximately 2. Assume that the 
launcher and booster tube are o f  equal 
lengths, i.e., 36. in. long. A b o , the booster 
tube (in this case the stroking tube) fits inside 
the launcher tube. As previously determined, 
(par. 6-2.3.3), the outside diameter for the 
booster tube b  approximately I in. Again, 
assume an inside diameter o f  13/16 in. (3 /32  
in. wall thickness) for this tube, the initial 
volume b  approximately 19 in.1 The final 
volume b  approximately 47 in.’  The 
expansion ratio calculated for the assumed 
device shown in Fig. 6-1 b  approximately 2.S.

The catapult (Fig. 6-2) a  ignited by an 
initiator connected by a flexible hose. The 

' functioning o f  the initiator produces the gas 
pressure that flows through the hose, exerting 
a force on the catapult firing pin. Pressure 
behind the firing pin increases until it b  
sufficient to shear the shear pin, driving the 
firing pin forward to impinge on the booster 
cartridge primer. This action initiates the 
firing o f  the booster phase. The primer ignites 
the booster charge contained in the cartridge. 
The booster tube gas pressure moves a spring 
loaded piston, thereby permitting locking 
keys to  be cammed inward, unlocking the 
unit. Continued production o f  booster gas 
propels the rocket motor and seat vertically. 
At the point o f  booster tube separation, hot 
booster gases are introduced into the motor 
chamber and ignite th« rocket propellant 
grain. The burning propellant g.ain produces 
gas at a high rate, pressurizing the motor 
chamber. The resulting pressure acts on a 
piston that rotates the nozzk to a preset 
position, thus providing thrust that propels 
the seat and occupant upward and forward. 
The nozzle angle, which b  controlled by seat 
position, b  adjustable from 39 deg to 32 deg 
so as to direct the rocket thrust through the 
center o f  gravity o f  the seat-man combination.

AMCP 706-770

The cartridge b  designed to fit into the 
booster tube, and contains sufficient propel­
lant to meet performance requirements. The 
designer, in conjunction with the ballbii^an, 
decides on the cartridge size to  be used. In the 
example being considered, it b  determined 
that the case will be 7/8 in. diameter and that 
approximately 40 grams o f  propellant will be 
used. The density for the propellant to be 
used b  0.066 lb/in.1 It has been previously 
(par. 6-2.3.4) determined that approximately 
40 gram* o f  propellant would be required. 
Thb would require a volume o f  1.3 in.J A 
cartridge case o f  approximately 7 /8  in. 
diameter and approximately 9 in. long would 
provide thb volume.

Additional volume must be provided for a 
cartridge head. Incidentally, this cartridge 
head b  o f  a new and simplified design. The 
top o f  the head incorporates a cavity that 
provides a positive seat for the primer. The 
base o f  the head under the primer cavity is 
machined thin (0.006 to 0.010 in.) to insure 
that it will blow when the primer fires. The 
igniter (black powder commonly b  used as an 
igniter in propellant actuated devices) b  
contained in a cavity in the body o f  the head. 
The approximate igniter charge may be found 
using the method described in Chapter 4. 
Also, a rule o f  thumb has evolved whereby to 
estimate the igniter charge use about 40 grams 
o f  black powder per pound o f  propellant. In 
par. <*2.3.4, it was estimated that approxi­
mately 41.5 grams or 0.09 lb o f  propellant b  
required. Then the igniter charge for this 
catapult b:

0.09 lb X 40 gram/lb = 3.6 grams or 55 
grains

Thb estimated igniter charge as well as the 
estimated propellant charge may have to  be 
adjusted, depending on the results o f  firings 
between -6 5 °  and 200°F.

The igniter charge is retained in the cavity 
by a waling dis<;, which in turn b  held in place

6-5
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Figure 6-2. C eapuit, A irc ra ft E jection Seat, M 38 Assembly

by a retaining ring. Fig. 6-3 shows the XM270 
Cartridge.

6-2.5 COMPONENT DESIGN

6-ZS.1 TUBES

The catapult tubes act as pressure chambers 
and the stroking members. The booster tube, 
as previously mentioned, fits inside the 
launcher tube. The inside diameter, and the 
tube length, are such as to  provide the initial 
volume- to  satisfy the expansion ratio 
determined in par. 6-2.4. One end o f  the 
exterior o f  this tube incorporates a groove to 
accept an O-ring. This ring provides the seal to 
prevent prior leakage o f  propellant gases being 
generated therein. At the other end, the inside 
diameter is increased to accommodate the 
cartridge dimensions estimated in par. 6-2.4. 
The exterior at this end incorporates a male 
thread and two blind holes. The thread is the 
means whereby the booster tube is assembled 
to the catapult head. Nylon pellets pressed 
into the blind holes serve as a locking agent 
for the tube.

The launcher tube acts as a booster gas 
expansion chamber and a guide for the 
moving booster tube. Again, here the inside 
diameter and tube length are such as to satisfy 
the final volume to  give the expansion ratio 
determined in par. 6-2.4. One end contains 
the catapult locking mechanism. The exterior 
o f  this end incorporates a male thread and 
two blind holes. The thread is the means for 
assembling the tube to the catapult mount. 
Nylon pellets, pressed into the blind holes, 
serve as a locking agent for the tube. Two

slots, 180 deg apart, are machined in the tube 
body, to accommodate the catapult locking 
keys.

The motor tube acts as the pressurizing 
chamber for the rocket motor. At one end, it 
is fastened to the catapult head, and the other 
end is fastened to  the nozzle retainer. This 
item is a component o f  the mechanism which 
permits the catapult nozzle to rotate to a 
preset position (see par. 2-4).

The sizes o f  the tubes are calculated using 
the equation o f  Von Mises-Hencky, which are 
plotted in Fig. 4-3. Catapults generally are not 
designed to'withstand locked-shut pressures; 
therefore, the peak pressure assumed in the 
first order approximations (7000 psi) may be 
used in the calculations

It was previously assumed that the booster 
tube had a 1.0 in. outside diameter, and a 
13/16 in. inside diameter. But, the outside 
diameter o f  the tube must be large enough to 
permit incorporating a male thread (see par. 
6-2.5.1). Then, r tube with an outside 
diameter o f  1-1/8 in. and 5/32 in. wall 
thickness is selected. Assuming that a high 
strength seamless steel tube is to be used, the 
pressure ratio (P jY)  is:

F
r

7000 X 1,15*

135,000
0.0596

*A I IS Safety Facto a ned m et thii b • CTtmeriol part 
wtiich must wtthauad mtcroal p r n u  wftboot rapturing 
(See pet. 4-3 2).
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Using Sheet 1, Fig. 4-5 and the ordinate o f  
the intersection o f  pressure ratio 0.060 and 
the biaxial stress curve (catapults s t  subject­
ed to radial and tangential stresses but not to 
longitudinal stresses), the wall ratio is found 
to  be 1.064. Since wall ratio W 'is the ratio o f  
outside diameter to  inside diameter, the 
outside diameter is calculated a  follows:

W  -

therefore:

OD

ID
1.064

O D m W 'X  ID s  1.064 X 0.8125

= 0.8645 in.

As previously mentioned (par. 6 2 .5 .1 ) an 
O-ring is used at one end as a seal. The 
dimension for the bottom  o f  this machined 
groove is 0.890 in. Therefore, the tube 
selected would be suitable. As designed, the 
outside diameter o f  the tube is slightly smaller 
than the minor diameter o f  the thread for a 
short distance from the tube end to the 
thread. Also, beyond the thread the outside 
diameter has been reduced to  a dimension 
(approximately 1 S3 in.) comparable to  the 
outside diameter previously determined.

The tube selected is approximately 1.25 far. 
OD  with a 1/8 in. wall. The OD  would 
provide the material required to incorporate 
the thread. As designed' the outside diameter 
o f  the tube to slightly smaller tluu the minor 
diameter o f  the thread for a short distance 
from the tube end to  the thread. Also, 
beyond the thread, the outside diameter has 
been reduced to  a dimension (1.13 in) stightly 
larger than the calculated OD shown.

The m otor tube was specified to  be 3-1/8 
far. outride diameter, with a minimum wall 
thickness o f  0.087 in. With this information, 
it is determined that the wall ratio V i s  1.059. 
Refer to  sheet 1 o f  Fig 4-S; it to determined 
that the pressure ratio P /Y  to 0.056. 
Therefore:

Y
I I 0 0 X  1.15* 

0.056
2 2 4 0 0  pri

Since the yield strength for the material 
selected far this tube to 100,000 pri, it 
provides a greater factor o f  safety than the 
required 1.15.

MOUNT (TRUNNION)

The launcheT tube to very similar in design 
to the booster tube. That to, the inside 
diameter to symmetrical throughout, except 
for a short distance at one end, which is 
machined to accept the “ release”  component 
o f  the catapult locking mechanism. Also at 
this end a thread to incorporated on the 
exterior o f  the tube (see par. 6 2 .5  1). Again 
near the thread, two slots, 180 deg apart, are 
machined through the tube wall, to permit 
the assembling locking keys (see par. 6 2 .4 ). It 
was previously determined that the outside 
diameter for the booster tube is 1.0 in. Since 
this tube fits inside the launcher tube, then 
the inside diameter is estimated as 1.0 in. 
Then, using wall ratio determined previously 
(1 0 6 4 )

O D - W ' X I D =  1.064 X 1 .0=  1.064 in.

The mount shown in Fig. 6 4  to an alloy 
steel component in which the lower portion to 
circular in shape. Two pivots, 180 deg apart, 
are incorporated on the rim. This positions 
them perpendicular to the longitudinal axis o f  
the catapu't. A  short flat, parallel to  the 
centerline o f  the pivots, also to incorporated 
on the rim. The bottom  o f  the mount to 
bevelled toward a narrow flat surface, abo 
parallel to  the centerline o f  the pivots. The 
other side o f  the mount to machined in the 
shape o f  a truncated cone. The base o f  this 
cone is a narrow flat surface extending out to 
the rim. A  slot to  accept an O-ring, which acts 
as a gas seal between the mount and the 
nozzle, to machined into the conical surface

•Safety Factor
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scar the cone base. A  cavity In the mount 
acco mmo d a te  the catapult locking mecha- 
nbm . A  thread to accept the launcher tu b e b  
included at the outer end o f  the cavity.

The mount pivots are Integral with the 
mount. The diameter o f  there pivots b  
computed on the basis o f  shear strength. The 
maximum static load applied to the pivots, 
according to  the design requirements, is 8000 
lb. The maximum kinetic load F  applied to  the 
pivots, resulting from operation o f  the 
catapult, is computed by using Newton’s 
Law:

(?) * _ . l b (6- 1)

W •  propelled weight, lb, g = acceleration 
due to  gravity, ft/sec*

0m "  maximum acceleration, ft/sec1

Since W = 383 lb and a

32.2

_  ISg. 

(15 X 32.2) = 5745 lb

Since the kinetic load is less than the static 
load specified, 8000 lb in the design 
requirements the static load b  used in 
calculating the sire o f  the mount pivots. The 
mount b  made o f  4130  steel having a tensile 
strength o f  125,000 psi. Assume that the 
shearing strength b  60% o f  the tensile 
strength or 75,000 pa ; the pivot sire b  
calculated as follows:

. F  8000 X 2* . ,
A = —  *  --------------  = 0.213 m.*

F  ■ load, lb

A  ■ area in shear, in.*

The preceding calculation indicates that the 
shear area required to  support the load is 
0.213 in.* The pivot diameter design dimen­
sion chosen is 0.5 in. with a 0.196 in.* 

*cros»«ctiona l area. Since the desipi o f  the 
mount calls for two pivots, the total shear 
area o f  0.392 in.* b  more than adequate to 
support the load.

G ood mount (trunnion) design requires 
that the section o f  metal adjoining the pivots 
be sufficiently thick to prevent the pivot from 
being pulled out by the “ roots". The size o f  
the fulet radius must be a compromise 
because the mount bearing loads must be 
taken dose into the mount body so as to  
etiminate excessive bending loads. However, a 
fillet b  required to  minimize stress concentra­
tions in the comer.

The internal thread in the mount and the 
mating exterior thread at the end o f  the 
launcher tube may be designed in accordance 
with the specifications in Handbook H28 
(1969) Part I SCREW-THREAD STAND­
ARDS FOR FEDERAL SERVICES. Since the 
launcher tube has a thin wall, (See par. 
fr^.S .I), an extra-fine, 1.25 in. diameter 18 
pitch thread has been chosen. T o  determine 
the length o f  the thread required, Eq. 4-37 b  
used:

V

75,000

3 X 7000 X (  1,262/2) 
0.6 X 150,000 X 1.1742

(4-37)

= 0.125 in.

shearing stress, psi

•1 ta Ifea Iiltlr laett aad fe* msctu d

The calculations show that approximately 
two full threads would hold the design 
maximum thrust pressure o f  7000 psi. As 
designed, there b  sufficient thread in the 
mount and on the mating male thread on the 
launcher tube.
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K L & 3  HEAD

The head (Fit- 6-5) it the com ponent 
which houses the firing mechanism. It is 
cylindrical at one end and rectangular at the 
other. At the cylindrical end, an internal 
thread accommodates the booster tube, and a 
slot just beyond the thread acrommodates a 
sealing O-ring. A  cmrity beyond the slot 
accom m odates the cartridge head and a plate. 
The booster tube carrying the cartridge is 
screwed into the head until the cartridge head 
rests against the plate. The outside diameter

o f  the tube slides through the O ring, 
previously  placed in the head, thereby 
providing a gas seal. A  hole, behind the plate, 
extends into the rectangular portion o f  thr 
head. This hole carries the firing pin. A  blind 
tapped hole, with a smaller hole following, 
extends into the hole with the firing pin. This 
is machined throu^t a flat o f  the rectangular 
section o f  the head. A  shear pin in this hole 
and in a matching hole in the firing pin, holds 
the firing pin in place. A  headless set screw in 
the tapped hole prevents loss o f  the shear pin. 
A  gas inlet port is provided in the opposite

612



f l i t  A  mounting hole located near the end o f  
the rectangular portion o f  the head permit] 
assembly o f  the catapult separating tubes U> 
the seat.

The head must be strong enough to  contain 
the gas pressure supplied to the firing 
mechanism contained in the head. Also the 
area around the mounting (Fig. 6-6) must be 
strong enough to  withstand the 4000 lb 
tensile load placed on the mounting.

The minimum thickness o f  material in the 
wall o f  the mounting hole is ((0 .39  -  0 .02) -  
(0 ,500 + 0.002W2) or  0.119 (see Fig. 6-6). 
The area A  in tension a  therefore:

A  3 1.61 X 0.119 *>0.192 in.*

The head is to  be made from a steel casting o f  
dm s 150-125, therefore, the tension load 
required to  tear the material is calculated at 
follows:

F  3  S X A . I b  

_  125,000 X 0.192
"  2* (6-3)

F  3  12,000 lb

It a  obvious from this calculation that the 
head as designed can easily withstand the 
8000 lb specified tensile load.

6 4 4 4  LOCKING MECHANISM .

The catapult locking mechanism (Fig. 6-2) 
consists o f  two alloy steel keys located in a 
plane perpendicular to  the longitudinal axis o f  
the catapult. When assembled, the keys rest 
on a boss (Fig. 6-2) on  the retainer and 
extend upward through the slots in the 
launcher tube, thereby locking the catapuh. 
The keys (Fig. 6-7) are subject to  a -shearing 
stress. By use o f  the stress Eq. 6-2, the area A 
required for the latches is calculated as 
follows:

where

F  "* load! lb

Sf  3  shear stress, psi

7 0 0 0 X 2*
90,000

3 0.155 in.*

As mentioned the d e s ip  provides two 
locking keys. This provides more than the 
required cross-sectional area.

*Tbc f k m  of safety lot iuwXwjI aw tu s
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6-2&S FIRING MECHANISM

The firing mechanism b  contained in the 
catapult head. It consists o f  the firing pin 
firing pin shear pin, anid a plate (see Fig. 6-2X 
The firing pin is a cylinder that has a groove 
for an O-ring for sealing purposes, and a shear 
pin hole. The end, from which the pin tip 
protrudes, incorporates two blind holes. This 
is the means by which the firing pin b  rotated 
to  align the shear pin hole with the hole in the 
head (Fig. 6-8).

The size o f  the shear pin for the firing pin 
should be such that it will shear at the proper 
pressure build-up (sec par. 6-2.4). yet should 
not fail in drop tests for the item.

The plate acts as a firing pin stop end 
thereby prevents primer penetration. The 
small hole in the plate permits the firing pin 
tip to protrude and strike the cartridge 
primer. The length o f  this protrusion b  
controlled, by limiting the thickness o f  the 
plate.

6-3 M3A3 THRUSTER 

6-3.1 GENERAL

The M3A3 Thruster b  a component part o f  
an aircraft escape system. Its function b  to 
release the control column stowage spring and 
to supply sufficient energy to operate the seat 
actuator disconnect.

6 0 2  DESIGN REQUIREMENTS

The design requirements for the M3A3 
Thruster are:

Envelope Similar to that for the T3
Configuration Thruster

Lock Require- Initial lock required 
ments

A M C M Q U M

Locked-shut The thruster shall with­
stand lock-shut firings 
without mechanical fail­
ure

No-load The piston shall not sepa­
rate from the body when 
the thruster b  fired with­
out load

Operating Tern- -6 5 *  to+I6CPF 
perature Range

Stroke_ 1.5 m.

Firing method Gas actuation

Bypass requirements

Bypass pressure 600 psi min
at end o f  4 ft 
length o f  No.
4 hose

Propelled 550 !b
weight (verti­
cal)

6 -3 J COMPONENT ARRANGEMENT

Since the envelope dimensions are speci­
fied, the stroke b  short, and the load to  be 
propelled b  light; it b  expedient to fit the 
necessary components into the envelope and 
then, with ? better knowledge o f  the volumes 
involved, estimate the charge.

All components o f  the thruster may be 
mounted on a single longitudinal axis. A 
typical gas tiring mechanism, described in par. 
4-S.4.2, (Fig. 4-13) b  fitted to the envelope 
near the gas entry port. A  cartridge, the exact 
size o f  which b  still undetermined, b  placed 
in front o f  the firing mechanism. A  piston 
then b  fitted int i  the remaining space in the 
envelope. A locking mechanism similar to  the 
one described in par. 4-5.5 (Fig. 4-15) b  Titled 
to the pbton. Fig. 6-9 shows the layout o f  the 
components.
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F tgurt 6-9. T h n a ttr Component L ty o u t

The thruster operates in the following 
manner. Propellant gas from an initiator 
enters the gas inlet port and exerts pressure 
on the firing pin. When sufficient pressure is 
built up behind the firing pin, the shear pin is 
sheared and the firing pin is propelled toward 
the cartridge, where it strikes the primer. The 
primer fires the igniter charge (black powder) 
which ipiites the propellant in the cartridge. 
Propellant gas, generated by the burning 
propellant, causes the cartridge case to 
rupture. The propellant gas then flows into 
the volume behind the piston. Gas pressure on 
the piston forces it forward, compressing the 
spring and causing the locking keys through 
camming action to  move out o f  the annular 
groove in the end cap into the piston 
unlocking groove. The piston continues to 
move forward until it contacts the end sleeve. 
At this point, the piston transmits the force 
through the end sleeve to the load As the 
piston nears the end o f  its stroke, the O-ring 
around the piston enters an enlarged section 
in the end cap, permitting propellant gas to 
escape around the piston and through the 
bypass port while the piston completes its 
stroke.

6 3 .4  FIRST-ORDER APPROXIMATIONS

Before workhorse models o f  the thruster 
can be fabricated, using the tentative 
component arrangement already discussed.

the propellant charge must be estimated so 
that a cartridge size can be approximated. The 
pressure needed to produce the desired thrust 
with the selected piston is used to  establish 
the wall thicknesses and other component 
dimensions,

£ 3 .4 .1  THRUSTER

The thruster is designed to supply gas at a 
pressure o f  1,000 psi to  a 0.062-in.J chamber 
at the end o f  4  ft o f  hose after moving a 
SS0 lb weight vertically upward for 1.5 in.

6 3 .4 3  PISTON ASSEMBLY

The tentative diameter o f  the piston is 9.50 
m., with a corresponding area o f  0.20 in.2. T o 
raise the 350-lb load, the minimum pressure 
required is 2.750 psi. (The actual pressure 
should be at least twice this, to allow for such 
effects as temperature and friction.) The 
volume swept by the moving piston is 0.20 X 
1.5 or 0.30 in.* The initial free volume o f  the 
cylinder, taking into account the cartridge 
retainer, etc., is 0.98 in.2 The total final 
interior volume o f  the thruster is then 1.28 
in.2

6 3 .4 3  PROPELLANT CHARGE WEIGHT

Since the thntster must also supply bypass
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gas, the charge weight is calculated in two 
parts. The approximate charge for thrust is 
found by use o f  Eq. 4-16:

C  3 3.07 X 10** (4-16)

where

F , = average resbth* force, lb 

3 stroke, ft

Since F  3 550 lb and j 3 1.5 in.

C  3 3.07 X UT* X 550 X 0.22 gram

The charge required for bypass can be 
calculated from Eq. 4-23 with suitable 
interpretation o f  Pr  The required pressure at 
the end o f  4  ft o f  hose is 1.000 psi; however, 
turbulent, high-velocity flow at the bypass 
tube entrance will cause loss o f  pressure to 
about 70 percent o f  the theoretical value, i.e.,
1,000 psi is 70 percent o f  Pr  From Eq. 4-23. 
the required charge is found to be about I 
gram. The total charge, for thrust and bypass, 
then, b  approximately 1.25 grams.

Assume that the baUistician wiO use H8 
propellant for the workhorse studies. H8 is 
suitably slow-burning, and one grain has 
adequate size (S/8-in. long, with 5/16-in. OD) 
to fit the chamber and weight (1.25 grams) to 
approximate the charge. Eq. 57 in Appendix 
VIII o f  Ref. 2, Chapter 4, will give the 
chamber pressure just before opening o f  the 
bypass port. Using the 1.25-gram charge and 
1.28-in.* chamber volume, with 3.1 X 10* 
ft-lb/lb impetus and a 0 t value o f  0.35, the 
chamber pressure Pf  is about 5,300 psi. Thus, 
it satisfies the requirement for a pressure 
twice the minimum. (The value o f  0, was 
chosen at the minimum because (he thruster 
b  small, and the work done represents only 
about one-fifth the total charge requirement.)

6 -3 4 .4  CARTRIDGE

The cartridge consists o f  a case containing

the propellant, igniter, primer, and head (see 
Fig. 6-10). Table 4-1 shews that the smallest 
diameter o f  any o f  the standard cartridge 
cases b  0.550 in. Thb case size u  satisfactory 
because the igniter will be placed in the main 
propellant chamber along with the grain. 
(Separate igniter chambers seldom are ired  
with small cartridges.) The cartridge case 
selected has a chamber length o f  1 in.

An M72 Percussion-type Primer b  selected 
for use with the igniter in the cartridge. (See 
Table 4-2 for data on thb primer.)

The cartridge case selected for this 
application b  0.550 in. in diameter; however, 
the body o f  the thruster cannot be made with 
an inside diameter small enough to house the 
cartridge properly and still maintain the 
specified outside diameter without adding 
appreciably to the weight o f  the assembly. 
Equally important, if the inside diameter o f  
the thruster was made small enough for 
proper housing o f  the cartridge, the initial 
volume o f  the device would be decreased and 
the expansion ratio would be increased. For 
these reasons, the inside diameter o f  the 
thruster body is made as large as possible. A 
cartridge retainer, similar to the type used in 
initiators, b  employed to prevent plugging o f  
the bypass port and to prevent shatter o f  
propellant at -6 5 °F . This retainer fits snugly 
around the cartridge. The breech is threaded 
into internal threads in the cartridge retainer 
thereby holding the cartridge and cartridge 
retainer in place. Four slots are machined in 
the wails o f  the cartridge retainer. These slots 
permit the walls o f  the cartridge to  rupture 
and allow the propellant gas to  escape while 
retaining the propellant grain in the cartridge.

6-0.5 COMPONENT DESIGN 

8 3.5.1 BODY

The body (Fig. 6 -11) is a cylinder with an 
external thread at one end for assembly to the 
end cap. Two blind holes (180 deg apart) in 
the thread hold nylon pellets which act as
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F ig u n & t t .  T h n a ttr Body

locking agents. The other end incorporates an 
internal thread for assembly to  the breech. 
The body houses the cartridge at the breech 
end and houses a part o f  the piston at the 
other end. The remainder o f  the piston 
extends into the end sleeve.

The maximum pressure that the threaded 
area (between the end cap and the body) will 
withstand is calculated by using Eq. 4*37. (It 
is assumed the body will be made o f  7075-T3 
aluminum alloy as per FA-PD-MI-2566.)

»  LS‘ d  0-50 X 36,900 X 0.8227

' ‘  '  3 *  ( * 5 2 ° ) ’

»  26,400 psi (4-37)

used in the calculations.

The triaxial load equation can only be used 
if the piston applies the full load longiiudi- 
nally to the body. In this case, the peak 
pressure, which the body will contain, may 
occur before the end o f  stroke, before a full 
longitudinal load could exist; therefore, the 
biaxial equation. Eq. 4-36 (which provides the 
highest stress), is used.

£  W * -  1

r  V t t p r n

p  -
(hr l - l )  
(3H '"‘  + I) * t(4-36)

where

, OD 1 .0 7 -0 .0 1
W '  s  —  a  .1

ID  0.920

In the calculated bypass pressure example 
(par. 6-3.4.3) for the M 3A3 Thruster, the 
peak pressure is only S J 0 0  psi; therefoie. the 
threaded connection will withstand over four 
times the estimated peak pressure.

The wall strength equation, Eq. 4-34. is 
used to  calculate the maximum pressure 
(locked-shut) that the walls o f  the body will 
withstand. When several sections o f  wall 
thickness appear thin, the wall ratio o f  each 
section is found, and the smaller wall ratio is

* 1.16 (at undercut o f  threads, 
cartridge end)

0.500 *  0.003

= 1.63 (at undercut o f  threads, piston 
end)

f T l tb  e q s a t io a  rmj  n o t  be kH  n b c n  i m t M t t n  m  pre- 
n t  '
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r  • 56.000 X 

7600% ----- -- ■
I I S *

(1.16* -  1) 

I3(i.i6)!* ♦ ir >  
6,600 pd

On the ban* o f  these calculation*, it i* 
apparent that the body, as designed, will 
withstand the maximum pressure developed 
(S.JOO psiV

6 X B .J  BREECH

The breech (Fig. 6*12) is a steel cylinder 
with an axial gas inlet port. The breech house* 
the Firing pin and acts as the firing pin guide.

*S*frty b ( M .

The dosed end o f  the breech has a contoured 
base to fit the cartridge head. The Firing pin 
protrusion beyond the face o f  the breech is 
0.037 + 0.008, in. This is the protrusion 
permitted by the primer speciFication. C ose  
tolerances must be established for the forward 
end o f  the breech because (1 ) the face o f  the 
breech must seat on the cartridge head to 
support it. and (2 ) the closed end o f  the 
breech must create the pro per spacing for 
Firing pin protrusion. Four equally spaced 
radial holes are located on the outside 
diameter to permit the breech, to  be held with 
a spanner wrench when assembling the unit. 
Two threads are incorporated on the exterior 
o f  the breech, adjacent to  the dosed end. 
Two blind holes. 180 deg apart, are machined 
into each thread. Nylon pellets pressed into 
these holes act as locking agents for the

Figure 6-12. Thruster Breech Assembly
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thruster body assembly (large thread) and the 
cartridge retainer (small thread) (see Fig. 6-9).

The Tiring pin is located ahead or  the gas 
inlet port in a position where it cannot be 
contacted by the end o f  the hose fitting A 
hole in the breech, normal to the longitudinal 
axis o f  the device, is provided for the firing 
pin shear pin. A setscrew backs up the shear 
pin to retain the pin and to  prevent gas 
leakage.

8 4 .S .3  TRUNNION

The trunnion on the thruster is simJar to 
that used in the example o f  the catapult. The 
trunnion (Fig. 6-13), located between the 
breech shoulder and the end face o f  the body, 
is nee to rotate a full 360 deg to  facilitate 
mounting the thruster.

In designing any trunnion, the pivots must 
be located in such a way that there is no free 
play (side shake) when the thruster is in the 
mounting; otherwise, the pivots will be 
exposed to  bending stresses as well as shearing 
stresses. Stress concentrations around the 
trunnion pivots should be minimized by 
avoidirig'sharp comers where the pivots join 
the trunnion ring

The trunnion pivots must be strong 
enough to permit the full tension load to be 
applied to the thruster without deforming or

shearing the pivots. The maximum load that 
the 0.2S0-in.-diameteT pivots can withstand is

F m StA . lb (6-4)

where

F = maximum load, lb

s, = shearing stress (60  percent o f  yield 
strength), psi

A ■ area o f  one trunnion pivot, in.1

F
125.000 X 0 6  X 0.049 

'  2*

»  1,8401b

From this calculation, it is obvious that one 
pivot can withstand the maximum load in 
shear. The trunnion could also fail by tearing
through the ring on both sides o f  a pivot. The 
area which is subject to tearing is:

A = 2 X (trunnion ring thickness) X 
(trunnion width)

A = 2 X 0.075 X 0.500

A = 0.075 in.’

•Safety factor of 2 h ued for ttrammd  member.

Figure &  13. Trunnion fo r Thruster
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Use this figure and the stress formula 
where F  ■ maximum load; S# ■ shearing 
stress; and A »  area subject to  tearing:

„  1 2 5 ,0 0 0 X 0 .6 X 0 .0 7 3
2*

*  2,8101b

The preceding calculation indicates that 
there is sufficient area through the ring on 
both sides o f  the pivot to prevent the material 
from tearing through under the applied load.

*3.5.4 FIRING MECHANISM

The firing mechanism consists o f  a firing 
pin and a shear pin. The firing pin (Fig. 6-14) 
b  a small alloy-steel cylinder with a projection 
(tip) on one end and a slot on the other end. 
A  shear-pin hole b  located radially in the 
body o f  the firing pin This hole accom­
modates a 0.040-in. diameter shear pin that 
positions and retains the firing pin in the 
breech prior to actuation. The slot in the rear 
face o f  the firing pin permits the pin to be 
turned in the breech during assembly to align 
the shear pin holes in the firing pin body and 
the breech. An O-ring on the firing pin 
prevents the gas entering the inlet port from

*S*fcty fa cta  o f  2 b  nacd for latmmml mnafccr.

escaping past the firing pin. The O ring is 
located so that it does not pass over the shear 
pin hole as the pin is propelled forward. The 
length-to-diameter ratio o f  the firing pin was 
established at 1.5 (Table 4-3), and the travel 
was designed to produce the required 60 
in.-oz o f  energy to  fire the M72 Primer (Table 
4-2).

*3.5.5 END CAP

The end cap, Fig. 6-15, is a short aluminum 
cylinder with internal threads for attaching 
the body. A  bypass port extends from the end 
cap normal to the axis o f  the thruster. The 
bypass incorporates a standard type boss. 
Interference and stopping shoulders, to stop 
the piston at the end o f  stroke, are located 
ahead o f  the byparj port. The O-ring seals are 
positioned so tPst the relative motion o f  the 
components wJl not cause them to pass over 
any holes or grooves which could tear the 
seals and render them ineffective.

The thinnest section o f  wall in the end cap 
not only has a larger wall ratio than the body, 
but aka is subjected only to the bypass 
pressure; therefore, it is not necessary to  
calculate the strength o f  the walls in this 
component. A 0.000 to 0.003-in. interference 
fit (Fig. 6 -IS) which extends for 0.1 in., 
absorbs most o f  the kinetic energy o f  the
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piston before it strikes the stopping shoulder 
in the end cap. Tests must be conducted to 
determine whether the proposed interface fit 
and shoulder are capable o f  stopping the 
piston without causing permanent deforma­
tion to the end cap or the piston.

64J5.6 END SLEEVE AND LOCKING 
MECHANISM

The end sleeve has external threads for 
connecting the thruster to  the mechanism to 
be actuated. A  hexagonal flange is located at 
the rear o f  the threaded projection. The 
locking mechanism for the thruster consists o f  
three kidney-shaped keys (Fig. 6-16) that are 
located in slots equally spaced around the 
circumference o f  the end sleeve.

Due to space limitations o f  thrusters o f  this 
small size, the key lock design becomes most 
critical. In the design o f  this thruster, a very 
shallow groove is provided for the lock keys 
in the end cap. Although this is not a 
desirable situation and makes for^diffkulty in 
the lock design, spice limitations dictated its 
use. The key lock is far superior to the ball 
lock design used in earlier designs for the 
initial locks, although its load capacity is not 
realized fully when a shallow groove b  used. 
The keys tend to seat when subjected to  the 
loads specified. Therefore, some permanent 
set occurs in the lock groove due to the loads 
imposed by the 100 percent inspection o f  the 
locks. Thb load capacity becomes increasingly 
higher as the bearing area increases because o f 
“ BrineOing". A bo, thb capacity becomes
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F igur§& 16. Thnater Locking Kay

greater because the deformed metal obtrim  
some support from the end sleeve.

The load capacity under certain sudden 
unsustained loads is greater than the permis­
sible bearing loads within the elastic legion. 
The criterion used for inspection is that the 
unit shall not unlock under the suddenly 
applied load, 800 lb in this case. This load 
should not be used as the operating load in 
actual installation. Because plastic deforma­
tion is encountered and the metal becomes 
confined by surrounding material, design 
calculations becom e impractical The most 
reliable solution, therefore, is obtained by 
experiment Fig. 6-17 shows a aeries o f  
toad-deflection curves obtained by testing the 
locking keys in a fixture. It will be noted that 
the curve is almost linear up to  800 lb, which 
is the load required in the specifications.

T o  insure that the material between the 
slots for the locking keys will not tear because 
o f  tension loads while the unit is locked, the 
minimum thickness o f  material for walls o f  
the sleeve is calculated:

1 a
5 5 s ,  •i"-

(6-5)

where

t «  wall thickness, in.

F 3 maximum load, lb

N *  number o f  webs

D 3  circumferential distar oe 
slots, in.

between

s . s  tensile strength, psi

800 X 1.15*
t  9

3 X 0.24 X 125.000

= 0.010 in.

The end sleeve may also fail in compression 
when the piston is moving the required load.

■Safety bets*
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Deflection, In.

F igurt6 -17 . Load D eflection Curvet fo r Keylock Mechanism

The maximum compression force F  due to 
thrust is:

1,000 X 1.15*

3 X 0.24 X 123,000
0.013 in.

F  -  FA 

where

(6-6 ) The walls o f  the end sleeve are, therefore,
made thicker than 0.013 in.

P  = operating pressure (3 ,300 psi)

A  = piston area, in.1

= ( »  X
0.4861

4
0.19 in.1)

F  *  5,300 x 0.19 «• 1,000 lb

The minimum thickness for the walls o f  the 
sleeve to  withstand the compressive force is 
calculated in the same manner (Eq. 6-3) for 
the tensile force:

r
F

NDS,

6-3£.7 PISTON GROUP ASSEMBLY

The piston group consists o f  a piston, end 
sleeve, piston locking spring, and locking 
keys. An O-ring is located on the large outside 
diameter o f  the piston (Fig. 6-18) to prevent 
toe propellant gas from escaping. The 
stopping shoulder is located on the piston in 
front o f  the O-ring groove, and the diameter 
o f  the piston behind the O-ring is smaller than 
the bore o f  the end cap to  permit gas to 
escape around it after the O-ring dears the 
bore o f  the body. The initial locking and 
unlocking surfaces are located on the outside 
diameter o f  the piston at the small end. The 
forward 2 in. o f  the piston are > Dow, and

*safHr (k «m .

*  *
6-26



u o u m m vu u l  V IS  unBu

* majo

b -oev

6-
27



!

I

I

I

M R r i t W t

the piston locking spring is inserted in this 
section. slenderness ratio

2.8
I m m  1 
0.12

23.3

The design o f  the piston locking spring 
requires a force o f  20 lb to be exerted on the 
piston before the spring will compress 
sufficiently to permit the locking keys to 
move inward, and unlock the piston and end 
sleeve. Although the end sleeve is a part o f  the 
piston group, it is described with the locking 
mechanisms because it contains the locking 
keys.

In designing the piston, the size o f  the 
critical column depends on the area, end 
conditions, modulus o f  elasticity, moment o f  
inertia, and the slenderness ratio. The 
ultimate load or the induced stress can be 
computed. Much depends on whether the 
column is a “ tong" or  “ short" column. 
Although the piston is hollow, the moment o f  
inertia is relatively large because o f  the 
location o f  the man with relation to  the 
center. The hole in the piston (for the spring) 
is made as small ss possible without requiring 
a spring so small in diameter that it will 
“ m ake" or  kink. The piston is made o f  
aluminum alloy and has a slenderness ratio o f  
23. The slenderness ratio (£ /* ,  where £  is the 
length and k is the radius o f  gyration) is 
found as follows:

slenderness ratio = —  (6-7)

where

£  = the length o f  the piston taking the 
maximum load is 2.8 in.. i.e., (3 .5 ­
0 .6 8 ) ^ 2 .8

assuming the hole extended the length o f  the 
piston.

t ^ . 4 3 '  ♦ 0 .2 I4 1 A , ,
k = --------------------------*  0.12

4

Columns having slenderness ratios o f  less 
than 40  are not subject to  critical bending 
failure but will fad first in compression. The 
maximum compressive load which the piston 
can resist is by Eq. 6-3:

66.000 X j  (0.43* -  0 .2 I4 1) X 

«  5,900 lb

6 4  M l 13 INITIATOR

6 4 .1  GENERAL

As mentioned at the beginning o f  this 
chapter, the Ml 13 Initiator is one o f  a new 
family o f  subndniature ini ba ton . This new 
group o f  initiators evolved Grom the develop­
ment o f  an “ in-line" subminiature initiator, 
the M I04. This item permitted the integration 
o f  a firing mechanism, either mechanical (as 
the M i l l )  or gas to  complete an assembly. 
Also, these items easily could be converted to 
delay ini tutors by assembling a delay 
component between the firing mechanism and 
the initiator.

6 4 J  DESIGN REQUIREMENTS

The specifications for the Ml 13 Delay 
Initiator and M I04 Initiator included  the 
following requirements and physical charac­
teristics:

( I )  Mi 13 Initiator.

Envelope T o be reduced in size
when combined with a 
delay component ( i f  re­
quired) and a M l0 4 Ini­
tiator.

*S «fctjr f i r tn * .
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Standard Size length o f  the hose in inches. The volume o f  
the Initiator can be estimated from the

Maximum length 6 in. envelope dimensions. Since no cartridge is 
used (the M I04 Initiator b  used), a

Maximum width 3 in. substantial reduction o f  the size o f  the 
chamber may be accomplished. The initial

Maximum thickness 2 in. volume o f  the chamber (0.147 in.1) o f  the 
M l04 Initiator b  calculated from its dimen-

Operating tern- —65* to aons.
peratura limits 2Q0*F

The computed volumes and Eq. 4-23 are
Delay time 0.3 sec used to determine the propellant charge. The 

charge weight is calculated as follows:
Pressure delivered

at end o f  15 ft No. 
4 hose at 70° ± 5*F 2300 psi max 

1000 psi min

Method o f  actua-
Solve for charge weight C

tion P > c -fp iltlL L
(21M 104 Initiator L' j  1 2 / T i - #

Operating tempera- -65®  to
tu n  limits +200°F

Pressure delivered at 
end o f  15 ft No. 4 
hose at 70* ± 5®F 600 psi

Method o f  actua­
tion gas

6 - 0  FIRST-ORDER APPROXIMATIONS

The propellant charge must be calculated 
prior to estimating the peak pressure, which 
the device must be designed to withstand. The 
propellant charge can be calculated on the 
bass o f  the pressure that is to be generated in 
the pressure gage chamber and the volumes o f  
the pressure chamber, hose, and initiator 
chamber.

where

r ,
= 600 psi

\ - 30 fM b/in .1

- 0.0276 in.1

K
» 0.062 in.1

y,
3 4.9 in.1

7 3 1.25

= 0.25

F = 1 X 10s ft-lb/lb

Substituting these values in E<;. 4-23 gives a 
charge weight o f

The volume o f  the pressure gage chamber is 
specified as 0.062 in.1 The volume o f  the 
hose can be calculated by multiplying the 
cross-sectional area (0 .0 .7 6  in.1) by the

C  = r ___  12 X 3 0 X  0 .0 2 7 6 (1 .2 5 -1 )1
l600*--------- 0 0 6 2 + T 9 -----------------J

(corn 'd)
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0.062 ♦ 4 ,9  -J
12 X (I X 10sXI -  0.25) J

C  -  3.3 X lOT* lb *  1.5 grams

With this calculated charge, the locked-shut 
pressure may be estimated using Eq. 4-38.

tV  -  0.0264 FC  (4-38)

or

.  0.0264 FC
,m  r

where

C  ■ charge weight (1.5 grams)

V  ■ locked-shut volume (0.147 to.*)

„  0 .0 264 X  1.5 X 10*P m ................ -
0.147

t  *» 26.900 psi

The device, therefore, should be designed 
to  withstand a maximum locked-shut pressure 
o f  26.900 psi

8 4 4  COMPONENT ARRANGEMENT

A rough estimate o f  envelope size has been 
obtained A g ing the first-order approxima- 
ta—  The firing mechanism, the delay 
demewt unit, and the initiator (M 104) have 
been designed to  fit into the estimated 
enve h y t The mounting bracket has been 
d e n i ed in conjunction with 'he estimate 
envelope « d  the firing mechanism. This 
b n d r t  a t e  wfll permit interchange o f  the 
MM3 tone Fig. 6-19) submiiuature size 
miliar or with the standard size iritiator in an 
axrcnft escape system.

64A1 INITIATOR

The initiator operates in the following

manner. Propellant gas from another scurce 
enters the gas inlet port and exerts pressure 
on the firing pin. When sufficient pressure is 
built up behind the firing pin, the shear pin b  
sheared and the firing pin b  propelled toward 
the percussion primer in the delay element 
unit. The primer ignites the delay charge, 
which -  after the elapsed hunting period -  
will ignite the propellant in the initiator. The 
gas produced by the burning initiator 
propellant then flows through a hose to 
another propellant actuated device.

6 -4 .4 2  FIRING MECHANISM

THii firing mechanism consists o f  a firing 
pin and a shear pm. The firing pin (Fig. 6-20) 
b  a small aluminum alloy cylinder with a 
projection (tip) on one end and a slot on the 
other end. A shear-pin hole b  located radially 
in tlie body o f  the firing pin. Thb hole 
accommodates a 0.040-in.-diamcteT shear pin 
that positions and retains the firing pin in the 
housing prior to actuation. The slot in the 
tear face o f  the firing pin permits the pin to 
be turned in the breech during assembly to 
align the shear pin holes m the firing pin body 
and the breech. An O r n g  on the firing pin 
prevents the gsc entering the inlet port from 
escaping past the firing pin. The O-ring b  
located so that it does not pass over the shear 
pin hole as the pin b  propelled forward. The 
length-to-diameter ratio o f  the firing pin was 
established at 0.9 (Table 4-3) and the travel 
was designed to produce the requited 26 
in.-oz o f  energy to fire the M42 Primer (Table 
4-2).

* 4 .4 .3  DELAY ELEMENT

A design requirement specified (see par. 
6 4 .2 )  that a 0.3-sec delay be included. Thb b  
provided by the delay element assembly. Fig. 
6 2 1. The delay element consists o f  a body, a 
retainer and primer subassembly, and the 
delay charge. The delay charge consists o f  an 
output material, and a delay composition o f  
barium chromate and boron. The delay time 
b  controlled by variations o f  the composition 
and weight. The mixture b  pressed into pellet
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form, and inserted in increments into the 
delay body. It has been determined that two 
pellets o f  output material, and tw o Incre­
ments o f  delay composition are required. The 
delay composition increments are pressed into 
the cavity separately.

The delay charge is ignited by a percussion 
primer. The gas produced during the burning 
o f  the delay charge is contained within the 
volume o f  the delay element. When the delay 
element bums through (with a laminar 
thermal reaction) the output material (pellets 
-  see Fig. 6-21) the gases produced pass 
through into the initiator.

64.4,4 M104 INITIATOR

The M l04 Initiator, Fig. 6-22. wre first 
designed as an "in-line”  initiator, o f  reduced 
size. This item would be inserted at 
appropriate points in the transmission base o f  
an emergency escape system where a boost in 
gas pressure is necessary. As mentioned in par. 
6-4.1, this initiator made possible the 
development o f  the new family o f  subminia­
ture initiators.»

This initiator consists o f  a female and male 
bodies, which, when assembled forms the 
chamber which contains the propellant. The 
female body has one open end, i.e., a cavity 
with an internal thread. At the other end. a 
projection from the body provides a standard 
male (fitting) thread. A hole runs through the 
center o f  the thread mto the cavity. The male 
body is similar to the female body, except 
that at the open end an external thread is 
provided. A  flash tube is fitted into the holes 
through the centers o f  both bodies. This tube 
has a blind hole drilled in from each end to 
within 1/8 in. o f  each other. A bo . close to the 
bottom  o f  each o f  these holes, eight holes are 
drilled inward from the outside diameter into 
these holes. These holes permit the hot gases 
entering through one end to  ignite the 
propellant in the cavity. The burning 
propellant generates the gas pressure that will 
bleed o f f  through the other end o f  the 
initiator. The male threads extending from 
the bodies permit the attaching o f  the ho** 
whereby the initiator is connected to anot'.ier 
remotely installed propellant actuated device. 
The other thread permits the attachment o f  a 
firing mechanism and/or a delay unit when 
required.

' --------PROPEUANT

Figure 6-22. In itia to r, Propellant Actuated, 14104 Assembly
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M .S  COMPONENT DESIGN 

1 FIRING PIN MOUSING

0.5631 X (77000 X 0.6) X 0.6717 
3 X (0.7615/2)*

The firing pin homing. Fig. 6-23, h  a at eel 
cylinder with an axial gas inlet port at one 
end. A pair o f  flat surfaces are included on 
the outride diameter at thii end to permit 
Item to be held when assembling the unit. The 
Tiring pin u  located ahead o f the gas inlet port 
where it n tm t i  be contacted by the end o f  
the how  fitting. A male thread Is located on 
the exterior next to the (lit* and above the 
arction homing the Tiring pin. A (hallow 
counterbored hole la followed by a smaller 
diameter hole, for the Tiring pin shear pin is 
bored through the external thread and into 
the area carrying the Tiring pin. A rubber plug 
ia pressed into the counter bored hole. A 
Tiring pin stop shoulder to included at the end 
o f  the firing pm chamber. A hole In this 
shouMer permits the Tiring pin projection to 

' extend into the next chamber. This shoulder 
thickness is controlled so that the Tiring 
protrusion shall be within 0.025 to 0.031 in. 
U K  Table 4-5). A bole on this side o f  the 
shoulder to c f  a diameter equal lo  the minor 
diameter o f  the female thread which con ­
tinues lo  the end o f  the housing. The delay 
unit is screwed into this end o f  the housing 
until it contacts the stop shoulder. The 
exterior thread permits the assembly o f  the 
initiator to  a mounting bracket (Fig. 6-24) 
which in turn permits adoption o f  the 
initiator into the aircraft escape system.

The maximum pressure that the threaded 
i n  (between the housing and mounting 
bracket) will withstand to calculated using Eq. 
4-37. (It is assumed the mounting bracket will 
be made o f  707S-T6 aluminum alloy per 
specification QQ-A-225/a.)

. 3PR*

“ T?
;  ■

LS 'd

3R* 14-37)

% 40170 psi

The preceding calculation indicates that the 
item will be retained in the mounting bracket 
when subjected to the estimated lorked-shut 
pressure.

G 4 J J  DELAY ELEMENT BODY

The delay element body to steel cylinder 
open at both ends. One end incorporates an 
axial hole which houses the retainer and 
primer subassembly (tee Fig. 6-25). A hole 
with a smaller diameter follows. The output 
material and the delay composition are 
contained in this section. A shoulder to 
included al the end o f  this chamber. The 
shoulder has a central small hole that leads 
into the next cavity. A standard Titling type 
female thread in this cavity permits assembly 
to the M l04 Initiator.

The exterior diameter o f  the body to 
smaller at the primer end. The diameter at the 
other end approximates the outside diameters 
o f  the adjacent components (see Fig. 6 -14). A 
pair o f  narrow flat surface: are provided on 
this diameter to permit holding the part at 
assembly.

An exterior thread to included on the 
smaller diameter adjacent to the large 
diameter. This provides for assembly o f  the 
delay unit to the Tiring mechanism. The 
maximum pressure which this thread will 
withstand to calculated using Eq. 4-37. (It to 
assumed the part will be made o f  a carbon 
steel bar, specification QQ-S-637.)

L
3PR*

V

P  -
LS,d 
3 R*

(4-37)
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0.231 X (80,000 X 0 .6 ) X 0.369424
•  »  ■ i  ..................................  i ■

*  27,000 pa

Thii calculation indicates that the delay 
unit will not separate from the firing 
mechanism upon development o f  the locked- 
shut pressure previously estimated.

6-L&3 INITIATOR (M104) BODIES

The chamber that contains the initiator 
(M l 13) propellant is formed by the assembly 
o f  the female and male bodies described in 
par. 6-4.4.4 (see Fig. 6-22). The male threads 
extending from the bodies permit assembly o f  
the item as an in-line initiator. Also, when 
combined with a firing mechanism (gas or 
mechanical) and/or a delay unit, it win 
complete a miniature initiator.

This initiator may fail in either or both o f  
the following conditions: ( I )  the chamber 
walls may not contain the estimated locked- 
shut pressure (25.100 psi) and (2 ) the threads

may fail to  hold the initiator to the adjacent 
components.

The wall thickness required, may be found 
by using the curves o f  Fig. 4-5, sheet no. I. 
The bodies are made o f  steel, with a yield 
strength o f  40,000 psi. The mating o f  the male 
body with the female body forms the wall o f  
the propellant chamber (see Fig. 6-22). The 
Jireaded area is considered as the solid wall o f  
the chamber.

L  -  25 100 X l  l5< -  0 7 2 2
Y 40,000

The maximum pressure that the male 
threads at the end o f  bodies will withstand 
has been determined as follows. These male 
threads are identical to  the male thread on the 
delay element body (see par. 6-4.S.2). Also, 
the length o f  thread on the initiator bodies is 
slightly longer than that on the delay element 
body. Therefore, as determined in par. 6-4.5 2 
the initiator will not separate from the 
adjacent components when sunjected to the 
estimated locked-shut pressure.

‘ Safety fa cto
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CHAPTER 7

PERFORMANCE EVALUATION

7-1 TEST PROCEDURES

7-1.1 GENERAL

Tw o Military Specifications, MIL-C-83I24 
and MIL-C-83I2S, respectively, refer to  the 
test procedures that apply to cartridge 
actuated devices and to the cartridges for 
these items. Separate specifications exist for 
aircraft emergency escape systems and electric 
ipiition elements. Testing that is performed 
an a propellant actuated device is conducted 
to determine if  the requirements contained in 
these specifications are met.

7-1.2 DEVELOPMENT EVALUATION PRO­
GRAM

7-12 A  GENERAL

During the development program, nearly 
designed propellant actuated devices are eval­
uated to insure that they meet desips require­
ments. Workhorse models, strong enough to 
stand repeated firings, are fabricated from de­
sign drawing. These workhorse models are 
tired to  develop the proper charge and to  as­
sure the feasibility o f  the design. After charge 
development and the elimination o f  weak­
nesses in design through firings and modifica­
tion o f  the workhorse models, several proto­
type models are fabricated and evaluated.

Prior to development firings, it is important 
that all devices be given a 100 percent inspec­
tion and the dimensions recorded so that, in 
the event o f  malfunction or failure, the units 
may be checked against their original dimen­
sions. All cartridges should be X-rayed to as­
certain proper assembly o f  primer com po­
nents.

The firings which must be conducted and 
the characteristics which must be recorded are 
determined by the design requirements. The 
ballistic firing program described a  typical, 
except when a device contains a component 
or subassembly that a  identical to one that is 
a part o f  an already standardized device; then 
aO or a portion o f  the ballistic firinp may be 
waived by agreement with user.

7-1X2 WORKHORSE MODEL EVALUA­
TION

WrakhsTse nsodch are used to  develop the 
charge, determine the locked-shut pressure, 
and check the general operation. The 
workhorse model may include provisions for 
— — " ■ I  characteristics that may not be 
measured in later models; for example, it may 
be designed to  accept pressure pickups or 
piezo e lectric gages to record internal pressure.

Normally, the test program that follows is 
implemented. Workhorse models are fired at 
70“ F to  establish the propellant charge. A 
minimum o f  three rounds are fired with each 
experimental charge. When a charge produces 
satisfactory results, a series o f  at least 10 
rounds is fired; 5 at -6 5 * F . and S at 20CTF. 
If the performance at -6 5 * F  and 200*F is 
satisfactory, five cartridges are fired at -9 0 °F  
to insure that the ignition system functions 
properly. When the locked-shut requirements 
are specified, a series o f  at least three firin g  is 
conducted at 200“ F to determine that the 
maximum pressure which the device may 
experience can be tolerated.

If “ no-toad" requirements are given, a
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minimum o f  three rounds in the “ no-load" 
condition must be tested, end the perts 
inspected for rupture or permanent deforma­
tion. Component dimensions may be checked 
against original inspection records to  deter­
mine if deformation h a  taken place. No4ood 
requirements generally are given with doard* 
system stroking devices to  insure that the 
body o f  the device win retain the piston, 
tubes, cutter blade, or gas pressure when the 
device is operated and permitted to  stroke 
without a restraining load.

The satisfactory completion o f  these firings 
qualifies the device for prototype evaluation.

7-1.2J PROTOTYPE EVALUATION

7-1X3.1 GENERAL

Evaluating prototype units is conducted to 
insure that the performance o f  the heavy-duty 
workhorse models can be duplicated in a 
device that meets weight restrictions. Two 
programs are conducted: structural and 
performance.

7-1.7X2 STRUCTURAL EVALUATION 
PROGRAM

7-1X3X1 General

Structural evaluation indudes tension, 
compression , vibration, drop, wall strength, 
and leakage tests. The tension and compres­
sion tests are conducted at -6 5 * .  70*. and 
200°F with the device mounted as it will be 
mounted in service. The maximum loads are 
applied, and the trunnions and initial and 
final locks are checked foi permanent 
deformation or failure.

7-1.7 a 7.7 Vibration

At least three units are vibrated in 
accordance with Military Specifications.

7-1.2.3JL3 O n* Tam

Three units that have been vibrated are 
dropped 6 ft on to a slab o f  reinforced 
concrete. Tw o o f  the three units are dropped 
so that the longitudinal sxh  o f  the firing 
mechanism b  perpendicular to the concrete at 
the instant o f  impact. The units should strike 
the concrete at opposite ends o f  the 
longitudinal axis. The third unit is dropped so 
that the axb o f  the firing mechanism b  
parallel to the concrete at the instant o f  
impact. A similar test b  carried out from 40 
ft.

7-1.2X2.4 Wai Strength

Several special cartridges are fabricated and 
used to evaluate wall strength. One special 
cartridge should provide ISO percent o f  the 
maximum peak operational pressure. Thb 
cartridge b  fired in a unit after conditioning 
at 200°F. and the unit b  inspected for 
deformation. A second special cartridge b  
fabricated with sufficient charge to  produce 
115 percent o f  the maximum locked-shut 
pressure obtained in the workhorse model 
tests. Thb cartridge b  installed in a unit that 
b  conditioned at 200° F, and the unit b  fired 
locked shut. If rupture does not occur, the 
unit b  acceptable. When the design does not 
permit the use o f  a boosted charge, 
hydrostatic tests are submitted. In hydrostatic 
tests, a fluid b  pumped into the pressure 
chamber o f  the device at pressures compara­
ble to  those obtained with the special 
cartridges Thb test often b  used to test wall 
strength in catapult tubes.

7-1X3X S No-load Requaemants

A final structure test b  necessary for 
thrusters and cutters required to withstand 
no-load firm *. These units are conditioned at 
200° F and fired. The devices are inspected for 
permanent deformation or component failure.
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Tbe internal and external joint* o f  the 
device are tightened to the minimum 
breakaway torque, as specified, and the 
assembled units are tested for leaks.

M X 3 X 8  Failures

i f  a failure occurs during the structural 
tests, the deficiency must be correc ted before 
the program is tvsumed.

7-1X 13 PERFORMANCE

7*1X13.1 Gamrel

The satisfactory completion o f  the struc­
tural evaluation program qualifies the design 
for the sreond phase o f  the prototype 
evaluation program: performance evaluation.

fcrformancc evaluation o f  the prototype 
design is the final phase in the development 
evaluation program. A sufficient number o f  
prototype models must be fabricated to 
permit the program described.

7 -1 X 11 2  Performance Requirements

At least 10 firings at each temperature. 
—65*. 70*. and 200* F, are conducted to 
insure that the performance o f  the device 
meets design requirements. T o check ignition 
and the action o f  the firing mechanism below 
the lowest specified temperature, at least 10 
firings are conducted at -90°F . These usually 
are done using only the cartridge and firing 
mechanism portion o f  the device.

7 -1 X 1 1 3  No Load and Locked Shut

At least two prototype models are 
fabricated with their chamber walls machined 
to  the minimum thickness specified on the 
parts drawing. These units are conditioned at 
200°F and fired locked shut. If no-load 
requirements arc specified, several units are 
tested at -6 5 °  and 200°F under no load, and 
the units are inspected for permanent 
deformation.

AMGP70M7Q
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Four prototype units are subjected to 
environmental conditioning. These evalu­
ations include vibration, high* and low-tem­
peratures, temperature-shock cycling, and 
tempenture-altitude-humidity tests.

7-1X 115 FaBuns

A  new development program must be 
initiated i f  a failure occurs during any 
evaluation and a design modification is 
necessary.

7-1.3 ENGINEERING DESIGN TESTS

After successful completion o f  prototype 
testing, the cartridge actuated device or 
cartridge is subjected to  Engineering Design 
Tests. Prior to the start o f  Engineering Design 
Tests, metal part assembly inspections are 
conducted to  insure that only properly 
manufactured items wiD undergo Engineering 
Design Tests.

If a device already exists and a new 
cartridge n developed, the requirements o f  
M1L-C-83125 are followed. If a device is 
developed where the propellant is an integral 
part (e.g., cast in the unit), the requirements 
o f  MIL-C-83124 are used. In the main, 
however, the development o f  a device usually 
includes the development o f  a cartridge and 
the requirements o f  both specifications apply.

7-2 INSTRUMENTATION

7X1 GENERAL

Instrumentation is vsed in PAD ballistic 
testing to  collect, process, and record 
performance in formation. Safety consider* 
bora mandate that PAD’s be tested remotely. 
MIL-C-83124 (General Design Specification 
for CAD/PAD) lists three requirements fur 
instrumentation:

( I )  Must be state-of-the-art.
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(2 )  Accuracy shall conform  to  require 
m entaof M IL -ST M tO .

(3 ) Document M l calibration records will be 
maintained and be available for inspection by 
the cognizant design agency.

7-2.1.1 MEASUREMENT OBJECTIVES

The objectives foe measuring PAD param­
eters during ballistic tests are to:

(1 )  Determine the feasibility o f  a design

(2 ) Measure the correctness and ccm picte- 
n essof a design.

(3 )  Uncover PAD defects at an early stage.

(4 ) Evaluate the performance o f  the 
system.'

(3 ) Determine data for a new or improved 
design.

(6 ) Confirm theoretical calculations.

Careful measurements are required to accom­
plish these aims.

7-2.1.2 SELECTION OF MEASUREMENT 
EQUIPMENT

There are many state-of-the-art methods 
available tor measuring ballistic data. The 
Mil.-SPEC's for qualified items and the “ Test 
and Evaluation Request”  form for unqualified 
items indicate the parameters that are to be 
measured, with specified range and accuracy. 
The particular method used to collect these 
data should be based on factors o f  conve­
nience o f  use, cost, reliability, etc. Generally, 
the required accuracy is 2% and the 
equipment should be capable o f  responding to 
rise times o f  2 msec and higher.

Since the introduction o f  automatic data 
processing equipment, data can be analyzed

and reduced automatically. Minicomputers 
can be flexibly programmed and interfaced to  
display, printing, or plotting devices. Econom­
ic considerations dictate that automatic 
processing equipment should be employed for 
repetitious functions associated with data 
reduction.

7-2.1 J  SOURCES OF MEASUREMENT ER­
ROR

7-2.1.3.1 LIM ITATIONS OF THE MEASUR­
ING EQUIPMENT

Errors in equipment accuracy may be due 
to linearity, zero drift, hysteresis, frequency 
response, and-sensitivity changes caused by 
deterioration o f  equipment. Periodic calibra­
tion should be performed to  detect any such 
errors.

7-2.1 . U  ENVIRONMENTAL INFLUENCES

Use o f  equipment in temperatures, humid­
ities. or other environments for which the 
equipment was not intended will introduce 
errors.

7-2.1 ̂ 3  INTERFERENCE

Conducted mterfrrckce is caused by 
fluctuations in AC supply voltage, voltage bias 
due to  unbalanced circuitry, etc. Interference 
can also be caused by stray radiation, which 
can easily influence low  lead transducer 
signals. For example, a signal line in dose 
proximity to an AC power line may pick up 
(have induced) some AC signal. As another 
example, unshielded ardng switches will 
generate electromagnetic radiation. la instru­
mentation. therefore, it is necessary to  use 
regulated AC power, to  shield aD signal fines 
and isolate them from power fines, and take 
any other measures necessary to  prevent 
interference.

7-2.1.3.4 INTERACTION

The equipment used to measure a phenom­
enon should not influence the phenomenon in
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any way. A voltmeter, for example should 
have a sufficiently high Input Impedance so 
that it doesn't provide a current path that wiQ 
interfere with the voltage being measured. 
Likewise, a pressure transducer placed in a 
system should not alter the volume (and 
therefore pressure) o f  that system. Measuring 
equipment, therefore, must be examined to 
insure it is measuring phenomena and not 
interacting with it.

7-2.1 4 6  RESPONSE TIME

Special precautions must be taken when 
measuring time. The **RC effect in transmb- 
sior lines and some instrument circuitry tends 
to  introduce a time tag. Likewise, amplifiers 
and other components should be chosen with 
sufficient frequency response to  handle PAD 
dynamic signals.

7-2.1.34 SYSTEM ERRORS

Even when each instrumentation com po­
nent has high accuracy, the whole system may 
n o t  This may be due to  incorrect impedance 
matching between components, cumulative 
component errors, etc. Therefore, it is 
necessary to  calibrate the whole system. This 
b  done by generating standard parameters 
into the input device and comparing with the 
finalized data from the system.

7-2.14.7 ERRORS OF OBSERVATION 
AND INTERPRETATION

These errors occur because some output 
devices are difficult to read (e.g.. analog 
meters) and others produce complex data 
output that requires careful interpretation 
(multichannel oscillograph records). Human 
errors o f  this sort often can be minimized by 
use o f  automatic data analyzing equipment 
that prints out data summaries.

7-2.14 CALIBRATION

T o  insure the accuracy o f  the instrumenta­
tion, periodic calibration b  required on all

test and measuring equipment. Calibration 
not only should be performed on com po­
nents, but on the entire instrumentation 
system. Calibration b  performed by compar­
ing equipment with precision standards whose 
accuracy b  traceable to the National Bureau 
o f  StanW ds.

7-2.2 INSTRUMENTATION COMPONENTS

PAD instrumentation may be viewed as an 
open system consisting o f  input devices, signal 
conversion, and output devices (see Fig. 7-1).

7-241 INPUT DEVICES

Input devices convert physical quantities 
into signal voltages that can in turn be 
amplified or otherwise made into suitable 
form for recording or indication. Input 
devices are either active, meaning they 
generate their own voltage, or passive, in 
which case they alter a pre-existing voltage. 
For PAD use. input devices must be nigged, 
accurate within I3>, convenient to use, and 
respond to  2 msec rise times. Some input 
devices commonly used in PAD instrumenta­
tion will now be discussed.

7-241.1 STRAIN GAGE TRANSDUCERS

Strain gage transducers are passive input 
devices that convert strain on an elastic 
etemenl into voltage signals. Strain gages are 
used to measure force, pressure, and accelera­
tion. They are based on two principles: 
Hooke’s b w  and Ohm’s law (in conjunction 
with the resistivity equation for wire).

In simplest form, a strain gage c o nsists o f  a 
wire about S in. long and approximately 
0  001 in. in diameter wound into a grid shape 
and securely bonded with cement to  the 
surface o f  the test member (elastic element) 
to  be measured (see Fig. 7-2).

In accordance with Hooke's bw , the 
deformation (strain) on the elastic test
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mcmbeT is proportional to the applied load: 

W  = KY  (7-1)

where

Y - elongation

W -  deforming force

K  = constant o f  proportionality

Tlie strain gage (on  the carrier sheet) is 
bonded to the test member so it deforms 
longitudinally an equal amount as the lest
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mender. It will be found that its resistance 
change is proportional to the elongation. The 
basic equation is that for wire resistivity:

R mP L/A  *  K  L /D 1 (7-2)

where

R  ■ resistance 

L 9 length o f  wire 

A ■ area o f  wire 

D  9 diameter o f  wire 

p, resistivity constants 

Differentiating, it will be found that :

where G is the gage factor and is equal to I -  
2 {dD /D ldL /L )+ d p lp l< JL IL . Over the range o f  
gage operation, G will be relatively constant.

Single strain gages are useful but have the 
following limitations:

(1 ) Change in output AR is small com­
pared to the base R.

(2 ) They are highly temperature sensitive.

(3 ) Impedance changes with load.

(4 ) Side loads tend to introduce significant 
errors.

All these problems are solved by using four 
strain gages in Wheatstone bridge formation 
bonded to  a ring shaped elastic member (see 
Fig. 7-3).

Two o f  the gages are bonded at compres­
sion points on the inner circumference and 
the other two are bonded at tension points

along the outer circumference. Usually the 
four gages are o f  equal resistance (35012) and 
arranged as in Fig. 7-4.

Generally the excitation voltage is 5 V. As 
mentioned earlier, two increase in resistance 
(at tension points) and two decrease in 
resistance (at compression points) as in Fig. 
7-5. In actual practice, adjustment resistors 
are added within the transduces to improve 
linearity and other characteristics. As can be 
seen from Fig 7-5, the resistance o f  parallel 
branches AB and CD remain constant as 
viewed from the input terminals and since £  
excitation remains constant. / AB and / CD 
also are constant. As load is applied to  the 
test member and R changes, the voltage 
potential across each arm will charge and in 
such a way that the output voltage will be 
proportional to A/?.

Strain gtge pressure transducers are load 
cells modified as in Fig. 7-6. Pressure building 
up in the inlet port pushes against the sealing 
disk. Because (he inlc-t cylinder area is 
constant, the incoming pressure can be 
considered as a force (F =  PA ). The force on 
the sealing disk is transmitted to a piston and 
in turn to a ring (similar to the one used in a 
load cell). Strain gages mounted on the 
circumference o f  the ring complete the 
pressure transducer.

Figure 7-3. Ring Shaped Test Member Used
With Strain Gage Wheatstone Bridge
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Figure 7-4. Wheatstone Bridge Strain Gage Transducer

Strain gage accelerometers use an elastic 
(spring) member with four strain gages. A ball 
o f  known mass pushes against this member 
under acceleration in accordance with F  *  mo.

Strain gage transducers are used in PAD 
work because o f  their durability, high 
"ccuracy (>99.5'fc), and adequate frequency 
response.

7 -2 J .1 2  THE SWITCH

A switch is a passive device that opens or 
closes an electric circuit. Switches are used to 
pass a discrete signal when certain force, 
pressure, or travel conditions are met. In PAD 
instrumentation, three types are commonly 
employed: the snap-action switch, th : carbon 
rod. and the pressure switch.

Figure 7-5. Detailed Strain Gage Bridge
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When' a specified force pushes against the 
external lever o f  a snap-acboo switch (see Fig. 
7-?K the internal electrical contacts open or 
close with a quick movement. In a snap-action 
switch there is no intermediate position; the 
contacts are either open or closed. In PAD 
testing, the blast o f  delay ignition elements 
serves as the actuating force. Since all 
snap-action switches have an inherent time 
delay, though usually very short, care must be 
taken to insure that Urn time error is 
acceptable.

Carbon rods are o f  small diameter and 
brittle, such as the lead used in mechanical 
pencils. When a projectile or moving PAD 
component strikes the carbon rod. it breaks it 
and this functions like the opening o f  a 
switch. Carbon rods, then, can indicate 
amount o f  travel o f  a projectile; and if two 
rods are positioned, one behind the other, 
velocity can be measured.

Pressure switches are designed so that a 
given pressure will open or close a circuit. In

one type, the pressure pushes against a spring 
loaded piston. When the pressure is sufficient, 
the metallic piston travels back and directly 
closes a circuit. In another type, the pressure 
builds up against a diaphragm which in turn 
actuates a snap action switch. The pressure 
switch normally is used to indicate the start 
01 rise o f  pressure, and this signal can be 
transmitted to a counter or graph.

7-3L2.1 J  MAGNETIC SENSOR

The magnetic sensor is an active device tor 
detecting moving ferrous targets. When the 
ferrous target disrupts the magnetic field, an 
electrical voltage is generated. There are three 
factors which determine the amount o f  
voltage generated (given a particular magnetic 
sensor); ( I )  the target speed, (2 ) the ge­
ometry (size and shape) o f  the tar­
get, (3 ) urge! distance from the sensor.

The magnetic sensor is constructed so that 
a coil o f  wire is placed in the field o f  a 
permanent bar magnet (see Fig 7-8). The
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a c tu a t in g  f o r c e  ( b l a s t )

Figure 7-7. Snap action Switch

ferromagnetic target passing through the field 
is a magnetic “ conductor”  (high permeability) 
anc so the magnetic "current”  (flux) 
increases. The resultant em f induced in the 
coil is:

dA
E -  i  (7-d)

d t

where
E  ■ induced em f in coil

n 3 number o f  turns o f  the coil that pass 
through the affected magnetic field

d t  *  change in flux

ferrous case

Figure 7-8. Magnetic Sensor and Passing Target
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d l ■ time period during which the change 
in dux o ccu n

The coil if situated at the end o f  the 
magnet by which the target passes and 
consists o f  numerous turns so that maximum 
etnf is generated. The magnet and coil are 
encased in a ferrous shell that serves the 
primary function o f  shunting any stray Helds 
so that the coil will be interference free.

As the target approaches the centerline o f  
the sensor an em f is induced in the sensor. 
When the target passes the centerline and 
moves to  the other side an em f o f  opposite 
polarity is induced The result is that a sine 
wave is generated. Pulse forming networks can 
be used <f a sharper signal than a sine wave is 
desired. Also, digital output sensors are 
available.

Besides being employed to measure veloc 
ity o f  a passing target, magnetic sensors can 
indicate PAD ignition. This is done by 
attaching a magnetic sensor either directly or 
through mechanical leverage to a PAD. When 
it is fired it will vibrate and the distance 
between the PAD and the sensor will vary, 
inducing a voltage signal.

7-2.2.1.4 OTHER TRANSDUCERS

Other transducers used in PAD testing 
include:

(1 )  The variable reluctance transducer, in 
which pressure, force, or acceleration cause a 
movable component within (he transducer to 
vary, thus changing the gap space and 
magnetic circuit reluctance in a core configu­
ration. This produces a proportionate varia­
tion in the inductance o f  the coils and this 
variation is used to modulate the amplitude or 
frequency o f  a carrier voltage, with the net 
result being an electrical response that is 
proportional to the applied pressure. These 
transducers are nigged, produce a high output 
signal and are low impedance devices.

(2 ) Piezoelectric transducer! work on the 
principle that crystals produce a voltage when 
subjected to  external forces or pressures. 
They are small, high-impedance devices with 
outstanding dynamic response capabilities.

(3 ) Thermocouple networks are ured to  
measure temperature. They produce an 
accurate millhroltage output that Is a function 
o f  thr materials used and the temperature 
differential between a reference junction and 
the measuring junction.

(4) The photoelectric system is based on 
the quality o f  some materials to  chinge their 
electrical characteristics when subjected to 
light. Some are photoresistive and change 
their resistance to a current; others are 
photogene rative and generate a voltage. 
Photo-cells are used to measure travel and 
velocity. They must be used carefully since 
they often have an associated time delay.

Many other principles are used to translate 
physical quantities into voltage signals. Input 
devices are purchased and used in ac. jrdance 
with considerations in par. 7-2.1.2.

7 Z Z 2  SIGNAL CONVERSION

Signal conversion is the process o f  convert­
ing the signal from the input device into a 
form compatible with the output device.

72 .2 .2 .1  GAGE ZERO COMPENSATION

This compensates for any initial a r e  
unbalance (bias) in the input device. For 
example, a load cell may have a slight voltage 
output when no load is on it. This voltage, 
unless corrected, will create an error. 
Generally a zero adjustment procedure 
increments each point on the transducer 
linearity curve by the same amount (see Fig. 
7-9). This is accomplished for bridge trans­
ducers by counterbalancing any initial voltage 
output by an opposite potential derived from 
the excitation voltage (see Fig. 7-10).
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Figure 7-9. Zero Compensation

7-2.2-2-2 GAGE RANGE COMPENSATION

This compensates for inconect output over 
the entire range (span). In the case o f  many 
transducers, this adjustment is not necessary 
since the same effect will result by changing 
the amplifier gain. The effect o f  gage range

(span) compensation is shown in Fig. 7-11.

7 -2 i2 J  PRE-FIRE SYSTEM CALIBRA­
TION

It b  desirable immediately before each 
ballistic test to generate a signal to the

Figure 7-10. Zero Balancing Circuit tor Strain Gage Transducer
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F igun7-11 . E ffect o f Gag* Range Compenu t fon

instrumentation system which provides a 
standard for measuring the output against. 
For example, using an oscillograph, it b  
necessary to  produce a reference line (o f  a 
particular physical load) before Tiring in order 
to measure the ballistic curves produced 
during the test. Preferably a physical standard 
should be used to  generate this output 
reference, but, as this is sometimes impracti­
cal, another means may be employed, e.g., 
electronic simulation o f  a physical load. If a 
known relationship exists between an imped­
ance connected to a particular transducer and 
a physical load, this impedance can be used to 
generate a simulated physical load w h ich ,. 
when connected to the instrumentation 
system, will produce a reference signal for 
that physical parameter. For example, in the 
case o f  a resistance bridge, a resistor thrown 
in parallel with one arm o f  the bridge (see Fig. 
7-12) produces an output signal since it 
unbalances the circuit and the relationship o f  
this resistive unbalance to a physical load can 
be ascertained during transducer calibration 
(e.g., a 67 .000-n  resistor may produce an 
output signal equivalent to a 7250-lb load) 
Furthermore, the shunt resistance and equiva­
lent load are inversely proportional and so 
their product is a constant, (called the 
£-factor). K B (resistance) X (simulated 
load). Hence, different resistances can be used 
to generate a variety o f  simulated loads.

7-&2X4 AMPLIFICATION

The purpose o f  an amplifier in PAD 
instrumentation is to increase the voltage or 
power o f  a signal (see Fig. 7-13).

Amplifiers chosen for PAD use should be 
linear, responsive from DC to  over 2 kHz, 
have gain capabilities o f  at least 1000, and be 
compatible with input and output devices.

7-& ££5 ELECTRONIC SWITCH

Electronic switches are used in conjunction 
with physical switches (described in par. 
7-2.2.1.2) to insure immediate transmittal o f  
a sharp signal. This is necessary because the 
cable leading from the physical switch 
introduces an “ R C " time delay effect (see 
Fig. 7-14) before a usable voltage is reached. 
The electronic switch overcomes this effect 
by transmitting a short pulse o f  extremely 
fast rise time at high voltage. It should be 
placed as dose  to the physical switch as 
possible. Both electron tube and solid-state 
dreuits are available for this function.

The electron tube circuit employs the 
thy ration tube V , (see Fig. 7-15). When the 
physical switch S is dosed, the grid is thrown 
relatively positive, overcoming the negative 
bias, and causing immediate conduction in the
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Figure 7-12. Pre-fire S yrttm  Calibration fo r bridge C ircu it Showing E lectronic 
Sim ulation o f a P hyiica i Load

fSSt'pS flllvd ihyretrcn tube. When the 
thyratron turns on, the grid loses all control 
until the piste voltage goes negative. The 
thyratron is tut o f f  by a self-quenching circuit 
(using Q )  that reduces the plate voltage.

A basic silicon controlled rectifier, or 
thyristor, circuit is shown in Rg. 7-16. The 
thyristor is a four-layer diode consisting o f  
three junctions. The center junction is reverse 
biased and normally blocks current. One o f

Figure 7■ IX  'Example o f Linear 
A m plifica tion

the intermediate b y e n  a  called the g=te and 
is used to control conduction. The current 
iryecied into the gate layer by applied 
potential breaks down the reverse bias o f  the 
center junction. As in the case o f  the 
thyratron, this causes rapid com ' K bon. It 
also can be made self-quenching by reducing 
anode current.

7-Z&2.6 ANALOG-TO-OIGITAL CONVER­
SION

The voltage agnaa coming from trans­
ducers and amplifiers are generally contin­
uously variable (analog j. Therefore, a prelimi­
nary function o f  a  digital minicomputer is to  
change the expression o f  the information 
from analog to digital, so it can he 
automatically processed. The digital expres­
sion consists o f  the unambiguous binary 
language o f  yes ( I ) and no (0 ), corresponding 
to the conducting and nut-conducting sta le  
o f  a switching device. Since ti<e analog input 
changes continuously, the converter must 
ignore variations in input while each sequen­
tial computation is completed. This process o f  
referring to the input intermittently b  called 
sampling.
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(A) Equivalent Circuit

(*) Voltage-Tine Trace

Figure 7-14. Equivalent  C ircu it fo r ~RC~ E ffect o f Long Coble end Voltage-time Trace

T-2J2J2.1 DIGITAL PROCESSING

Digital processing consists o f  a sequence o f  
arithmetic, logic, and control operations that 
manipulate the data. This sequence o f  
operations b  controlled by a “ program**. 
Minicomputers can be programmed to recog­
nize points on a curve, to  integrate, etc. Many 
simplified computer languages are available 
that resemble the English language and hence 
make programming easy. These languages 
must, however, be used with a standard 
translating program and this, unfortunately, 
occupies computer space.

As mentioned in par. 7-2.1.2, automatic

digital processing b  economically advan­
tageous for repetitious data reduction, but it 
also has disadvantages: (1 ) may not be 
economical for RAD testing and (2 )  b  more 
difficult to repair than nonautomatic analog 
equipment.

7-2A3 OUTPUT DEVICES

The purpose o f  an output device b  to 
convert instrumentation data into a form 
(usually visible) designed for human under­
standing. Generally speaking, there are two 
categories o f  output devices ( I )  display 
(temporary indication, as on a counter), and 
(2 ) record (permanent record, as on a chart).
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The moat com m on output device* will now be 
discussed.

7-2JJL1 COUNTER

A counter i* an electronic device dial will 
display frequency, period, and time interval. 
Its most frequent PAD uses are to: ( I) moni­

t o r  oscillator signals to an oscillograph, and 
(2 ) monitor time intervals to  obtain delay 
times and velocities. A typical counter is 
shown in Fig. 7-17.

To measure time intervals, channel A is fed 
the “ start'’  signal and channel B the ’‘ stop’'  
signal.

The counter functions as follows. Input 
signals are amplified, limited, and shaped into 
suitable pulses. A time interval is measured by 
counting the pulses o f  an internal generator 
occurring between the beginning and end o f  
the interval. The internal generator b  
extremely subie and its frequency is set very 
precisely.

72-2JU OSCILLOGRAPH

An oscillograph creates a permanent 
graphic record o f  a test. The medium b  a strip 
o f  paper that b  ultraviolet light sensitive and 
receives such light from reflecting galvanom­
eters. These ballbtic galvanometers consist o f  
a coil (with a mirror attached) that b  free to 
rotate within a magnetic field. As current b  
applied to the coil, the magnetbm thus

generated interacts with the stationary mag­
netic field and the ooil-mirror rotates. In 
OKfflographs, , ultraviolet light b  radiated 
toward the m inor and the reflected light 
beam shines on the graph paper. The system b  
designed to  that the deflection on the paper b  
proportional to the input current (see Fig. 
7-18).

Twelve or  more o f  these galvanometers are 
placed m a graph and hence multichannel data 
may be recorded; for an example, see Fig. 
7-19. Thq recording b  produced by the 
galvanometer system just described plus a 
precision speed motor that drives the paper.

7Z2JL3  PRINTER

Thu b  a typewriter printer that receives 
output from a minicomputer. It will printout 
in any format to which it has been 
programmed. Printers usually are programmed 
only to print data summaries.

7-Z2J3A OSCILLOSCOPE

This b  an output device that displays a 
visual trace o f  incoming voltages on  the face 
o f  a cathode ray tube. An electron beam in 
the tube b  controlled precisely by horizontal 
and vertical deflection plates as electrical 
signals are applied to then terminals. The 
electron beam creates a visible trace when it 
strikes the face o f  the tube and activates the 
phosphor there. The oscilloscope has high 
input impedance and high frequency re-
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sponse, and is quite versatile in use. Its major 
drawback b  the temporary nature o f  its 
display. This can be overcome by use o f  a 
earners.

7-2.2 3. S OTHER OUTPUT DEVICES

Other output devices, such as peak readers, 
are available but have limited use in PAD. The 
oscillograph b  the most essential PAD output 
device since it produces a complete, analog, 
and permanent record o f  a ballistics test.

7-Z3 FIRING SYSTEM

All items fued in PAD ranges are actuated 
remotely by means o f  an electric firing

system. This system consists o f  a power 
supply and switch, a firing line and 
connectors, a firing signal monitor, and safety 
breaks in the line.

7-23.1 POWER SUPPLY AND SWITCH

Gas-actuated PAD's generally are fired by 
releasing highly compressed air (1300 psi) 
into the firing pin chamber. This air 
duplicates the action o f  gases from an 
initiator. The compressed air is fed from a 
tank through hose and air reservoir to a 
solenoid valve. When the solenoid b  actuated 
(by a 26 V electric signal for approximately 
SO msec) it passes the air into a hose and then 
into the PAD firing pin chamber (see Fig
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7-20). The adenoid (elected should be such 
that the hoee line to  the PAD it tented to the 
atmosphere when the solenoid b  not actu­
ated. T ha b  a safety precaution to  pressure 
ca n t accidentally accumulate behind the 
firing pin.

Mechanically actuated PAD't ate designed 
to  be operated by pull o f  a cable. In testing, 
however, an air piston pulls the cable. Low 
pressure (300 psi) compressed air is released 
through a solenoid (as described in preceding 
paragraph) into an air cylinder in front o f  an 
air piston. This pressure acting on the piston 
area produces the force necessary (usually 
about 30 lb ) to activate the PAD (see Fig. 
7-21).

Electrically actuated PAD's are fired either 
by transient or steady power. In the first case, 
a capacitor with high voltage (over 100 V ) in 
storage b  discharged across the electric 
dem ent. Although the energy applied b  
momentary, it wiO suffice to  actuate most 
ignition elements. In the other case, a 
constant voltage o r  current can be applied by 
a regulated power supply. This introduces 
more control and a  specified in some ignition 
dem ent tests. In some cases, it is required 
that the current be applied for a maximum 
time period, such as SO msec, and thus, 
Interval timers must be added in the firing 
circuit.

The power supply a  connected to the firing 
line by a switch marked “ off-fire". In the 
“ ofT" position, every wire in the firing line 
must be open as a safety feature. A 
"m om entary" switch a  preferable for the 
firing switch.

7-&12 FIRING LINE AND CONNECTORS

The firing fine (usually a tw ow ire shielded 
cable) should be run in trays apart from AC 
power lines and should be isolated from 
strong electrostatic and electromagnetic 
fields. Insulation should be o f  good quality 
and conform  to  manufacturer’s meg-ohm 
requirements. The connectors should be in 
good condition and be shielded effectively.

7-103 FIRING SIGNAL MONITOR

The firing signal is monitored by a pulse 
being sent to the oscillograph when the firing 
switch is closed. Ignition o f  electric elements 
can be monitored completely by directing a 
small, but proportionate, amount o f  the firing 
current to the graph.

7 - 2 0 4  SAFETY BREAKS IN THE FIRING 
LINE

There should be at least three safety breaks 
in the firing line. One safety break is 
controlled by the instrument operator, the 
one who throws the “ fire" switch. The 
“ break" consists o f  an open circuit in the 
form o f  a (female) ,!ack. When the instrument 
operator inserts his “ safety plug" into this 
receptacle, he completes the circuit. The 
operator should insert this plug only when the 
PAD b  ready to be tested and the range is 
dear o f  personnel.

A second safety break b  controlled by the 
proof technician, the person who connects 
the firing line to the PAD or actuation device. 
The “ break" b  located in the instrument 
room (not the test area) and opens all wires in

e l e c t r i c  l in e s

to  a i r  tank

s o le n o id a c c u o u la to r

Figure 7-20. Gm Actuated PA D  Firing Apparatm
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a i r  p lh to n

Figure 7-21. M achankaiiy A ctuated FAD F iring Apparatua

the firing circuit The matching safety plug is 
curied  by the proof technician and is inserted 
into the jack only after the firing line has 
been connected and the range is dear o f  
personnel

Finally, a safety break is located on the 
exit door from the firing range. This break is 
automatic: When the door is open the firing 
dreuit is open; when the door is closed, the 
firing dreuit is dosed. Once again, all wires in 
the firing )inc are open at this break. The 
purpose o f  this break is to open the dreuit 
when personnel are in the range (since the 
door will be open under this circumstance). 
When the personnel leave the test area before 
the test, they will dose the door and also 
dose the firing dreuit.

7-225 SEQUENCING SYSTEM

Timers can be arranged to sequence several 
normally manual operations. This eliminates 
operator sequencing mistakes. For example, 
by the push o f  a single button, the following 
events automatically transpire: (1 ) warning 
siren is triggered, (2 ) oscillograph starts 
running, and O )  the PAD is sent a firing 
pulse.

7 -2 4  TEST FIXTURES

A variety o f  test fixtures are in use. and fall

into two basic categories by function: 
(1 ) static fixtures (involving no m otion) for 
gas generating devices, and (2 ) dynamic 
fixtures for stroking devices.

7-24.1 FIXTURE DESIGN CONSIDERA­
TIONS

Test fixtures generally are fabricated from 
standard structural steel members and me­
chanical components. Safety factors are quite 
high because the fixtures win be used 
repeatedly and must withstand the stresses 
due to both R A D  and production testing. 
Furthermore, since the fixtures are used 
frequently, they must be capable o f  rapid 
reemployment.

Moving parts should be as frictionless as 
possible. They should be supported in such a 
way that they don 't twist and bind. The most 
common test fixture element is the holding 
apparatus that liolds the PAD (or stationary 
section o f  PAD) in place during the test. 
Sometimes an accelerometer or magnetic 
pickup is attached in order to sense vibration 
when the PAD actuates and. hence, product a 
"start" time signal.

7 -2 4 .2  COMMON TEST FIXTURES

The three fixtures most frequently used 
are: (1 )  the pressure chamber, a static fixture
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for In itiitas, (2 )  constant load cylinder, a 
dynamic fixture for thrusters, and (3 ) car­
riage and track, a dynamic fixture for 
catapults.

7-2.12.1 PRESSURE CHAMBER

Pressure chambers are used for testing 
gas-generating devices such as initiators. The 
fixture is a cylindrical chamber o f  a specified 
volume, usually 0.062 in.1 or I in.1 (see Fig. 
7-22). The chamber b  provided with at least 
two ports: one for the hose which leads the 
gas into the chamber, and the other to permit 
insertion o f  a pressure transducer. Sometimes 
a third port b  used with a valve for rapid and 
convenient release o f  pressure after firing. I f a 
pulse indicating start o f  rise o f  pressure b  
desired, then a pressure switch can also be 
added. Care must be taken not to change the 
system volume with these additional features. 
Thb'can be accomplished by uking up added 
volume with incompressible grease, reducing 
volume o f  basic chamber, etc. Any o f  these 
changes must be examined to insure they are 
not detrimental to instrumentation accuracy.

7-2AZ2 CONSTANT LOAD CYLINDERS

Constant load cylinders are designed for 
PAD'* (thrusters) which have short strokes 
and operate against constant loads o f  
thousands o f  pounds. The thruster b  posi­
tioned (see Fig. 7-23) so that its stroking

member moves a piston in a cylinder against 
pressurized air. The initial volume o f  the 
cylinder b  to  large that the change in volume 
resulting from the moving piston b  negligible. 
Since the volume b  constant to  b  the pressure 
which acts on the piston area and hence a 
constant load b  produced which opposes the 
motion o f  the thruster. Some cylinders are 
designed so that air pressure can be built up 
on either side o f  the piston. This method 
allows evaluation o f  retracting type thrusters 
(where the pbton withdraws into the device) 
as well as pushing type thrusters. Load celb, 
pressure gages, velocity switches, etc. can be 
mounted on thb fixture.

7-2X23 TRACK AND CARRIAGE

The track can be vertically mounted on a 
tower (F ig  7-24) or horizontally mounted. 
Catapults and removers stroke against a load 
(carriage) and propel it. By use o f  different 
carriages and various weighted attachments, 
the total carriage weight can ;jnge between 
60 lb and 1200 lb. One end o f  the PAD b  
secured to the base o f  the fixture and the 
other end b  attached to  the carriage. When 
the device strokes, it propeb the carriage up 
the track. In the case o f  the vertical track, a 
pair o f  brake shoes on the carriage contacts 
the rails and decelerates the carriage.

The carriage b  held at its maximum height 
and lowered as follows. An endless chain.

p re ssu re
tra n sd u cer

Figure 7-22. P ru rtn  Chamber Fixture
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Figure 7-23. Cons rant Load Cylinder

running the length o f  t l*  tower, normally a  
held fixed but may be driven upward or 
townward by an electric motor. The sprocket 
on the Ciirirge engages this chain a.:d, by 
virtue o f  an included dutch, may spin freely 
as the carriage ascends but it is prevented 
from spinning in the opposite direction; 
therefore, when the carriage has reached its 
maximum height, it w ill be held there by the 
sprocket chain combination. To lower the 
carriage, the chain is driven in the downward 
direction, permitting the carriage to fall a: 
rapidly as the chain descends. The chain also 
may be driven upward to raise the carriage for 
adjusting the PAD under test.

On the horizontal fixture the track is short 
and the carriage travels about IS ft before it te 
decelerated and stopped by a spring and 
hydraulic buffer. It is returned to starting 
position manually.

7 -2 .* 2 .4  OTHER FIXTURES

Other PAD testing facilities include the 
bomb e ject* ' rack, water recovery fixture, 
seals tester, parachute ejector fixture, rotary 
actuator test fixture, grenade launcher, etc. 
Their use is for specific PAD’S.

7 -2 £  PAD PARAMETERS

Direct measurement o f  PAD parameters is 
preferable to inferential since there is less 
chance for error. Hence, many PAD variables 
are monitored in order to avoid inferential 
treatment. For example, catapult acceleration 
can be computed from the thrust monitimcJ 
on a load cell; but it ca.r be more directly 
measured by use j f  an accelerometer. The 
paragraphs that follow will list the most 
important measured PAD parameters.

7-2.5.1 DIMENSION PARAMETERS

7-2.S.1.1 LENGTH

Length is measured to  insure co rrect 
dimensional alignment on fixtu e. to obtain 
travel distance, to insure precision spacing o f  
magnetic pickups (for velocity measure- 
men tsX to determine wear and corrosion on 
parts due to firing, and to reduce data 
accurately on instrument graphic output 
devices. Dimension gages, steel rules, and steel 
tapes are used to measure length.
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723,1.2 AREA

Areas o f  cross sections ora measured to 
establish dimensional changes due to Tiring o f  
PAD’S, to  integrate oscillograph traces, etc. 
Telescoping gages, dimension gages, snd 
planimeten are used.

7 -2 3 .1 3  VOLUME

Volumes o f  fittings and chambers used in 
tests need to be known because pressure is a 
function o f  system vuume. Occasionally, 
liquid agents are employed in PAD work and 
their volume must be measured. Dimension 
gages and graduated cylinders determine 
volume.

7 -2 3 .1 .4  ANGLE

The machined angle o f  rocket nozzles is 
very useful information since it is related 
directly to  the effective thrust angle. A level 
protractor or angle transducer can be used.

7 - 2 3 3  TIME PARAMETERS

7 -2 3 3 .1  TIME INTERVALS

Time interval measurements are necessary 
to compute velocity using travel sensors. Time 
intervals also determine delay times, period 
measurements, etc. Counters are used to 
monitor time intervals.

7 - 2 3 3 3  FREQUENCY

Sometimes it is desirable to measure 
frtq irn cy , zurh as for galvanometer calibra­
tion. Frequency can be produced by an 
oscillator and monitored by a counter.

7 -2 3 .3  MOTION PARAMETERS

7-2.5.3.1 VELOCITY

This is a required measurement on most 
stroking PAD's such as catapults. It is

obtained Indirectly by dividing a known 
distance between sensors by the time it takes 
for the moving item to travel that distance. 
Therefore, a steel rule and a counter must 
both be used.

7 - 2 3 3 3  ACCELERATION

This is a required measurement on catapult 
tats. A strain gage accelerometer monitors 
this parameter.

7 -2 3 3 .3  RATE OF CHANGE OF ACCEL­
ERATION^

This is a requirement on older type 
catapults. It was used as an indication o f  
dynamic efTects on a pilot but has been 
superceded by the Dynamic Response Index 
(D RI) on newer type catapults. Rate o f  
charge o f  acceleration is measured from the 
acceleration-time curve.

7 -2 3 .3 .4  ACCELERATION-TIME INTE­
GRAL Jadt

This is a requirement on catapults. It is 
determined by integrating the acceleration­
time curve.

7 -2 3 3 .5  DYNAMIC RESPONSE INOEX 
(DRI)

It is a requirement on newer type catapults 
and is a single numerical indicator o f  the 
physiological response o f  s pilot to ejection 
dynamics. Since the DRI is a solution o f  a 
second order differentia) equation with 
equation acceleration as the driving function, 
manual derivation is difficult, and hence a 
minicomputer is programmed to sample 
acceleration and compute the DRI.

7 -2 3 .4  FORCE DERIVED PARAMETER

7-23.4.1 FORCE

Force is a requirement on all stroking

7-2S



AMCP 700470

PAD’*. It defines the thrust available to  move 
• seat-man combination or  an aircraft 
component. Load cells are used for Its. 
determination.

7 - 1 5 4 2  WEIGHT

Propellant is weighed carefully since this 
weight is an important determinant o f  other 
ballistic parameters. Weight o f  carnages a  
important in catapult, remover, and some 
thruster fixtures since this represents the 
specified resistance load that must be 
overcome. Generally, weights arc measured 
with precision scales.

7 - 1 5 4 3  FORCE-TIME INTEGRAL j f d t

This is the total impulse and in some cases 
is the most important characteristic o f  a 
stroking device. It is obtained by integrating 
the force-time curve.

7 1 5 4 .4  PRESSURE

Chamber pressure is always an important 
consideration regarding structural strength o f 
the PAD hardware. It is the prime parameter 
in initiator tests and an important additional 
parameter o f  rocket catapult firings. It is 
measured by a strain gage pressure transducer. 
For extremely fast response a piezoelectric 
pressure gage can be used.

7 -1 5 .4 .5  PRESSURE-T>ME INTEGRALJP d l

The pressure-time integral is the pressure 
analog to the impulse. It is determined 
through integration o f  the pit sure-time 
curve.

7 - 1 S 4 S  TORQUE

Torques are specified for assembly and 
disassembly o f  PAD’S, and a torque wrench is 
used to meet requirements. On most stroking 
PAD'S, zero torque should be produced 
during ballistic tests. This zero condition can 
be checked by load cells property arranged.

7-164 ELECTRICAL PARAMETERS 

7-1641 CURRENT

Current entering ignition elements cm  be 
monitored continuously by use o f  a current 
proportioner that selects a small, proportion­
ate «  1%) amount o f  the total current and 
directs it to  a galvanometer. The current also 
can be passed directly through an ammeter.

7 -1 54 2  VOLTAGE

Voltagr often must be monitored in a firing 
system, etc. As with the case o f  current, a 
small, proportionable amount can be applied 
to  a galvanometer, or it can be measured 
directly by a voltmeter.

7 - 1 5 4 3  RESISTANCE

Resistance usually is checked before and 
after firing o f  electric ignition elements. An 
ordinary meter should not be used to check 
the resistance since it may pass a significant 
current and set o f f  the clement accidentally. 
Only igniter testers should be used since they 
limit the current to less than S m A.

7 -2 4 5 .4  AMPLIFIER CHARACTERISTICS

This involves measurement o f  gain. lin­
earity, and flatness o f  frequency response. 
This is accomplished by use o f  digital 
voltmeters, oscillators, etc.

7 -1 5 .6  OTHER PARAMETERS

7 - 1 5 4 1  CASE TEMPERATURE

This is sometimes used to indicate heat loss 
in a PAD. A thermocouple system is 
employed.

7 - 1 5 4 2  FLAME TEMPERATURE

This is an accessory thermodynamic param­
eter for rockets. It can be measured by 
remote sensing instruments.
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7 L S .6 .3  FLOW

Occasionally air flow studies are con* 
ducted. Electronic or visually indicating 
equipment is used.

7-2.S.&4 ACOUSTICAL PARAMETERS

Frequency and amplitude o f  sound emitted 
from a PAD during a ballistic test provide an 
additional method o f  accessing Tiring charac­
teristics.

7-2.6 INITIATOR TESTING 

7-26 ,1  PARAMETERS

Usual!) two parameters are measured: 
pressure and time. The peak pressure is 
important because it is the best single 
indication o f  the ability o f  the initiator to 
activate another device such as a catapult. The 
rise time is monitored to insure Tiring with 
minimum 'Hesitation (<  50 msec). The recep­
tion is the delay initiator that is purposely 
designed to  pause between its actuation and 
firing.

7 -2 .6 J  FIXTURES

The initiator is mounted on a block that 
has a magnetic sensor inserted against a steel 
pin. When the initiator is activated, the pin 
vibrates and this induces die sensor to 
generate a start pulse tpar. 7-2 .2 .1.3). Behind 
the initiator is placed the tiring mechanism 
(par. 7-2.3.1), A hose leads from the initiator 
(Fig. 7-25) and enters the pressure chamber 
(par 7 -1 4 .2 .11 where a pressure transducer 
and a pressure switch are located.

7-24L3 INSTRUMENTATION

As mentioned in par. 7-2.6.2. the magnetic 
sensor generates a start signal that a  
transmitted to  the graph and counter. The 
stop signal is generated by a pressure switch 
electrically connected to a thyratron. This

pube goes directly to the counter tad through 
an impedance matching attenuating network 
Into a galvanometer. Both the graph and 
counter, therefore, win display the time 
interval from activation o f  the initiator to 
start o f  pressure rise in the pressure chamber. 
In the case o f  delay initiators, this time will 
l «  the delay time o f  the initiator. The 
pressure transducer at the pressure chamber is 
connected to an oscillograph (through an 
amplifier) and provides a continuous pres­
sure-time trace (see Fig. 7-26) which a  used 
to determine peak pressure and time to  peak.

7 - 2 4 4  REPORT

The report lists identifying information, 
peak pressure, and ignition or delay time.

7-2.6.S SPECIAL CONSIDERATIONS

It is imperative that there be no gas leaks in 
the system. Before Tiring, all Tittings and 
valves should be tightened. Evidence o f  gas 
leak is ( I )  propellant ash or dust around 
fittings or (2 ) rapid decrease o f  pressure-time 
curve on oscillograph trace.

7-2.7 THRUSTER TESTING

7-2.7,1 PARAMETERS

Four characteristics are o f  interest: peak 
thrust, stroke length, velocity, and ignition 
delay. The peak thrust is important because it 
is the best sing): indication o f  the ability o f  
the thruster to move a load. The stroke length 
determines that the thruster move the load a 
su Ticient distance. The velocity indicates the 
quickness with which it accomplishes its task, 
and the ignition delay must be monitored to 
insure that the time between ignition pulse 
and development o f  thrust is not excessive, 
(should be less than 25 msec).
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Figure 7-25. In itie to r W ith Instrum entation F ixtu re

7 2 .7 3  FIXTURES

The constant load cylinder (par. 7-2.4.2.2) 
is used with thrusters since their specifications 
usually call for a constant resistive load.

7-2 .73  INSTRUMENTATION

Instrumentation on the thruster future is 
shown in fig . 7-27. Completion o f  stroke is 
noted by magnetic sensor or lead break (using
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Figure 7-3& In itia to r Tract

thymtron). The thrust b  monitored continu­
ously by a load cell (which generates a 
thrust-time curve). When velocity b  measured 
it b  done by means o f  magnetic sensur sign ah.
For uffijiR  thruster curve. <ec Fig. 7-2S.

7 -2 .7 4  RECORD

Besides identifying information; thrust 
(peak), velocity, stroke, and ignition delay are 
reported.

HOSE TO
TH RU STER STROKE SLIDING

INLET PORT M ARKER CO N TACT
AIR  PISTON

VEN T HOUSING

Figure 7-27. Thruster and Instrumentation Fixture



7-2.7.S SPECIAL CONSIDERATION

Siding parts in fixture must be kept 
lubricated. If A cx rpnu tre  used, cam must be 
taken to  insure proper dimenaon.

7-2J8 ROCKET CATAPULT TESTING

7-ZB.1 PARAMETERS

The single best indicator o f  catapult 
performance is the DRI. The single best 
indicator o f  rocket performance is impulse 
/  Fdt. The other parameters measured (pres­
sure, thrust, time, acceleration, velocity) are 
Important supplements to the two bask 
parameters,

7-2JL2 FIXTURES

The carriage and horizontal track are used 
(par. 7 -2 .4 .2J). Whereas in the aircraft the 
“ stationary’* section o f  the rocket catapult is 
attached to the aircraft, in testing in ballistic 
tracks the same section is attached to  the 
carriage. This is done so the rocket (sustainer) 
section wiD remain affixed to the stationary 
future so it can be measured on a toad ceO.

7-2JL3 INSTRUMENTATION

The instruments are attach ed to  the track 
as In Fig. 7-29. Pressure gages, accelerometer, 
and load cells measure the parameters. The 
carria^ contains a rack with gear teeth which, 
when passing fixed magnetic sensors, win 
induce in the sensors signals that indicate 
“ travel" and velocity. Automatic data p ro­
cessing equipment is needed to compute DR] 
conveniently. A typical osaOogrnph trace o f  a 
rocket catapult test is shown n  Fig 7-30. The 
curves that occur first (to  the right) are 
catapult curves. These curves should, and do, 
look the same because they are merely 
different aspects o f  the same pheno menon. 
Above them occur the travel marks indicating 
inches o f  travel and the two velocity marks. 
T o the left occur the curves due to  firing o f  
the racket motor. Again all these are similar. 
One load ceR measures axial thrust and the 
om er normal to axial thrust. TH. resultant 
thrust can be calculated by sectoral addition.

7-2A4 REPORT

The report states identifying data, ignition 
and delay times, /  Pdt. /  F dt, acceleration, 
velocity, and DRI.
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F igu n  7-29. Im trvm m otron  on  H oriion ttI Track fo r  R ock tt Catapult T est

7-2JLB SPECIAL CONSIDERATIONS

Catapult tubes must be aligned to  prevent 
binding and sd e  loading. The deceleration

butter, if  one is used, should be gentle enough 
so that ballistic tests will not damage PAD 
hardware or instruments attached to  the 
carriage.
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APPENDIX A

CONVERSION OF DISTORTION ENERGY EQUATION TO MORE USEFUL 
FORMS FOR PROPELLANT ACTUATED DEVICES

A-1 TRIAXIAL STRESSES. A U  TANGENTIAL STRESS*

A-1.1 GENERAL

2»* ■ (0| - o , ) 1 + ( o ,  - c , ) *
dshere

♦ (®i -  Oj )* (4-33)
W ' »  waO ratio o f  tube (-— )

where
d  ■ inside diameter

e (  ■ minunum yield stress *  Y
D  ■ outside diameter

o ,  ■ radial stress ■ - P
A - U  AXIAL STRESS

o ,  ■ tangential stress 

0 j  ”  sxis! stress

Fad1
F  4

A cml ~  A m

F  ■ maximum internal pressure 4 4

tLaaelForanti. 1**1

Figure A-1. Stress Parameters
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F  ■ force delivered to end

A  ■ c n m e c t l o y  ana

Sowtitutin* the rilues o f  o , ,  a , ,  and 0 ,  from 
Eqs. Arl n d  A -2 into Eq. 4-33 yields

2 f*

•(-—  G ^ ) ] '
2 )r* -

: . i *  -

(J *D *

(2>> -  <fi )* 

r*(D *

p

p

p_

Y

[ - ( # ) ]
" 7 t  ( '  -  7 7 )

y /1  \  W * J

A rt BIAXIAL s t r e s s e s

J L  m _____w ' - r
o r 4 + i W :

(4-33)

(4-35)

3 D*

The derivation o f  equation 4-36 is identical 
with that o f  equation 4-34, except that the 
axial stress 0 ,  is zero. A  dentation o f  this 
equation and tables o f  values o f  V  for values 
o f  P\Y  are presented in a report on the design 
o f  gun tubes.

A-2



o
AMCF 70*770

TABLE OF WALL RATIOS

where
P  »  maximum internal pressure (pal)

Y  “  minimum strength of material (psi) 

W '=  wall ratio (outside dia/inside dia)

APPENDIX B

p / y
------------------ ---------------

Trlssia )

Ohio lhlOl lhOM
OOli t o m 1j0097
ooia lhl33 lhlOO
OjOIS lhlSI 1.0114
0.014 lhlM lhlSI
0.01s lhlSI lhlSI
1010 1.0103 lhl41
0.017 lhl7S lhlSI
Ohio lhlSI mieo
Ohio !hl94 ih lS
0.090 lh204 IhlTS
0081 i o n s lhl87
o .o a t o r n lhlM
0083 lhsso 1.030S
0hS4 1X440 lh314
0 035 IhSSI lh334
0.02* 1.0187 L0383
o .o n 1.0379 Ih tU
Ohts t o n s 10851
0089 lhtM l h » l
0.030 lh309 1.0370
0h3l 1.0330 IhSSO
0h3| 1.0831 lh889
0.033 1.0343 lhlM
OOM IOSS* lhses
0.03S lhSSS 1.0818
OhM lh374 to m
0jQ37 ihtss Ih337
0h3S lhSM L0S40
CLO$S IhOOO lhsso
Ohio 10417 1J88S
0h«l IJ87S
0.041 L0439 tosaa
OOM th4M lhSSS
Oh44 1.0M1 10404
Oh4S lh473 Ih4l4
OhM 1.0483 lhlM
0.047 10498 lh*34
OhM lhS04 kh443
0.049 1.0515 1.0453

P /Y w ’

Biaxial Tria xla l

onso lhSSS lhOSS
OhSl L08S7 lh47S
0.0S3 10549 lhOSS.
0.051 L0560 1.0491
OJ)S| i h s n LOSOS
0.055 1.0583 1.0511
O.OM lh S M lhSSS
0hS7 lhSOS lhSSS
O h M lh S lO lh S M
O h M 100*9 lhS54

0.060 lh O M lh S M
0.001 1.0051 lh574
OhOS IhOOS 10584
OhSS 1.0074 10593
0UM4 1.0085 1.0605
0.065 L0697 lh O lS
OhOO 10709 lh O M
0.007 1.0790 10638
OhOS 1.0783 10M 7
0069 t0743 1.0657

OhTO tO T M IhOOS
0.071 lh707 1067*
0hT3 1.0779 10603
0h73 lh790 1O0M
0.074 Ih S O l 10710
OhTS lhS14 10731
0 h 7 l LOSS* 10731
o x m lhSSS 107M
0.073 L0848 10763
0h79 to s o i 10763

onso 1.0873 10770
OhSl L088S 107*5
ohss UIS07 lO T M
0.083 1.0910 10807
0.084 lhOSS 1031*
OhOS lh S M 10839
O h M lh S M 10849
0.087 1.095S 1.0851
0.088 1.0971 1.0803
0.089 lh983 1.0873
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DERIVATION OF EQUATION USED IN DETERMINING LENGTH OF 
ENGAGEMENT OF THREADS

APPENDIX C

Shear force o f  male * Force on female

S»

St A t * PA\ 
i t

2
L -

PitR* 

2PR* 
St d

where

A | ■ cylindrical shear area at assumed 
diameter

d  *  minimum minor diameter o f  screw 

R *  maximum major radius o f  nut

S , ■ shear stress

L •  length o f  engagement

P  = pressure

Applying a safety factor o f  l-S yields 

iPR *
L  ■

S .d (4 3 7 )

r.gureC-1. Thread Parameter?

1LI 1  t> fobM iM trd to  L  once only o n r-to f Upproxim w rfy) of tht ftn sd  Im glS K tu O r if haded m fhcat v ttk  w artS g  (tie 
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PROGRAM SPBSO (INPUT,OUTPUT,TAPE1.|NVUT.TAPE3«0UTPuT>
SOL 10 PROPELLANT DIRECT BALLISTIC STROKING DEVICE 
LEONARO A OCSTCTANO CC JSIOC ExT 6689
OlMENSIONP(S).HIS) «W(S> .AIS) ,0) l 71 ,X(8I ,UI8) .0**8) »REXI4) »S(4> 

too FORMAT(1M140X.49HSOL10 PROPELLANT OfRECT BALLISTIC stroking DEVICE 
1//I

101 FORMATCSFlfc.5
102 FORMAT•IM //I
103 FORMAT(2X.IOhTImC (SEC) *3** I..MJURN OIST (IN).3X.19HCHAR6E VEIOhT I 

IL8S)•3X,ISHPRESSURE (RSI A).3X.2*haCCELERaTI ON IFT/SEC SO),3X*17Hv£ 
2LOC1TT CFT/SECI .3X.I1HSTROKE (FT))

104 FORMAT(BX,4F10.3)
105 FORMAT(SF16.3)
1 0 6  F O R M A T ( 1 4 X . I h P . I I X . 1 H R . 9 X , i H V . B X , I M A )
107 FORMATI7X.F7.4.714.4.F19.3.2F22.2.F23.2.FI 7.3)
100 FORMAT I8X.46H 1 COMPUTE INTERVAL ISEC> .......... ........ .
109 FORMAT tax.46M 2 PRINT INTERVAL 4SEC) ........... ......... .Fib.5)
110 FORMAT tax ,46M 3 STROKE (FT) ................................
111 FORMAT tax. 46M 4 SHOT START PRESSURE (PSIA) .................
112 rORM A T (ax • 46H 5  PISTON a r e a  I SO IN) .................. .....FIS.5)
113 FORMAT I8X.46H 6 VENT AREA (SO IN) .........................
114 FORMAT I8X.46H 7 PROPELLED LOAD (LdM) ......................F16.5)
U S  FORMAT (8X.46H a ANGLE OF ELEVATION (DEGREES) ...............
116 FORMATinx.AbH 9 RETAROATION COEFFICIENT (LBF/FT) ......... .F16.il
117 FOBMATIBX.46MIO THERMAL EFFICIENCY (DIMENSIONLESS) ....... .F16.S)
118 FORMAT tax.46H11 RATIO OF SPECIFIC H£ATS (DIMENSIONLESS) ....F16.S)
119 FORMAT ISX.46H12 PROPELLANT OENSITY (LbM/CU IN) ...........*F16.S>
120 FORMAT tax.46H13 PROPELLANT ImPl TuS (FT-LBF/lBM) ........... .
121 FORMAT(8X.46H14 AOI ABA TIC ISOCHORlC FLAME TEMPERATURE (R> ..F16.S)
122 FORMAT I8X .46H15 INITIAL PRESSURE (PSIA) ................... .
123 FORMAT (BX.46H16 INITIAL FREE VOLUME (CU IN) ...............FI6.5)

1 Mfl|TE(J.100l 
REAO(1.|OS)P«R.m .A 
MR 1TE(3.106)
•RITE (3. ICO (R(|> ,R(1) ,W(I>.A(I),I=1,5)
■RITE(3.102)
0021.1.4
RE x(])•(ALOG(R(I•1)/B(1)))/(ALOG(P(I•1)/P(1)))

2 S(l).(Ai!*l)«A(l>>/(M(I*H-«(I)>
REAO(1,101)0
wRHE(3.108)011)
RR1TCI3.10910(2)
WRITE (3. 110)00)
WRITCI3.111)0(4)
WR1TEI3.112)0(5)
WHITE(3.113)C(6)
WR|TE(3.114)0(7)
WRITE(3*115)0(9) 
wRtTEO.116)0(9)
WRITEI3.11710(10)

APPENDIX D

COMPUTER PROGRAM POR SIMULATION OF DIRECT STROKING OEVICE

IV,
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tf41TC<3.118)D<|l>
■PITCH. 119)0(12)
■PITI (3. 120)0(13)
■p i t c h .i2i>nu*>
■PITC(J«122 >0 tIS)
■P|TC(3.12310116)
■PITCH.102)
W«*I TC 13« 103>
XC1|*«(1>
XI2|a*ll)
X<3) *0(15) *0(16) *0(11 >/U2.*D< 13) *0(10))
X (4) a0(IS)
XlSIaO.
X(6) aO.
X ( 7 ) * 0 ( l4 ) »D ( 1 0 ) /0 ( l l l
X(8>*0.
SlNTa32.2*$tN(0<8>/S7.2958>
Cl-0(l)/2.
C2-CU3.
C3a)2. •0II3I/DIUI
C4-32.2*D(S)/0(71
C5-i4.7aC4.SlNT
C6— 0(14)*(Dill)-l.)*0(7>/(32.2*0(13)>
C7*28.-l./0<12>
*012*12.»0<S)
FPa32«2*D(9)/0(7)
AMU2*.5*0(9)
C0laSORT(32.2*0(ll)*D(l«)/0l13)•(2./<0(111*1.I)••C(0(11»•1.)/(0111 
1<«1.>11*0(6)
TMA»aSOO.*OUIMai
TaO.
TC*0.
C*-0.
00151-1.a 
in.8)»o.

15 C( I .7)*0•
3 C8-C1 
0041*1,4
VL»0(16).*P12*X(6)«C7*X(3)
GaTax(3)«K(8)
CDaCOl/SORT(X|7))
AF■!(4)*C*-CS 
N-0

5  M*N*1
1F(P(NI-I(4))S.6<6

6 M-N-l
C(1 * 1> *P(NI*(X(4>/O(Nil**PEx(N) .
IF(M|5)-X(1))7.8.8

7 C(I<2>*0.
X(2)*0•
X(llaMIS)
G0T09

8 IF(»(M)-X())>10.10.11 
10

GOT 08
11 C(It2)*S(H-l)*C(I.l>
9 C(1.3)*Oll2)*X(2>*C(I.n*CU.«>
ClI.4l=C3*(X(7>*VL«C(I.3> •Vl*X(3I*Ci I • 7)-I < 3) *X (7) * < API 2**IS)-C7*C 
111.3)))/Ivu’VLI

!)-
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)

truriiMM)
1 3  I f  I X H I * O I « l  > 2 8 . 2 0 . 1 4
2 8  l f < X ( 6 ) ) l 2 . 1 2 . 1 4  
1 2  C I 1 . S > * 0 .

6 0  T 0 2  6
1 4  C M . S > > « r - r R * R < 6 >
2 *  M l . t l . R l S )

C ( | . 7 ) a ( C 6 / < X l 3 ) * x i 3 > > > • « X « 3 ) • < X 4 5 ) • C C U . 5 ) * S I N l » 0 ( 9 ) " X 4 6 ) ) ) - C U . 3  
l l * < . S * R I S ) . X < S > * X I 4 ) « I M N T * A N U 2 . X < 6 m  I 

C l l . 8 ) > C 0 * x  < 4 )
I f  1 1 - 2 ) 1 8 . 1 9 . 2 0

20 t r i l > 4 ) 2 | . 4 * 4
18 l f l X I 6 ) - O I 3 > ) 3 1 * 2 4 * 2 9  ‘
31 T P R I I X T . T - C K . 0 I 2 )  

l f ( * B S < T P I ) l N T ) . L C . . 0 0 0 0 0 1 ) 0 0  T O  2 9  
0 0  T O  3 0

2 9  C K > C K * 1 .  1
M R I T E t 3 « 1 0 7 ) T « X ( l ) . G M T . X ( 4 ) * C U . S >  . X < 5 ) . X 1 6 )

3 0  I f 4 T » T N A X ) 3 2 » 3 2 » 1 7
3 2  I f < X < 6 ) - 0 < 3 ) > 1 6 . | 6 . 1 7  
1 7  I f I 0 ( 1 7 ) ) I . 1 . 2 7
2 7  S T O P  
1 6  0 0 2 S J - 1 . 8  
2 S  U I J ) . X ( J )

6 0 1 0 2 3
2 1  C 8 * 0 U >
2 3  T - T . M
1 9  0 0 2 ? J > 1 . 8  •
2 2  I ( J > a U ( J ) » C a * C U . . J )

4  C O N T I N U E
0 0 2 4 J - l , a

2 4  X < J ) « O t J ) . ( C ( l * J ) * 2 . . ( C 4 2 . J ) * C ( 3 . J ) > » C ( 4 . J ) > » C 2  
G O T O )
C N O

D-3/D-*
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COMPUTER PROGRAM FOR HIGH-LOW STROKING DEVICE

PROGRAM mLBSU ( INPUT .Ou T p j I ,  T APE 1 ■ I -.PUT • TAPE 3 = 0l)TPuT I 
C SOLID PROPELLANT m |Gm L U i  BA LLIST IC  STr O M n G DEVICE 
C tEOnARO A OESTEFANO CC JS100 EAT 6844

U|MENSI0hP(5l  . R < S ) . » ( S > . A ( S I . 0 < 1 V > . X ( 1 2 ) . U < 1 2 > . R C X < 4 ) . S ( 4 | . C ( 4 . | 2 I  
tOO FORMAT( lMl )
tot f o r h a t i h x . f 7 . 4 . f | 4 . 4 . f m . j . f 2 j . 2 . f 2 i . 2 , f i m . 2 , f i 7.3 )
102 F0Rm aT ( 5 F 1 6 . S I
103 FOr m a T ( M X , | o h TI*C (KEC>.2A. i4r*nuR.  u l S T  I ] h > . 2 X . 1 9 mCh a mgE tE IGHT  ( 

I L b M ) . 2 X . 2 0 « h |&m PRESSURE ( ° S I » ) . 2 * . 1 RHLOb PRESSURE (PS1A) .2X. I7MVE 
2L0CITY  (FT /S EC) .2X.11M STRJKI  ( F I ) )

104 f Oh*AT t « x . 4 F l 0 . 3 >
10b FORMAT(5F16.31 
100 Format( ih / / )
107 F ORM A T (4 0 x » S 1 MSOLI I) PRORELL»hT m IGN-LO* BALLI ST I C  STROKING DEVICE/ 

1 / / 1 4 X . l*.p, 1 1 x . I m p . o *. i n . a * .  |m a )
100 FOr h a T (HX.46H 1 CGhPo TE I h Ti p v a l  (SFC)  .................................................. ..16.51
109 f o r m a t ( m x . 4 6 h  2 p r i n t  i n t e r v a l  (SEC)  ........................................ ................
110 f o r m a t  (8X.46M 3 ST WOKE ( F T )  ................................................................. . . . F I * . S I
111 FORMAT (MX.46N 4 SHOT ST AW T PRESSURE (PSIA l  .......................................F1 6 .S I
112 FORMAT (8X.46H s PISTON a r e a  ( s o  im) .................... , .................................. F | 6 . S i
113 FORMAT (MX «46H 6 ORIFICE AREA ( SU I n i  ..................................................... F1 6 .S I
114 FORMAT ( 9 X . 4 6 H  7 PROPELLED LOAi> (L-l-1)    . . . . . F 1 6 . 5 I
115 FORMAT (8X.46M A ANGLE" OF ELE V A 11 ON (DEGREES) ..................................F I 6 . S I
116 FORMAT(fix *46H 9 RETARDATION COEFFICIENT (LdF /FT )  ................ . . . F 1 6 . S )
117 FORMAT(8X.46nlO Th f PMAL EFFICIENCY (DIMENSIONLESS) .....................F I 6 . S )
118 FORMAT( MX*46«11 RATIO OF SPECIF IC  "EATS (DIMENSIONLESS! . . . . F l f e . S *
119 FORMAT (•)* .46M1 2 PROPELLANT DENSITY (Lr)M/CO Ih )  ..................................FIfe.S)
120 FORMAT (8X.46H13 PROPELLANT IMPETUS (FT -LUF/LBM)  ............................F I 6 . S )
121 FORMAT(8X.46H14 ADIABATIC IS oCmoWIC FLAME TEMPERATuWE (R)  . . F I 6 . S )
122 FORMAT(MX.46MIS i n i t i a l  l UW SIDE PRESSURE (PSIA l  ............................
123 FORMAT(MX.4nM|6 I N I T I A L  LOR SIDE FREE VOLUME (CU IN)  ............. «F16.5>
124 FORMAT (8* .  46817 I N I T I A L  h IGm slUE PRESSURE (PS IA )  .............. . . . F I 6 . 5 )
125 FORMAT(AX.46H18 I N I T I A L  h i g h  SIDE FREE VOLUME (CU IN)  . . . . . . F 1 6 . S )

1 •R1TEI3 .100)
WRITE( 3 . 1 0 7 )
REa d ( 1 , | 0 S ) P . p . p . a
■RITE I 3 . 1 9 4 ) I P ( I ) . M ( I ) . R ( l ) . A ( | | , | a i , S I  
WRITE( 3 . 1 0 6 )
0021=1.4
HEX ( I ) =AL0G (R (1 » 1) /R ( 1 ) )  / ALOf.(P ( I • 11 / P ( 1 11

2 S ( I ) = ( A < I » l > - A ( l ) | / ( a < I . | l - « < I ) |
R E A O I 1 . 102)0
■ R1 T E ( 3 . 1 0 " ) DI 1)
■ R I T E d . l O M l C I ? )
■ R l T E O . 1 1 9) 0 (3 )
• * I T C I? > 1 1 I> 0 !4 )
WRITE( 3 . 1 1 2 ) 0 ( 5 )
»M!TC I 3 . 1 1 3 ) 0 ( 6 )
»>M TE • 3 . I 1 4 ) 0 ( 7 )
PRI TEI  , . 1 1 S ) ' ! ( m)

E-l

APPENDIX E



M 8 9 7 Q U 7 0

» * I T C I  3 . I | 4 l O ( 9 )  W
% 4 U ( O « l | M 0 ( l 0 l
f c s i r e n . i  i *» oc ,  n

<M I H  ( 3 « I 231 0 (1 3 1 
o« *i r e ( 3. 121)0(16)
* « I T E ( 3 .  12210(151

■ 4 I T C ; 3 . 1 ? 6 l 0 ( ’ 7)
■41TC( 3*125I O( i a)
•■41Tt (3,1061
• X  TE ( 3.103)
S1» T*32. 2*SI N( 0( 8I /S7. 2958)
0 - 0 ( 1 1 / 2 .
C2*Cl/3.
C3*1 2 . * 0 ( 13)/ O l 1 1)
C6*12.*0l|1)/D( l>*)  ‘
C5*12.*0*5)
C 6 * ~ 0 ( I 6 ) * | 0 ( | 1 ) ~ 1 . ) * 0 ( 7 ) / < 3 2 . 2 « 0 ( I 3 )  •
C7*32. 2°0( 5) /D( 7l  
C8*|6.7*C7»51NT 
C 4 > 3 2 . 2 * 0 ( 9 l / o m  
CI0*2. /O 111)
( . 11X0111)  *1. 1/0(11)
0 2 * 5 .  39*0(61 * 0 ( 1 11/ S O X (D(  13) I *(C10/C111**(C11/< 0 0 X 0 ( 1 1 1 - 1 . 1 ) 1  
c i 3 « i . / s a ^ T ( ( ( 0 ( n i - i . ) / 2 . ) * ( r . i o / c i i ) * * :  (0 ! i i ) * i . ) / ( 0U n - i . i ) i
l l l l w l l )
X(2)*A(1>
*151*0(171*0(181/03
*(61*0(181 . )  
*(71*0(171 —
1( 91*0(16)
*(101=0(15)  
i r ( 0 ( 1 5 1 - 1 6 . 7 ) 6 . 6 . S 

6 * ( 6 1 * 0 .
*(0*530.
G O T O *

5 X(8<*0(16)*U(10)/0(1I)
X ( 6 l * ( 0 ( 1 5 ) - 1 6 . 7 l * 0 ( 1 6 t / ( C 3 * D ( l 0 > I

6 X(3)**(6)»X(5)
X( 11) *0.
*1121*0.
TM*X*500.*0(1)  *
AMU2*.5*0(9)
L*0
T*0.
CK*n. '
TC*3.
P * C X 2 . / ( 0 ( 1 1 > * 1 . )  ) **I 0(  111/( 0 ( 1 1 1 - 1 . ) )
n*l
00221*1.6 

22 C ( l . l l > * 9 .
7 0 * * 0  

0081*1.6 
N*o

9 N*N»1
IF(i>(N)-X(7)>9.10*10
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10 *-w-l
IF (4(St-x(lllll*ll*l211 CIU2I-0.
XC2J-0.
K i l l  — <$ )
GOTOl3

12 IF(«(rf)-x(|ll|9.l9,lS
19 N-**l

GOTO12
IS CII*2)-S(H-1>»CI1.1)
13 C(I«31-0(12>*X(2)*C(1*1> 

t*P*X (I 0)/X(7 I 
1F1PR-1.)Jd*39,39

30 SI-0.
GOfQia

38 IF |P8“P>»CI 16*18.17 
18 St-1.

GOTOl*
17 SI-CI3-SQBT eP*»«*C10-P»*«ClH
18 C«I.O»St*C12«*m 

C(I,S>*C(t*3)-CfI.9>
CI|.6)aC(1*3)/nM2>-28.*C(l«:>
C<1,7I = (CJ/<M6)«*<M> »»<MM«C(1.S)-M5I»CU.6H
iFl(|4|)l<). 19.99

19 C(I.ril>0.0 
GO TO 21

99 IF tl-lI20.9S.20 
9S X(8)-0(19>*0(10)/0(11)
20 C< i.8> *(C6/(X(91«X(9) } I • «x (91 • (I I m «  (Cl 1.11) • SPiT*t>(9)*X( 121 11-C

il*9»«i.s*x tin- x u n  ♦xu2»»c3if.T«*-u2«xii2n n
21 C<l,9)aC5*X(ll.-?8.*C(1.9>

C(i»iO)s(C-/<xi9>*x(9) n»txr/>»x(o»cu»->»x 9)»x<9)*c(i.e>-x<9>» 
, 1(81-C 11.9)I .

AF-xOO)*C7-C*
lF(An23.23.29

29 !F!X(10>-3(*>)25.2S.26
25 IF li 11 ?)i23*23.28 
23 C(l.111*0.

G0T027
26 ClI.ll)a4F-C9»XCl2)
27 C(I.l2)=X(in .

IF 11—2* 29,20,jo
30 IF1I-9I31.8.4
28 IF1X(12>“0(3))*2.93,93
9 2  T P R I n 7 * T - C K * 0 « ? 1

IF(ASS( TP8INT).LC..000631)00 TO 93
GO TO 99

93 CA—CK•i.
■MITE (3.10117*1(11, Xl3)tX(7i.X(10)*Xlll).X(12>
C-C*l

90 IFlT-T*MH9l.91,33
91 1FHU2)-'j(3I) 32.32.3J 
33 IF(0(191)1.1*3
3 STOP

3 2  0 0 3 9 j = 1 , 1 2
39 UlJKdJI 

C-OTOlS

E-3



31 C U a O ' l l  .
3 S  t « T * C (
M  D 0 3 * ja | . |2  
M  1 1 J ) « u t j i »C l * » C « l o t  

• C O N I I N U C  
0 0 3 7 J * | . I ?

3 7  R U i a u t J l  • < C U , J I * * . a < C l * . J »  * C ( 3 «  J > >  * C l * t  J M « C 2  
. 0 0 T O T  
End
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A Cartridge actuated device, 2 -1
Cartridge case

Acceleration, first-order approxima- general preliminary design, 4 -1 9
tion, 4 - 7 rises o f  existing cases, 4 - 1 9

Acceleration measurement, 7 -2 S volume first-order approximation, 4 - 7
Aircraft Cartridge head

B-S2, 1 -2 catapult design example, 6 - 5
F-5, 3 - 5 general preliminary design, 4 - 1 8 .4 - 1 9
F -I4A . 2 -1 8 Catapults
F-I04A, 2 -1 3 . 2 -1 6 charge weight first-order approximation.

* F-I04C, 2 -1 3 4 - 6
F-106B, 2 - 6 comparative data, 2 - 6
T -3 8 .3 -S description, 2 - 3

Aircraft escape systems design example, 6 - 2
capsule escape systems, 2 -1 3 example o f  design requirements. 6 -  2
emergency from commercial first-order approximations, 6 - 3

aircraft, 2 -1 6 illustration o f  operation, 2 -5
helicopter, 2 -1 6 interior ballistics, 5 -2
lustration  o f  test capsule, 2 -1 6 operation, 2 -3
seat ejection schematic, 2 -1 5 rocket-assisted

Amplifiers, 7 -1 4 comparative data. 2 - 6

L . description. 2 - 3
B illustration. 2 - 7  

performance data, 2 - 6
hJlistic design see also: Stroking devices

see. Grain geometry, Interior Chamber, initiator, 4 -2 1
ballistics. Propellant design example, 6 - 3 6

Body and chamber design, 4 -2 1 Charge weight
Body, thruster design example, 6 -1 8 see: Propellant charge weight
Breech, thruster design example, 6 -2 1 Closed devices, 2 -3 ,  4 - 1 7

see also: Firing pin guide Column formula, Euler's, 4 -  23
• Brinelling, 6 -  24 Computers

. Buffers digital processing. 7 -1 6
see; Damping systems program for high-low grain design. F-l

Bypass, 2 -6 program for high-low stroking
• thriister requirements, 6 -1 5 device, E - l

see also: Thrusters program for simulation o f  direct 
stroking device, D - 1

C use o f. 4 -1 8 .  5 -3 .  5 -6 ,  5 - 1 1 .5 - 1 6 .  
5 -1 8

Cartridge Concentricity, firing pin, 4 -  23
catapult design example, 6 - 5 Conservation o f  energy, 5 - 8

t general preliminary design, 4 -1 8  ' Corrosion
j seals. 4 - 2 0 dissimilar metals, 4 -3 2
l thread design, 6 -1 8 fatigue, 4 -3 2
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protect hr* coatings, 4 -3 2  
Cutters, 2 - 9  

cable, 2 - 9  
reefing line, 2 -1 0  
Kttabtc delay, 2 -1 0

D

Damping systems 
floating piston, 4 - 3 0  
general preliminary design example, 4 - 2 9  
hydraulic multiplier, 4 -3 1  
why used, 2 - 6  
te ta b o : Thrusters 

Delay
clement body. 6 -3 3  
elements. 6 - 3 0  
mi baton , 6 -2 8  
pyrotechnic, 4 -1 7  

Design
bask considerations, 3 -1  
examples. 6 - 2  
interior ballistic, 5 - 2  
mechanical. 4 - 2  
procedures, 4 - 16 
requirements, 4 - 2  

Design examples 
M38 Catapult, 6 - 2  
M3 A3 Tl.mster. 6 -1 5  
Ml 13 Initiator, 6 -2 8  

Development evaluation program, 7 -1  
Dissimilar metals, 4 -3 2  
Distortion-energy theory. 4 - 1 3  
Drop tests, 7 -2  
Dust, 3 - 6
Dynamic Response Index relationship 

to injury probability, 1 -2 , S -7 . 5 -2 2 . 7 -2 5  
7 -3 0

E

Efficiency, thermal, 5 - 9  
Ejectois, description, 2 -1 2  
Electrical firing mechanisms 

advantages, 2 -1 8  
use in systems. 2 -1 8

tee a lto : Ignition dements 
End cap, thruster, 6 -2 3  
End sleeve, thrvster design example, 6 -2 4  
Energy balance, 5 - 8  
Energy transmission, 2 - !  8 

tee a lio : Bypass 
Engineering design tests, 7 - 3  
Envelope considerations 

catapult. 6 - 4  
general, 3 - 5  
stroking device, 4 - 17 

Environment, desipi considerations, 3 - 5  
Evaluation programs, 7 -1  
Ex rsnsion ratio 

considerations. 4 -1 7  
design example, 6 - 5  
tee also: Envelope

F

Federal Aviation Agency, 2 - 18 
Finish

aluminum parts, 4 -3 2  
chromate dip. 4 -3 2  
Teflon coat, 4 -3 3  
wax. 4 -3 3  

Firing mechanism 
catapult design example. 6 -1 5  
electncally operated, 4 -2 3 .  4 -2 5  
gas operated, 4 -2 3 ,  4 -2 4  
general preliminary design example, 4 -2 3  
initiator, 6 -3 0 ,  6 -3 5  
mechanically operated. 4 -2 3 .  4 -2 5  
pressure operated. 1 - 2  
thruster design example. 6 - 15 

Firing pins, 4 - 2 4 .4 -2 5 ,  4 -2 T , 6 -1 5  
clearance. 4 -2 3  
concentricity. 4 -2 3  
design examples. 6 -30. 6 - 35 
general preliminary design. 4 -2 3  
general preliminary design 

firing plug. 4 -2 3  
illustration, 4 -  23
length-to-diameter ratio, 4 - 23. 6 -  23
protrusion. 4 -  24
shear pins. 4 -2 5 .  4 -  27. 4 -  29
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tip. 4 -2 3  
sre also: Primers 

Firing pin guides (housings) 
design example, 6 -2 1  
general preliminary design, 4 -2 4  

Firing plug
design exanplc, 6 -2 1  
general preliminary design. 4 -2 3  
see also- Firing pins 

First-order approximations
acceleration-time relationship, 4 - 4  
ballistics, 4 - 1 0  
bum rate, 4 - 7  
cartridge case volume, 4 - 7  
gas generators, 4 - 8  
igniter charge. 4 - 8  
impulse. 4 - 1 0  
initiators. 4 - 8  
maximum pressure. 4 - 4  
propellant charge weight. 4 -S ,  4 - 6  
propellant web. 4 - 7  
stroke length, 4 - 3  
thrurl, <ocket. 4 -1 0  

Fixtures
set: Test fixtures 

Free volume, 5 -7

G

Gages
see: Instrumentation 

Galling. 4 -3 3  
Gas

discharge through orifice. 5 - 7  
pressure. 5 -7  
production. 5 - 6 
temperature. 5 - 9  
weight. S -7

Gas generating devices, 3 - 3  
body design. 4 -2 1  
description. 2 -1 
design example. 6 -  28 
first-order approximation. 4 - 8  
gcnci J  preliminary design. 4 -2 1

illustration, 4 -2 1  
interior ballistics. 5 -1 6  
preliminary design procedures, 4 -1 6  
thrust-time relationships, 3 - 4  
see also: Initiators 

Gas generators 
description, 2 -2  
first-order approximation, 4 - 8  

Gas operated firing mechanisms. 4 -  24 
Grain geometry, 5 -4

effect on pressure rise, 5 -1 9
grain design. 5 -1 8
set also' Propellant charge

H

Head, catapult 
design example, 6 -1 2  

Head space. 4 -2 4  
Heat loss

design considerations, 3 - 6  
factor (beta), 4 - 8  
in initiators, 4 - 8  

High-fow systems. 2 - 1 ,4 - 1 7  
general preliminary design, 4 -3 1  
interior ballistics. 5 -  13 
orifices. 4 -3 1  
why used, 3 - 2  

Humidity. 3 - 6

I

Igniter
charge materia's

black powder, 4 - 8 ,  6- 5 
boron potassium nitrate. 4 - 8  
magnesium-1 etlon mixture. 4 - 8  

first-order approximation, 4 - 8  
Ignition delay. 3 -  2 
Ignition ekiuent 

description. 2 -11  
illustration. 2 -  12 

Initiators. 6 -3 0  
b o d y .6  39
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comparative data, 2 -3  
design example, 6 -2 8  
preliminary design procedures, 4 -1 6  
pressure rust-order approximation, 4 - 8  
propellant charge first-order approxi­

mation, 6 -2 9  
see also: Gas generator^ 

Instrumentation 
accelerometer, 7—2l 
amplifiers, 7 - ! 4  
counters. 7 -1 8  
for firing systems, 7 -1 9  
for initiators, 7 -2 7  
for rocket catapult, 7 -3 0  
for thrusters, 7 -2 7  
input devices, 7 - 5  
magnetic pickups, 7 -2 1  
magnetic sensors, 7 -1 0  
oscilloscopes, 7 -1 8  
output devices, 7 -1 6  
photoelectric. 7 -1 2  
piezoelectric transducer, 7 -1 2  
signal converters, 7 -1 2  
strain gages, 7 - 5  
switches, 7 - 9 ,  7 -1 4  
thermocouples, 7 -1 2  
variable reluctance transducers, 7 -1 2  

Interference fits 
design example, 6 -2 3  
use, 4 -2 2

Interior ballistics, 5 - 2

J

Load considerations, 3 - 4  
Load cylinders, 7 -2 2  
Locked-shut 

firings, 2 -5 ,  2 - 6 ,4 - 1 6  
pressure calculation, 4 - 17 
pressure requirements, 4 -3 1  

Locking mechanisms 
catapult design example, 6 -1 3  
general preliminary design, 4 - 2 6  
illustrations, 4 - 2 8  
load deflection curve, 6 -2 6  
thruster design example, 6 -2 4

M

Magnetic pickups. 7 -2 1  .
Measurement 

accuracy, 7 -4 .  7 - 5  
calibration, 7 -5 ,  7 -1 3  
error sources, 7—4 
objectives, 7 - 4  
rise times, 7 -4 ,  7 - 5

Mechanically operated firing mechanisms, 
4 -2 5  

Metals
dissimilar. 4 -3 2  
for orifices. 4 -3 1  
protective coatings, 4 -3 2  
selection, 4 - 1 2  
temperature effects, 4 -1 2  
weight considerations, 3 - 5

N

j -/-factor (solid propellant >ocket
| parameter), 4 -1 2

i k
I
i  Jf-factor (gas generator ballistic
, parameter), 4 - 1 0

No-load tests 
firings, 2 -6 ,  7 - 3  
requirements, 7 -1 ,  7 - 2  

Nozzles 
erosion, 4 -3 2  
materials, 4 -3 2  

Nylon pellets. 6 - 7

O

Linear shaped charge, 2 -1 6 Orifices, 4 -3 1
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O-rings 
see: Seals

P

ftrcussion primers 
see: Primers

Perforation drcle diameter, 5 - 4  
Physiological limitations, 1 -1  

Dynamic Response Index, I - 2 , 5 - 6 , 7 - 2 5 ,  
7—j 0

Piezoelectric transducers, 7 - 12 
Pins

are: Shear pins, Firing pins 
Piston

equations o f  motion, 5 - 8  
floating, 4 -3 1  
function, 4 - 2 2
general preliminary design, 4 -2 2  
thruster design example, 6 -2 6  
thruster desjm example first-order 
approximation, 6 - 17 

Pressure
chambers, 7 -2 2  
cylinders, 7 -2 2  
effect o f  grain design, 5 -1 9  
first-order approximation, 4 - 4  
gapn 7 -1 2  
locked shut, 6 -3 0  
ratios, 4 - 1 3 , 6 - 7  

Pressure-time curve, 3 - 3  
Primer

Mowback, 4 -2 4
general preliminary design, 4 - 2 0  
illustration, 4 -  31 
in r«s operated devices, 4 -2 5  
protrusion and diameter o f  firing 

pins, 4 - 2 4  
table o f  data. 4 -2 1  

Propellant
burn rate, 4—7, 5 - 2  
density, 4 - 1 9  
geometries, 5 - 4  
grain design, 5 -1 8

thermochcpiical properties, 5 - 8  
web first-order approximations, 4 - 7  

Propellant actuated devices 
ballistic design, 5 - 2  
basic design considerations, 3 -1  
categories, 2 -1  
description, 2 - 1 
history, 1 -1
measured rm m eters, 7 -2 3  
mechanical design, 4 - 2  
preliminary design, 4 - 2  
testing, 7 -1  
uses, 1 -3

Propellant charge weight
first-order approximation, 4 - 5  

• ratio vs terminal velocity, 4 - 6  
Propellant web ~

List-order approximation, 4 - 7 
Protective coating  

anodizing, 4 -3 2  
chromate, 4 - 3 2

ft

Releases, 2 -1 1  
flhrstntion, 2 -1 1  

Reliability, 3 - 1 .4 - 2 4 ,4 - 2 5  
Removers

charge weight first-order approxima­
tion, 4 - 5

comparative data, 2 - 9  
description, 2 - 4  
illustration, 2 - 8  
type*. 2 -4
see also: Stroking devices 

Requirements 
bypass, 6 - IS 
design requirements 

catapult, 6 - 2  
p n e n l , 4 - 2  
initiator, 6 -2 8  
thruster, 6 - 15 

Rockets
specific impulse, 4 - 11
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thrust fast ante* approximation. 4 - 1 0  
total impulse, 4—10

S

Safety breaks, 7 -2 0  
Safety factors, 4 - 12

see also: Design example, Weight consider­
ations

Seals
cartmige, 4 - 2 0  
firing pin, 4 -2 5  
gene's!, 4 -2 7  

Shear pins, 4 - 2 7 , 4 - 2 9  
drop'tests, s - 2 5  
genera) preliminary design, 4 -2 5  
materials, 4 - 2 5  
used with firing pins, 4 -2 7  

S tock , 3 - 6  
Silicon oii, 4 -3 1  
Size consideration*", 3 -  S 
Slenderness ratio, 4 -2 8 ,  6 -2 8  
Special purpose devices, 2 - 9  

see also: Cutters, Releases, Ignition 
elements

Springs
set: Mechanically operated firing 

mechanisms
Strain-resistance gages, 7 -5  
Strength

calculations, 4 - 1 ? 
slenderness ratio, 4 - 2 8 , 6 -  28 
temperature effects, 4 - 12 
see also: Design examples 

Stresses, 4 - 12
biaxial, 4 - 12 . 4 - 13 . 4 - 2 7 . 6 - 9  
design strength, 4 - 12 
distortion-energy theory, 4 - 12 
thread engagement, 4 -1 3 ,  C -1  
tr ia xcJ .4 -1 2 , 4 -2 2  
weight considerations, 3 - 5  

Stroke acceleration, 4 - 3  
Stroke length

pTst-order approximation, 4-3 
Stroke terminal velocity, 4- 3

Stroke time, 4 - 3  
Stroke tra/el, 4 - 3  
Stroking devices 

classification, 2 -1  
description, 2 - 3  
first-order approximations, 4 - 3  
general preliminary design. 4 -2 2  
illustration, 3 - 2  
interior ballistics, 5 - 9  
operation, 3 -1
preliminary design procedures, 4 - 17 
pressure-time relationships, 3 - 3  
see also: Catapult, Remover, Thruster 

Structural tests, 7 - 2  
Systems

airenfi escape, 2 -1 3 ,  2 -1 6  
capsuie escape. 2 - 13, 2 - 16 
damping, 4 - 2 9  
design procedures, 4 - 1 8  
energy trsnsuitssion, 2— 18 
high-low, 2 -1  
seat escape, 2 -1 5

T

Teflon coating, 4 -3 3  
Temperature 

adiabatic isochoric, 5 - 8  
effects on strength, 4 - 12 

Test failures, 7 - 3  
Test fixtures

pressure chambers, 7 -2 2  
pressure cylinders, 7 -2 2 ,  7 -2 6  
vertical tower, 7 -2 2  

Testing
development evaluation program, 7 - 1 
engineering dcsipi. 7 - 3  
fixtures, 7 -2 1  
instrumentation, 7 - 3  

Tests 
drop. 7 - 2  
locked shut. 7 - 3  
on prototype models, 7 - 2  
on workhorse m odrb. 7 -1  
performance, 7 - 3
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structural, 7 - 2  
vibration, 7 - 2  
waO strength, 7 - 2  

Threads
derivation o f  equation, C -  l 
design considerations, 3 - 6  
length o f  engagement, 4 - 13 
length o f  engagement design 

example, 6 -1 1  
standards, 6— 13 

Tbrusten
buffering mechanisms 

illustration, 2 - 9  
why used, 2 - 6

charge weight first-order approxima­
tion, 4 - 7 ,6 - 1 7  

operation, 6 -1 7  
seeabo: Stroking devices 

Tolerances, 6 -2 1  
Trunnion, 4 - 2 ,4 - 2 2 , 4 - 2 3  

catapult design example, 6 - 9  
thruster design example, 6 -2 2

Tubes
design examples, 6 - 7
general preliminary design, 4 - 1 3 ,4 - 2 2
telescopic, 4 - 17 , 6 - 2

V

Velocity measurement, 7 -2 3  
Vertical tower, 7 -22 
Vibration, 3 - 6 , 7 - 2  
Von Mises-Hencky’s equation, 4 -1 3

W

Wan ratio, 4 - 1 3 ,4 - 1 7  
curves, 4 - 1 4 ,4 - 1 5  
tables, B -1, B -2  

Weight considerations, 3 - 5  
minimum, 4 - 12 

Workhorse models, 4 -1 7  
description. 4— 17 
erahiation, 7 -1  
test, 7 -1




